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Abstract

There is an expanding need to engineer plant lines with genetic modifications that will help
advance both basic and applied plant research. A growing human population, loss of
arable land, and global fluctuations in biotic and abiotic stresses (such as drought and
pest activity) have created an increasing demand for novel agricultural germplasm. In
recent years, basic plant biological research has made great headway in generating large
volumes of data that may hold the keys to elucidate novel gene regulatory networks and
gene functions to meet these pervasive demands; however, translating these insights into
plant lines for validation and application has been hampered by bottlenecks in the creation

of necessary germplasm.

Creating novel germplasm is typically performed by delivering plant gene editing tools,
such as Cas9 and single guide RNAs, to explants in sterile culture. Edited cells are then
induced to differentiate into whole plants by exposure to various hormones regimes in
tissue culture. These methods are often arduous and inefficient, as they are technically
challenging, expensive, time consuming, cause confounding unintended changes to the
genome/epigenome, and work in limited plant species and genotypes. Broadly, these
bottlenecks have limited the capacity of basic researchers to decipher molecular function
of biological processes and have thus throttled the translation of plant biological

knowledge to innovations in the field.

Herein, we present novel methods to generate gene-edited dicotyledonous plants through
de novo meristem induction. These Agrobacterium-based methods involve the delivery of
genes encoding developmental regulators (DRs), factors involved in development and
patterning of the meristem, to induce de novo meristems. DRs and gene-editing reagents
are delivered to somatic cells on whole plants, and developmental pathways are elicited
to produce meristems with coincident DNA modifications without the need for tissue

culture.

In Chapter 1 of this thesis, | describe how all plant organs are derived from the
indeterminate growth of the meristem, a highly ordered and regulated cluster of plant stem
cells. | further describe the prevailing methods for editing existing meristems or creating
them de novo, as well as inherent challenges and drawbacks. | further present DRs as the

driving force in meristem formation and regulation and describe how they have previously

\



been utilized to enhance transformation and regeneration efficiencies. Lastly, | present
theories on how these regulatory genes may be co-opted in non-sterile plants to enable

the efficient generation of novel plant germplasm.

In Chapter 2, | present published proof-of-concept experiments that employ two methods
utilizing DRs to generate de novo meristems in planta in dicot species. The first method
applies the expression of DRs in a high-throughput variant of a previously published in
vitro Agrobacterium co-culture protocol, AGROBEST (Agrobacterium-mediated Enhanced
Seedling Transformation).? This modified co-culture method utilizing DRs, termed Fast
Agrobacterium Treated Co-Culture (Fast-TrACC), was used to quickly test reagent
expression and DR activities in germinating seedlings, as well as to create novel
germplasm. The second method, which | developed, utilized DRs to generate de novo
meristems directly on non-sterile, soil grown plants, here called the Direct Delivery (DD)
method. In DD experiments, | demonstrated that DRs may not only induce de novo
meristems on non-sterile, soil grown plants, but that these modified meristems may at
some frequency transmit gene edits to the next generation, independent of the DR
transgene. This initial body of work was performed in Nicotiana benthamiana and
additionally shows promising translation to Vitus vinifera (grape) and Solanum tuberosum
(potato).

In Chapter 3, | present comprehensive protocols for the application of the DD and Fast-
TrACC methods. | offer novel protocols for the molecular assembly of DR vectors into
binary T-DNA vectors and provide descriptions of additional vectors we have
manufactured and disseminated to the broader plant science community. We additionally
provide detailed protocols describing methodology and best practices in applying the DD
and Fast-TrACC methods inferred from published and unpublished experiments to enable

researchers to translate these learnings to other plant species of interest.

The final chapter, Chapter 4, describes the deeper theory and rationale driving our
approaches for de novo meristem induction, including vector features and novel
procedures utilized in the DD method. | then reflect on functional outcomes of de novo
meristem formation and how this may affect downstream tissues. | close this chapter by
exploring potential avenues for future development and optimization of the DD method,

as well as other DR-based meristem induction methods.
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Methods utilizing DRs to enhance plant genome engineering have begun appearing at an
accelerated pace, and these advances have opened exciting avenues for quickly
generating novel plant germplasm of interest. Using our DD method, we repeatedly
derived fixed, gene edited tissues within the first generation without detectable DR
transgenes. Further, these edits were heritably transmitted to the next generation. As a
result, DD offers an alternative approach to generate novel plant germplasm that is less
expensive, less technically challenging, and often takes less time than standard tissue
culture approaches. Additionally, the DD methodology provides for accelerated genome
engineering by sidestepping the use of plant tissue culture and sterile plant handling,
which significantly decreases the cost and technical expertise necessary. This method
has been demonstrated in the model plant species, Nicotiana benthamiana, as well as
grape and potato and has the potential to expand further to other species. Together, the
DD method provides promise to overcome a bottleneck in plant gene editing and to

advance basic research and applied plant biotechnology.
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Chapter One: The use of developmental requlators for genome engineering

in dicotyledonous plants

Michael F. Maher'?2 and Daniel F. Voytas!?34
1 Department of Plant and Microbial Biology, University of Minnesota, St. Paul, MN 55108, USA
2 Center for Genome Engineering, University of Minnesota, St. Paul, MN 55108, USA
3 Center for Precision Plant Genomics, University of Minnesota, St. Paul, MN 55108, USA

4 Department of Genetics, Cell Biology and Development, University of Minnesota, St. Paul,
MN 55108, USA

This chapter was written by M.F. Maher with editorial input from D.F. Voytas. This
chapter will be repurposed and submitted for publication in a special issue of Plant
Physiology focused on gene editing and its applications in plant biology. The special

issue is to appear in print in April 2022.
1.1 Overview

The meristem is a highly structured region of totipotent cells that gives rise to all organs
of the plant. Creating meristems is integral to most methods of plant transformation and
gene editing. Meristems are typically induced from dedifferentiated cells growing in culture
by the application of various hormone regimes. To circumvent challenges inherent with
sterile tissue culture and plant regeneration common across many plant species,
alternative approaches have been undertaken to create genetically modified plants.
Transgenes or gene editing reagents can be delivered to existing meristems on whole
plants or to gametogenic cells. Alternatively, meristems can be induced from somatic cells
on whole plants to generate genetically modified meristems de novo. Central to de novo
meristem induction is the use of developmental regulators, genes that activate gene
networks important for meristem formation and maintenance. Expressing these genes in
somatic cells of explants or whole plants induces tissue transdifferentiation to form de
novo meristems through pathways of somatic embryogenesis or organogenesis. In this
chapter we present the meristem as the driving organ of indeterminant growth in plants

and describe aspects of the meristem that make existing meristematic cells particularly
1



difficult to modify. We also describe previous approaches to genetically modify the
meristem or create meristems de novo for transformation and gene editing. Lastly, we
discuss potential future applications and directions for these approaches, as well as

potential challenges.

1.2 Meristems are ordered structures that give rise to all plant organs and dictate

phyllotaxis

Unlike animals, plants grow continuously throughout their lives, producing new organs and
gametogenic cells. The source of these new organs, the meristem, is the primary stem
cell niche of the plant from which all somatic cells and gametes are derived. The meristem
size and shape are finely controlled to dictate cell positions, direction of cell divisions and
the downstream differentiation pathways, ultimately regulating global plant architecture
and phyllotaxis. The upper regions of the meristem consist of distinct cell layers (varying
in number between species). The position of a cell in these layers dictates its downstream

cell divisions, differentiation pathway and the tissue type that ultimately develops.?

Meristem architecture is often described according to the cell layers found in the model
plant Arabidopsis thaliana. The A. thaliana meristem is composed of three ordered layers
of stem cells numbered from the outermost epidermal layer (L1 to L3) (Figure 1.1a). These
upper layers of the meristem undergo organized periclinal cellular divisions and are
maintained throughout organ development. While varying in number across plant species,
the outer layer (L1) often forms the epidermis of mature organs, while the lower layers (L2
and L3), often form vascular and subepidermal tissues such as mesophyll and cortex, as
well as the ensuing germ cells. The meristem is organized spatially into distinct zones
important for maintaining and perpetuating plant growth. A pool of totipotent stem cells
resides in a central region of the growing apical meristem termed the central zone (CZ).
These totipotent cells undergo clonal cell divisions to replace cells lost through cellular
differentiation and organ development. As cells in the L1 and L2 layer undergo periclinal
cell divisions they are pushed into the surrounding margins of the CZ, termed the
peripheral zone (PZ), and differentiate to cell and tissue types largely defined by position
to form new organ primordia. Cells lost in the central zone are replaced, often infrequently,

from quiescent cells residing beneath the CZ, termed the organizing center (OC) (Figure

2



1.1a).2 The entire meristem coordinately functions to maintain a niche of stem cells, to
replace differentiating cells and to perpetuate growth throughout the life of the plant and
into the next generation. It is therefore critical to tightly regulate cell expansion, division,
and differentiation to preserve a balance of stem cells for maintained and consistent

downstream plant growth.
1.3 The role of developmental regulators in meristem development

Developmental regulators (DRs), defined here as gene products integral for influencing
local cell division and differentiation, are essential in controlling molecular events that
allow for meristem maintenance and proliferation. The canonical master regulators
WUSCHEL (WUS) and CLAVATA3 (CLV3) coordinate the size and shape of the
meristematic region by non-cell autonomously regulating stem cell proliferation and
differentiation via a spatial negative-feedback loop (Figure 1.1b). In this regulatory model,
non-cell autonomous WUS expressed in the OC actively leverages cells in the OC and
CZ toward an undifferentiated state.>* When expressed, WUS moves non-cell
autonomously through plasmodesmata and maintains a region of undifferentiated cells.
WUS is a homeodomain transcription factor with pleiotropic activities as both an activator
and repressor. WUS is a positive regulator of CLV3 expression in the upper cell layers of
the meristem. CLV3 encodes a 96 amino acid peptide in the CLAVATA3/Embryo
Surrounding Region-Related (CLE) peptide family that functions to negatively regulate
WUS expression and promote stem cell differentiation. Upon stimulation of expression by
WUS, the CLV3 peptide is processed, secreted and diffuses non-cell autonomously
through the extracellular apoplastic space to act as a ligand upon cells expressing receptor
like proteins at the cell membrane, such as the CLAVATA2/CORYNE (CLV2/CRN)
complex and CLAVATAL (CLV1). These receptor proteins transmit the CLV3 signal
intracellularly to ultimately repress the expression of WUS and facilitate controlled

differentiation (Figure 1.2, Shoot stem cell inhibition).5’

While varying in mechanism across plant species, downstream perpetuation of the signal
imparted by the master DRs WUS and CLV3 has been demonstrated to have a high
degree of cross-regulation and redundancy to fine-tune and buffer the maintenance of the

meristematic stem cell niche.® Among other pathways, the stem cell inducing WUS signal

3



is transmitted through a transcription factor cascade including ENHANCER OF SHOOT
REGENERATION 1/DORNROSCHEN (ESR1/DRN), ENHANCER OF SHOOT
REGENERATION 2/DORNROSCHEN-LIKE (ESR1/DRN) (ESR2/DRNL), CUP-SHAPED
COTYLEDON1/2/3 (CUC1 and 2), LATERAL SUPPRESSOR (LAS) and LIGHT-
DEPENDENT SHORT HYPOCOTYLS3/4 (LSH3 and 4) (Figure 1.2, Stem cell induction
and maintenance).*® While these genes often have myriad activities, importantly, their
expression maintains the meristem niche. These signal cascades are actively perpetuated
and buffered by a number of feedback loops such as through the activity of
SHOOTMERISTEMLESS (STM) (Figure 1.2).1718 These tightly regulated expression
cascades create well defined expression domains enabling not only meristem
perpetuation but also define organ boundaries and sites of axillary meristem formation.16
Thus the expression of DR genes oversees the formation and perpetuation of the
meristem and defines all plant growth.

1.4 The role of the morphogenic plant hormone cytokinin in meristem

development

Morphogenic plant hormones such as cytokinin are essential for maintaining the meristem
and play diverse roles across plant tissues. The accumulation of cytokinin has a number
of effects on plant morphology, for example, by inducing dormant axillary buds, reducing
stem and leaf area, delaying leaf senescence and inhibiting root growth.'®2° Additionally,
cytokinin activates shoot stem cell proliferation and plays a critical role in meristem
initiation and perpetuation.?<?® Increased levels of cytokinin promote cell division and lead
to enlarged meristems when the hormone is applied exogenously or increased
endogenously though overproduction or decreased degradation.?*2® Cytokinin synthesis
and conversion to active forms, such as trans-zeatin, is carried out by a number of
enzymes such as adenosine phosphate-isopentenyl transferase (IPT), the cytochrome
P450 monooxygenase CYP735A and LONLEY GUY (LOG), which converts cytokinin to
a highly biologically active form. The active
component 6 ap hnedavipghhistidmé kinases (AHKs) and histidine containing
phosphotransmitters (AHPS) to induce the B-type ARR-HD-ZIP Il transcriptional complex

and subsequent epigenetic modification at the WUS locus, enabling WUS expression
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(Figure 1.2, Cytokinin signal transduction)?®?® The synthesis of cytokinin and these
downstream cascades involved in cellular plasticity are perpetuated by highly regulated
positive and negative feedback loops to sustain the growing meristem. It has been
demonstrated that auxin and cytokinin regulate their synthesis and signal transduction via
homeostatic feedback loops (elaborated further below).1%2°2° Cytokinin has also been
demonstrated to regulate cell division by promoting factors important for G1/S and G2/M
cell cycle phase transition through the activation of MYB3R genes, among others. This
stimulating activity of cytokinin feeds positive-feedback loops initiating transcriptional

cascades involved in progression of all key steps of mitosis and cytokinesis.3!:>2

1.5 Plants can natively generate de novo meristems

In dicots, the meristem found at the shoot and root tips is referred to as the apical
meristem. Axillary meristems may also reside as axillary buds, consisting of a short
preformed axis composed of leaf primordia and terminal meristem, or as dormant
subepidermal meristematic cells maintained in respect to cellular location and proximity to
leaf axils. It has been well documented that established primary shoot apical meristems
will inhibit the initiation of preexisting axillary meristems or formation of de novo meristems,
termed apical dominance. Excessive branching is broadly energetically costly, and it is
likely favorable to tightly regulate the induction or formation of axillary meristems in
response to environmental cues and growth of other plant parts.

A number of theories exist on how apical dominance is maintained in a growing plant. In
the classical or auxin transport models, apical dominance is thought to be largely
hormonally driven, whereby either auxin levels or auxin transport from apical tissues
influences growth of axillary meristems. This signal is thought to be imparted to the axillary
meristem tissue through the induction of strigolactones and reduction of cytokinins (often
through the regulation of the cytokinin degrading enzyme cytokinin oxidase (CKX)), which
act to repress and promote meristem initiation, respectively (Figure 1.2, Cytokinin signal
repression).®®* When a plant experiences primary meristem loss, auxin gradients are
redistributed, often through the altered expression or cellular distribution of the PIN-
FORMED (PIN) auxin efflux carrier proteins, and these repressive signals are released

(Figure 1.2, RM activation/auxin response). Cytokinin levels are increased locally through
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the induction of genes such as IPT a key enzyme in cytokinin biosynthesis.®® Conversely
the bud transition hypothesis postulates that axillary meristems enter varied
developmental transitions that influence the sensitivity to auxin and other factors.3* A
number of other environmental factors (such as temperature and light) as well as intrinsic
factors within the axillary meristem itself and extrinsic physiological factors from root and
shoot tissues may influence the degree to which apical dominance is maintained. There
are also implications that early stages of meristem initiation are influenced by sugar
redistribution in the plant.®® Together these signals influence the regulation of axillary

meristems and broadly define plant architecture and development.

In dicots, de novo axillary meristems may be induced to form by wounding, apical
meristem loss, endogenous microenvironment changes or other environmental cues. The
process by which plant cells, often cambial, transdifferentiate to form de novo meristems
is not entirely understood. While there are known preceding stimuli that activate
mechanisms for meristem formation, this patterning, as described above, is initiated and
maintained through a complex assortment of discontinuous and continuous signals
(Figure 1.2). °3% Despite a complete understanding of how new meristems are induced
and form, the ability to create new meristems is central to creating genetically modified

plants, as described in the subsequent section.

1.6 Genome engineering: modifying existing meristems versus creating them de

novo

The intent of nearly all plant genetic modification methods, be it transformation or gene
editing, is to create a genetic alteration in cells that enables perpetuation of the genetic
change and its heritability. There are inherent challenges to modifying existing meristems

as well as creating new, de novo, meristems from somatic cells.

Traditional methods of plant genetic modification exploit the broad pluripotency of plant
cells by placing somatic tissue explants in sterile culture to dedifferentiate those cells. The
genetic modification of interest is then introduced into these cultured cells, and finally, the
modified cells are reprogrammed to generate whole plants. Central to this reprogramming

is the formation of a meristem from the dedifferentiated cells, which makes it possible to



perpetuate genetic changes to downstream tissues and transmit those changes to the

next generation.
1.6.1 Plant genome engineering: methods for modifying existing meristems

All methods of plant transformation and genome editing rely on the targeted modification
of existing meristems or the generation of de novo meristems (Figure 1.3). Several
methods have attempted to create genetically engineered germplasm by modifying cells
in planta without a tissue culture intermediate. These methods have historically attempted
to modify existing cells that are predetermined to pass their genetic information to the next
generation, such as cells in the shoot apical meristem fated to become the floral meristem

or gametophytic cells directly.

Two methods have been demonstrated to modify the male or female gametophyte. The
first, published in 1998, was the Agrobacterium tumefaciens-mediated floral-dip method,
which has become one of the most widely used methods of plant transformation for basic
plant research using the model organism A. thaliana (Figure 1.3, Floral dip).*” This
method uses receptive, flowering A. thaliana plants that are dipped into an A. tumefaciens
liquid culture, resulting in the transformation of the female gametophyte.® While this
method has been a boon for the plant research community, it has thus far not been
translated to other species more distantly related to A. thaliana, including species of

agricultural relevance.3%4

Additional methods have been developed that directly target the male gametophyte prior
to fertilization (Figure 1.3, Pollen transformation). In 2017, groups demonstrated the ability
to modify pollen by delivering DNA via magnetic nanoparticles, termed pollen
magnetofection.*>** Limited application has been demonstrated in a few dicot and
monocot species.* Pollen handling has been difficult, and, as magnetofection requires
penetration of magnetic particles through open pollen pores, physical barriers may be

present in translating this method to new species with different pore architectures.

In lieu of targeting gametophytic cells, groups have recently taken an indirect approach by
targeting existing apical meristems in the hopes of modifying gametogenic progenitors. In

2017, the bombardment of existing wheat shoot apical meristems was demonstrated to
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modify those cells fated to undergo gametogenesis, which at some frequency, may
transmit modifications to the next generation.*® To date transformation efficiencies for this
method have been low and unpredictable, and this method has not been translated to
other plant species.*®4’ This method faces additional challenges in that it often utilizes
tissues in sterile culture under technically challenging conditions, making broad application
difficult.

1.6.2 Plant genome engineering: challenges to modifying existing meristems

Efforts to modify existing plant meristematic stem cells have been largely unsuccessful in
species of agricultural relevance. Plant gametes are derived from progenitor stems cells
in the meristem, and researchers have faced persistent challenges in making genetic
alterations to cells that heritably pass those changes to the next generation. There are
obvious evolutionary advantages in protecting the genomic integrity of gametogenic
progenitors, and plants have thus evolved measures to stably maintain the integrity of
those cells fated to heritably transmit genetic information to subsequent generations.*® As
nearly all resulting somatic cells are derived from a clonal expansion of the originating
meristematic stem cells in the CZ, it is also vital for plants to stably maintain the genomic

integrity of these cells for proper patterning and tissue growth.

The genomic integrity of the growing meristem is sheltered and buffered from outside
influences on the genome (such as viral infection, transposon activity or DNA damage) by
a variety of mechanisms. Meristematic stem cells in the inner L3 layer are thought to have
an isolated symplastic field, limiting cellular continuity with surrounding cell layers.*®%° This
isolated region of symplastic space may have benefits in sequestering the genomes of
stem cell populations away from viral pathogens, a source of genome instability.5!
Additional viral protection may be imparted by the high expression levels maintained in
the meristem of check point proteins and genes involved in DNA repair, some of which
have been demonstrated to strongly inhibit geminiviral replication and prevent viral
infection of the meristem.52535 Additionally, meristematic stem cells divide slowly, as

compared to cells of the meristem periphery, and are highly compact with a dense



cytoplasm, decreased endoplasmic reticulum, and decreased or absent vacuoles and
intercellular space. This provides additional temporal, spatial and expression barriers to

genomic perturbations within stem cells.55°

Maintaining meristematic stem cells in a quiescent state has the additional benefit of
reducing the duration in which cells participate in genomic replication, a period when the
genome is susceptible to failure in the DNA replication machinery and DNA damage from
external forces, such as genome editing reagents. Compounding these features, it has
recently been demonstrated that the master developmental regulator WUS not only
maintains the stem cell niche but also protects the stem cell domain from aberrant nucleic
acid replication (such as may occur during viral infection) by influencing protein expression
through the regulation of ribosomal RNA processing and ribosome stability.®® It has
additionally been observed that plant stem cell niches experience a hypersensitivity to
single stranded DNA and DNA damage leading to programmed cell death.5”:°¢ A number
of genes are rapidly activated in response to DNA damage and wounding in the meristem.
Upon sensing DNA damage, the conserved genes ataxia telangiectasia mutated (ATM)
and ATM and Rad3-related (ATR) are activated.>® These genes are major transducers of
the DNA damage response (DDR) as a consequence of DNA double strand breaks and
DNA lesions. Downstream effectors of this signal, such as SUPPRESSOR OF GAMMA
RESPONSE 1 (SOG1), may cause cell cycle arrest or initiate cell death pathways (Figure
1.2, DNA Damage Response).%®8°This is compounded by models that suggest cell lineage
dynamics of a stratified meristem selectively remove cells with deleterious mutations or

abnormalities through somatic cell competition or genetic drift.5?

Combined, these features of the meristem have been found to buffer the genome and
maintain its integrity from viral pathogens, DNA replication errors and other external forces
of DNA damage. These buffering mechanisms likely significantly decrease the efficiency
of direct meristem delivery for transformation and gene editing. Without a deeper
understanding of the myriad mechanisms protecting meristematic stem cells, and how
they may be controlled, it will be difficult to increase meristem editing efficiencies for stable
transmission of edits to the next generation. As such, alternative methods to stably modify

the plant germplasm are desirable.



1.6.3 Plant genome engineering: methods for creating de novo meristems

Many plant cells are thought to have some degree of pluripotency, if not totipotency,
retaining the capacity to be transdifferentiated into other cell types. This cellular plasticity
enables plants to quickly regenerate from cellular damage, and, when necessary, create
new meristematic stem cell domains. Outside of A. thaliana, plant genome engineering
methods predominantly rely on the de novo generation of meristems from sterile explants
in tissue culture to create novel germplasm (Figure 1.3, Tissue culture). %54 Tissue culture
enables the regeneration of whole plants under sterile conditions by influencing cells to
create ectopic meristems through the controlled supplementation of media with salts and
plant hormones such as auxin and cytokinin, among others.® Cytokinin and auxin have
been demonstrated to be necessary for the induction of shoot and root tissues,
respectively, in tissue culture for many plant species.®® The cells of explant tissues are
primed by exposing them to callus inducing media containing high auxin/cytokinin ratios.
The initial treatment of high auxin is deemed necessary to induce cells to divide and enter
a competent pluripotent state. There is evidence that cellular divisions allow for the
removal of repressive epigenetic marks at genomic loci responsible for regulating stem
cell fate and allow for the activation of regulatory networks responsible for de novo
meristem formation.®®7:28 Once primed, cells in culture may be pushed to shoot induction
with high cytokinin/auxin ratios, enabling the downstream molecular changes and

asymmetric cell divisions necessary for meristem formation.®?

Meristems may be created on embryonic callus generated from vegetative tissues to
generate a bipolar embryo, termed somatic embryogenesis, or through organogenesis of
shoot or root meristems.®® While somatic embryogenesis and organogenesis have many
shared molecular actors in meristem formation, there are marked differences in the
molecular networks that specify the stem cell niche and downstream growth under these
two developmental contexts. In generating a somatic embryo (SE), the expression of
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK), Baby Boom (BBM) and A.
thaliana leafy cotyledon (LEC) genes are often not only essential for SE formation in
culture, but when overexpressed, may increase efficiencies of SE formation (Figure 1.2,
Embryo Development/vascular specification).5%’2 Additionally, auxin treatment is often

used to increase the embryogenic capacity and is thought to be important for early embryo
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patterning.”>’* Meristem organogenesis is likely much more dependent upon cytokinin
perception and response and may be induced directly from somatic cells or indirectly from
nonembryonic callus.??875 |t is unknown whether there are functional consequences,
either to genomic integrity or expression profile to plants lines generated via either
developmental pathway, and many sources consider the consequent genetic material to
be functionally equivalent in plant product development pipelines. It is very likely that the
means by which each pathway is induced, such as high hormone concentrations or other
abiotic stressors, as is often the case in somatic embryogenesis, could lead to increased

levels of genetic aberrations such as somaclonal variation, as will be discussed next.’®

1.6.4 Plant genome engineering: challenges to creating de novo meristems in

tissue culture

While most genetically modified plant lines are created in tissue culture, there are
significant drawbacks to this approach. Somatic cells must circumvent regulatory cell
cycle checkpoints and activate expression domains necessary for induced cellular
expansion and asymmetric cell divisions for meristem formation.”” Additionally, cells
involved in this cellular expansion must respond to hormonal and other non-cell
autonomous positional cues to dictate the form and function of a growing stem cell niche.
Logically, there are a number of physical and expression barriers preventing somatic cells
from undertaking a stem cell fate to prevent morphological dysregulation that may affect
phyllotaxis of the growing plant. Additionally, it is important to prevent aberrant meristem
formation to protect the genomic integrity of offspring. Tissue culture based regeneration
methods have been demonstrated to lead to heritable dysregulation in the expression
profile of the genome as well as genomic rearrangements, duplications and deletions
leading to unpredictable somaclonal variation.”®8 The process of dedifferentiation and
redifferentiation of somatic plant cells in tissue culture can also take significant amounts
of time. These challenges are compounded in many species and plant lines that are
recalcitrant to regeneration in tissue culture for poorly understood reasons. Together,
these limitations of tissue culture-based methods have significantly hampered the ability

of researchers to create novel germplasm for basic and applied plant research.®!

1.7 Enhancing de novo meristem formation on tissue culture explants with DRs
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There is a great deal of divergence in gross morphology and organ development across
the plant kingdom, however conserved regulatory modules have been observed to globally
regulate plant meristems and architecture.®? Basic biological research has brought greater
understanding of the molecular mechanisms of cellular pluripotency and has given greater
insight into how plant cells may be reprogrammed to alter developmental trajectories. A
growing number of research groups have demonstrated how the ectopic expression of
endogenous and non-endogenous plant genes involved in meristem regulation and
maintenance are capable of influencing cellular expansion, division and/or differentiation
and subsequent meristem formation from plant somatic cells. Many approaches have
been taken to enhance transformation efficiencies by using these genes to enhance the
regeneration potential of explants. Genes such as SERK1, AGAMOUS-Like 15 (AGL15),
WUS, STM, BBM, LEAFY COTYLEDON 1 and 2 (LEC1 and 2), CUC1 and 2, ESR1 and
2, MONOPTEROS (MP), among others, have all been utilized to enhance the tissue
culture response and increase transformation efficiencies; these genes have been
previously reviewed.®®8 We will now focus in deeper detail on the activities of a few of
these genes and how they have been previously utilized to induce cellular proliferation or

de novo meristem formation.

WUSCHEL. We previously described WUS as a master regulator of the stem cell niche
that maintains cells in a pluripotent state.®*8°WUS is a homeodomain transcription factor
which in conjunction with other transcription factors, acts in diverse signaling pathways as
a bifunctional activator and repressor in a developmental context dependent manner.868°
It has been demonstrated that WUS is a non-cell autonomous protein that moves freely
through plasmodesmata to generate a zone of undifferentiated cells. Additionally,
dimerization of WUS proteins has been demonstrated to restrict WUS dispersion through
plasmodesmata, creating distinct zones of WUS activity.®> WUS proteins are necessary for
the formation of SAM and shoot axillary meristems, vegetative-to-embryo transition, and
as well as broad aspects of plant growth and development.* Accordingly, WUS is the only
transcription factor to be implicated in enabling broad totipotency in both primary
embryogenic and secondary meristematic tissues. Groups have previously demonstrated
that the expression of WUS can enable the regeneration and de novo formation of root

and embryonic meristems, and WUS has been demonstrated to promote the embryogenic
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transition. %0891 The ectopic expression of WUS has also been utilized to enable both
increases in meristem formation in tissue culture and regeneration of plants from tissue

culture in maize.%%%

BABY BOOM. BBM encodes an AINTEGUMENTA-LIKE (AIL) APETALAZ2/ethylene-
responsive element-binding factor (AP2/ERF) transcription factor that has been
demonstrated to be important for plant embryo identity and regulating totipotency in the
developing embryo. As with other AIL genes, BBM acts by regulating downstream cellular
cascades to maintain a meristematic state involving LEAFY COTYLEDON1 (LEC1) and
LEC2, FUSCA3 (FUS3), and ABSCISIC ACID INSENSITIVE3 (ABI3).”? These signal
cascades maintain an embryogenic state utilizing INDOLE-3-ACETIC ACID
INDUCIBLE30 (IAA30) and YUCCA genes (YUC) via the IPA/YUC mediated auxin
biosynthesis and signal transduction pathway (see also Figure 1.2).71.959

In line with BBMs importance in regulation of embryo development, it has been observed
that the ectopic expression of BBM may engender cells toward somatic embryogenesis.®’
Several groups have utilized the expression of Arabidopsis BBM to induce somatic
embryogenesis in both dicots and monocots.®®*® The ectopic induction of these
reproductive pathways has enabled the formation of embryos from somatic tissues and
embryogenic callus, often in tissue culture, and has increased transformation efficiencies.
Additionally, combining the ectopic expression of the maize WUS2 and Arabidopsis BBM
has been demonstrated to stimulate cell division and greatly increase the efficiency of
embryogenic transition for the enhanced recovery of transgenic plants in tissue culture.
9210083 Remarkably, this method was demonstrated to effectively enable the recovery of
transgenic lines from a number of recalcitrant and marginally transformable monocot

species without an intervening callus intermediate.

MONOPTEROS. MP has been demonstrated to enhance cellular proliferation and acts in
mutual negative feedback loops of cytokinin and auxin signaling. The cellular proliferative
activity of MP overexpression is likely diminished by negative feedback loops designed to
control embryo development and provascular specification, termed the @ a u-MP-n
TMOS5/LHW-LOG4-cytokinin" module, figure 1.2.1° In short, MP expression acts in the
induction of TARGET OF MP 5 (TMO5) and enables cytokinin activation via LOG when
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complexed with LONESOME HIGHWAY (LHW). This cytokinin inducing complex is self-
regulated via the induction of ACAULIS5 (ACLS5 )and SAC51-LIKE (SACL), inhibiting
TMOS5/LHW complex formation.%? Previous works have demonstrated that the expression
of an irrepressible variant of MP, MPq is capable of inducing ectopic meristem
formation.1%® Similarly to previously published WUS2/BBM combinations, the combined
expression of MPgp wi t h o t nmag hypolbdRiclly function synergistically to
perpetuate signals for cellular division and meristem induction via somatic embryogenesis

pathways.

SHOOTMERISTEMLESS. Similarly to WUS, STM is another homeodomain protein that
has been implicated in the maintenance of stem cells in the meristem. 7 STM is
expressed in the CZ and PZ of the meristem and is thought to act independently of WUS
to prevent differentiation. STM has been implicated in multiple interactions with genes
essential for cytokinin signal transduction and stem cell maintenance and likely acts in
positive feedback loops to maintain the stem cell niche.%41% |n line with this activity, it has
been observed that the ectopic expression of STM has the capacity to induce cellular
expansion, proliferation and ectopic meristem formation.'% Additionally, the combination

of STM expression with WUS has been observed to induce ectopic organogenesis.?’

Pathogen sourced DRs. Analogously to the effects of endogenous DRs, the expression
of non-endogenous genes that increase morphogenic plant hormones or induce cell cycle
transitions may have growth stimulating effects that facilitate cellular expansion and
division. Several bacterial and viral pathogen related genes have been demonstrated to
activate pathways involved in cellular plasticity and facilitate tissue organogenesis to
support infection. Pathogenic genes have been found to alter host cell activity using broad
mechanisms involving epigenetic modification, DNA replication, RNA splicing, cell cycle
modulation and signaling pathways.1%® Several bacterial and viral pathogen-related genes
have been demonstrated to induce cellular plasticity and facilitate tissue organogenesis
to support infection. For example the plant pathogen Agrobacterium tumefaciens
(renamed as Rhizobium radiobacter)!®® delivers the gene adenosine phosphate-
isopentenyl transferase (ipt) to the host plant to invoke cytokinin biosynthesis in planta.
Bacterial infection is additionally primed by the expression of bacterial cytokinin

synthesizing genes such as dimethylallyl transferase (tzs). Both ipt and tzs have been
14



utilized to induce meristem formation. 1!%15 A number of other Agrobacterium virulence
genes have been shown to influence cell cycle transitions and modify transformation
efficiencies, such as rolC, 118117 rolB and 6B Similarly, viral genes that influence the
plant cell cycle, such as the geminiviral protein variant, RepA, have been demonstrated to
stimulate the plant cell cycle and have been utlized to enhance transformation
efficiencies.!!® Together these works demonstrate how pathogenic proteins with evolved
mechanisms to influence plant cell expression have a strong potential to enhance

transformation methods.

1.8 Statement of thesis: inducing de novo, gene edited meristems on plants with
DRs.

The dependence on sterile in vitro methods to create gene edited plants has significantly
hampered the full potential of this powerful technology to be realized to advance basic and
applied plant research. Tissue culture methods are often technically challenging, require
specialized instrumentation and can take months to years to accomplish. Simplified
protocols are needed that circumvent the paradigm of tissue culture and broadly enable

basic and applied plant research.

We hypothesized that the ectopic overexpression of DRs may be utilized in vivo to induce
de novo meristems on growing plants without a sterile tissue culture intermediate.
Theoretically, experiments ectopically overexpressing the previously described DRs, such
as variants of WUS, STM, MP, BBM and the A. tumefaciens ipt gene, could enable this
cellular transition in planta when presented with the appropriate microenvironment. These
DRs not only have demonstrated an ability to induce ectopic de novo meristems but were
hypothesized to have unique access to expression cascades that may initiate and
perpetuate meristem formation in vivo. Further, if the DRs are co-delivered with gene
editing reagents, it should be possible to generate gene edited shoots that transmit
modified genes to the next generation through the seed. The benefits of having reliable
methods capable of creating novel germplasm on soil grown, non-sterile, plants would be
manifold and could theoretically reduce or remove the hitherto mentioned negatives of
inducing de novo meristems using tissue culture methods. Given the evolutionarily

conserved mechanisms by which DRs control meristem formation across monocots and
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dicots there is a strong possibility that methods of this nature could be translated across

diverse species without significant optimization.

1.9 Figures

Designates direction of cell division

LP
oc

Figure 1.1: Meristem Architecture and Maintenance a) The meristem is a highly
organized group of cells that undergo tightly controlled cell divisions. Clonal cell divisions
of stem cells in the central zone (CZ) replace cells lost through cellular differentiation and
organ development. Beneath the CZ is a region of largely quiescent cells termed the
organizing center (OC). These cells may replace cells lost in the CZ over time to maintain
a population of actively dividing stem cells for tissue growth and plant development. b)
The size and shape of the meristem is tightly controlled. The non-cell autonomous DRs
WUS and CLV3 are expressed differentially in the meristem and function antagonistically

to control the abundance of undifferentiated stem cells. LP = leaf primordia.
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Figure 1.2: Select pathways involved in stem cell maintenance and meristem
initiation. The meristem is regulated by multiple parallel and interconnected signaling
pathways. While many of these genes have pleotropic activities, they have been pooled
in this diagram with respect to general activities described in the literature regarding
function in the shoot meristem, root meristem or embryo. Genes involved in cytokinin
signal transduction: adenosine phosphate-isopentenyl transferase (IPT), the
cytochrome P450 monooxygenase gene CYP735A, LONLEY GUY (LOG), histidine
kinases (AHKSs), histidine containing phosphotransmitters (AHPS), B-type A. thaliana
response regulators (ARRS), class Ill homeodomain-leucine zipper (HD-ZIPIII) class of
proteins. Genes involved in cytokinin signal repression: ARR, cytokinin oxidase (CKX)
DRs with activities in stem cell inhibition: CLAVATAS3, 2 and 1 (CLV3, CLV2, CLV1),
CORYNE (CRN), Teosinte branched 1, cycloidea and PCFs (TCPs), ASYMMETRIC
LEAVES1/2 (AS1/2). Genes involved in stem cell induction and maintenance:
WUSCHEL (WUS), ENHANCER OF SHOOT REGENERATION 1/DORNROSCHEN
(ESR1/DRN), ENHANCER OF SHOOT REGENERATION 2/DORNROSCHEN-LIKE
(ESR2/DRNL), CUP-SHAPED COTYLEDON1/2 (CUC1 and 2), LATERAL
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SUPPRESSOR (LAS), LIGHT-DEPENDENT SHORT HYPOCOTYLS LSH3 and 4 and
SHOOTMERISTEMLESS (STM). Genes involved in wound and DNA damage
response: WOUND INDUCED DEDIFFERENTIATION 1 (WIND1), ataxia telangiectasia
mutated (ATM), ATM and Rad3-related (ATR), SUPPRESSOR OF GAMMA RESPONSE
1 (SOG1). Genes involved in RM activation and auxin response: PIN-FORMED1
(PIN1), AUXIN RESPONSE FACTOR (ARF), PLETHORA (PLT) Genes involved in
embryo development/vascular specification: BABY BOOM (BBM), LEAFY
COTYLEDON 1/2 (LEC1/LEC2), YUCCA genes (YUCs), MONOPTEROS (MP);
Abbreviations: SM = shoot meristem. RM = root meristem, DMAPP = dimethylallyl
diphosphate, iP = N°-( gdsopentenyl)adenine, tZ = trans-zeatin, iPRNP = (iP)r i b o s-i de 5 N;
tri-, di- or monophosphate, tZRNP =( t Z) r i-th-,ods or ch@o-fEho§phate.
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Figure 1.3: Methods of Plant Transformation. For different plant transformation
methods, there are major transitions between WT plant material and a final edited line with
respect to vector delivery and tissue screening/propagation. Parent plant tissue is scaled
in the appropriate fashion for molecular reagent delivery. Using variable methods,
molecular reagents are delivered to whole plants or explants. Tissue culture: Explants
are sterilized and placed in tissue culture with plant hormones and nutrients. Explants are
induced to form callus under high auxin/cytokinin concentrations, often under selection for
transgenes. Tissues are often induced to form de novo root and shoot meristems under
high auxin and cytokinin ratios, respectively. Newly formed plantlets are transferred to soil
and propagated. Direct Delivery: Plants are trimmed to remove existing apical and

axillary meristems. Developmental Regulator (DR) expression acts to induce de novo
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meristems from cells receiving molecular reagents. Newly formed plant tissues are
propagated. Floral Dip: Scaled plants are allowed to progress to a reproductive phase.
Receptive flowers are exposed to Agrobacterium tumefaciens, which delivers transgenes
containing molecular reagents to the female gametophyte. Transgenic seedlings are
screened, often under selection, in the next generation. Meristem Bombardment:
Meristem explants are removed and placed in sterile culture. Molecular reagents are
delivered directly to the existing meristematic stem cells. Meristem growth is perpetuated
in culture, often under selection. Individual events are screened and propagated. Pollen
Transformation: Scaled plants are allowed to progress to a reproductive phase. Pollen
is collected and molecular reagents are delivered to transform the male gametophyte.
Pollen is used to fertilize a receptive flower. Seedlings are screened, often under selection,

in the next generation.
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2.1 Overview

Plant gene editing is usually carried out by delivering reagents such as Cas9 and sgRNAs

to explants in culture. Edited cells are then induced to differentiate into whole plants by

exposure to various hormones. Creating edited plants through tissue culture is often

inefficient, requires considerable time, only works with limited species and genotypes and

causes unintended changes to the genome and epigenome. We report methods to
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generate gene edited dicotyledonous plants through de novo meristem induction.
Developmental regulators and gene editing reagents are delivered to somatic cells on
whole plants. Meristems are induced that produce shoots with targeted DNA
modifications, and gene edits are transmitted to the next generation. The de novo
induction of gene edited meristems sidesteps the need for tissue culture, promising to

overcome a bottleneck in plant gene-editing.
2.2 Introduction

Plant growth is perpetuated by a stem cell niche located in growing apices, termed
meristems. The shoot apical meristem is the progenitor to all above-ground organs such
as leaves and flowers. Meristem identity is dictated, in part, by developmental regulators
(DRs) 1 transcription factors, which in Arabidopsis thaliana include WUSCHEL (WUS),
SHOOT MERISTEMLESS (STM) and MONOPTEROS (MP).2 Because plant cells are
totipotent and can be trans-differentiated into other cell types, ectopic expression of
specific combinations of DRs in somatic cells has the potential to induce meristems. In A.
thaliana, for example, meristem-like structures are generated when WUS and STM or the
irrepressible variant of MP (qp M Pare expressed in leaf cells.1%312° DRs work in conjunction
with plant growth regulators T particularly the hormones cytokinin and auxin i to establish
and maintain meristem identity.? In some dicots, ectopic expression of the cytokinin
biosynthesis gene, isopentenyl transferase (ipt), is sufficient to induce shoot

organogenesis. 110121

Expression of specific DRs in plant somatic cells can induce other developmental
programs. In monocots, such as maize and sorghum, expression of maize Wuschel2
(Wus2) and Baby Boom (Bbm) promotes somatic cells to form embryos, which develop
into whole plants.®2190.122 Co-delivering transgenes with Wus2 and Bbm expedites the
production of transgenic plants i an approach that avoids the use of traditional tissue
culture, wherein DNA is delivered to cells in culture, and plants are regenerated by
exposing cells to various hormones. Tissue culture is one of the biggest bottlenecks in
creating transgenic and gene edited plants, because it can only be performed with a
handful of species, takes from a few to several months, and often causes undesired and

unpredictable changes to genomes.?! The use of molecular reagents such as DRs, which
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induce specific developmental programs, is a compelling avenue to circumvent traditional

tissue culture methods.

Here, we report that concomitant expression of DRs and gene editing reagents creates
transgenic and gene edited shoots through de novo meristem induction. Further, these
shoots produce flowers and seeds and ultimately transmit transgenes and gene edits to

the next generation.

2.3 Results: Induction of genetically modified meristems on soil-grown plants.

For any given dicot plant species, we reasoned that meristems would be optimally induced
by different combinations of DRs. To determine these combinations, we developed a high
throughput platform in which constructs expressing different DRs under various promoters
are delivered to young seedlings by A. tumefaciens. We chose Nicotiana benthamiana as
a model plant because it is easy to grow, has a short lifespan (~3 months), and DNA
delivery methods are well established.’®® To infect seedlings, we modified a protocol
(AGROBEST) that was developed for transient transformation of A. thaliana seedlings by
A. tumefaciens.! Our protocol, called Fast-TrACC (Fast-Treated Agrobacterium Co-
Culture), involves treating A. tumefaciens cultures for two days with two types of media
prior to culturing seedlings with A. tumefaciens for an additional two days (Fig. 2.1a). Fast-
TrACC effectively delivered transgenes to seedlings, as evidenced by expression of a

luciferase reporter, particularly within cells of the cotyledons (Fig. 2.1b).

Fast-TrACC was used to deliver maize Wus2 and A. thaliana STM to N. benthamiana
seedlings along with a luciferase reporter (Supplementary Table 2.1; Supplementary Fig.
2.1a). Wus2 and STM were chosen because their respective roles in meristem cell division
and patterning have been established,'?* and ectopic expression of these DRs in A.
thaliana promotes de novo growth formation.?° Wus2 was expressed from the weak nos
promoter and STM from one of three strong promoters (35S, CmYLCV, AtUbi10).

From regions exhibiting high levels of localized luciferase expression, callus-like growths
formed, presumably due to expression of the DRs (Fig. 2.1c, Supplementary Fig. 2.1b-d).

Many growths remained in an undifferentiated callus state; however, a subset progressed
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to form meristem-like structures, as indicated by the production of leaflets (Fig. 2.1d) and
ultimately stems with leaflets (Fig. 2.1e, Supplementary Fig. 2.1e-h). These shoot-like
growths were transferred to rooting medium, and within approximately two weeks, roots

formed, enabling the plants to be transferred to soil.

Having demonstrated that Fast-TrACC can be used to induce meristems, we next tested
different combinations of DRs expressed from promoters of varying strength to determine
the best combination for producing full plants. Separate A. tumefaciens strains, each
carrying expression cassettes for a unique DR, were pooled for seedling co-culture. Of
twelve tested combinations, only five generated growths from which plants could be
derived (Fig. 2.1f, Supplementary Table 2.2). Two combinations, Wus2 and STM and
Wus2 and ipt, produced up to five times as many shoot-like growths and roughly four times

more full plants when compared to other treatments.

We sought to introduce genetic changes in meristems that would then produce flowers
and transmit the genetic changes to seeds. Plants generated from de novo growths
induced by Wus2 and STM (Fig. 2.2a) were tested for luciferase expression in leaf
punches, and luciferase expression was observed in some plants (Fig. 2.2b). A few
transgenic plants showed developmental abnormalities, such as curled leaves, likely due
to persistent expression of the DRs (Supplementary Fig. 2.2, Supplementary Table 2.2).
This was particularly true for plants overexpressing Wus2 and STM. The majority of plants,
regardless of their transgene status, produced seed-bearing flowers. Seeds from
transgene positive plants were collected, and luciferase expression was observed in the
seedlings (Fig. 2.2c-d). This demonstrates that a heritable transgenic event can be created

through de novo induction of a meristem.

Fast-TrACC, as a delivery method, provides the opportunity to optimize combinations of
DRs for meristem induction in other dicot plants. For example, we tested combinations of
Wus2, ipt and STM on tomato seedlings for their ability to induce meristems
(Supplementary Fig. 2.3a). Shoot like growths were induced by Wus2 and ipt, and whole
tomato plants could be recovered (Supplementary Fig. 2.3b). Additionally, shoot-like
growths were created that maintained luciferase expression (Supplementary Fig. 2.3c-d).
We expect Fast-TrACC could be used for other species to define the DRs needed for
meristem induction and formation of genetically modified shoots.
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In addition to creating transgenic plants, we wanted to determine if Fast-TrACC could be
used to generate meristems with gene edits and plants that transmit targeted mutations
to progeny. In the experiment used to optimize DRs for shoot induction (Fig. 2.1f), the
treated N. benthamiana seedlings were transgenic and constitutively express Cas9.'% In
addition to a DR, T-DNAs carried a cassette that expresses a sgRNA targeting a gene
involved in carotenoid biosynthesis, phytoene desaturase (PDS), which has two homologs
in N. benthamiana (Niben101Scf14708g00023.1 and Niben101Scf01283g02002.1,
hereafter referred to as PDS1 and PDS2, respectively).1?® Biallelic knockouts of both PDS
homologs are expected to result in a white phenotype due to chlorophyll
photobleaching.?” Approximately 15% of the generated shoots showed evidence of
photobleaching, but these shoots did not form full plants; their vitality was likely
compromised by lack of chlorophyll (Fig. 2.3a, Supplementary Table 2.2). Nonetheless,
white shoots were evaluated molecularly and found to have biallelic mutations in both PDS

homologs (Fig. 2.3c). Thus, Fast-TrACC can generate meristems with gene edits.

Twenty-seven plants were recovered after treatment with various DR combinations (Fig.
2.11); five phenotypically normal green plants showed considerable amounts of editing in
somatic cells (Supplementary Fig. 2.4). This frequency of gene editing (i.e. ~18% of plants)
is comparable to that attained in N. benthamiana in transgenic plants that express Cas9
and sgRNAs;*?8 however, our frequency is likely an underestimate, as 15% of the original
shoots had lethal biallelic mutations in both PDS homologs. For one of the green plants
(1-7), seed collected from two flowers (F4 and F6) produced green, white and
phenotypically chimeric seedlings (Fig. 2.3b and 2.3d, Supplementary Fig. 2.5a). Target
sites for both PDS homologs were assessed molecularly for two white seedlings from each
flower, and mutations were observed in both alleles of each gene (Fig. 2.3c). The
green/white chimeric seedlings contained the transgene (Supplementary Fig. 2.5b),
suggesting that chimerism is due to ongoing mutagenesis at PDS; this is consistent with
DNA sequencing data showing new mutations emerging in the chimeric plants (Fig. 2.3e).
Based on this collective data, we conclude that co-delivery of DRs and gene editing
reagents can produce shoots with mutations, and these mutations can be transmitted to

the next generation.
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2.4 Results: Induction of genetically modified meristems on soil-grown plants.

Having shown that meristems could be generated on seedlings grown aseptically, we next
wanted to determine if we could induce genetically modified meristems on soil-grown
plants. Transgenic N. benthamiana plants that constitutively express Cas9 were pruned
to remove all visibly discernible shoot meristems (Fig. 2.4a). Cut sites were then perfused
with A. tumefaciens cultures expressing combinations of DRs (Fig. 2.4b). As before, all
DR expression cassettes included a luciferase reporter to monitor transgenesis and the
same sgRNA targeting both PDS homologs. Sites of perfusion were monitored for shoots,
which emerged approximately 12-15 days after inoculation. As was the case for some
shoots induced on seedlings, occasionally adverse phenotypes were observed, such as
an abundance of leaves or other developmental abnormalities, likely due to expression of
the DRs (Supplementary Fig. 2.6). After 62 days, tissue was harvested from all shoots
and assayed for luciferase activity (Fig. 2.4c). Groups treated with Wus2 and ipt, ipt alone
or all five DRs, showed luciferase expression in 6-10% of all shoots (Fig. 2.4b). In contrast,
no luciferase positive shoots were obtained using Wus2 and STM or in the mock treated
plants. Based on our ability to generate luciferase positive shoots, we concluded that

ectopic delivery of DRs can create transgenic meristems and shoots on soil grown plants.

To determine if de novo meristems could be induced on agronomically important species,
asexually propagated potato and grape cuttings were injected in sterile culture jars with A.
tumefaciens strains delivering DRs and a luciferase reporter. For both grape and potato,
a subset of plants produced bioluminescent shoots (Supplementary Fig. 2.7, Fig. 2.8). In
the case of grape, bioluminescent shoots at the three-leaf stage were evident as early as
40 days after delivery of the A. tumefaciens strains. Affirming results observed using Fast-
TrACC on tomato (Supplementary Fig. 2.3), DRs can induce transgenic shoots on diverse

dicot species.

In the N. benthamiana experiment (Fig. 2.5a, Supplementary Fig. 2.6), a subset of the
induced shoots were white, suggesting biallelic inactivation of the two PDS homologs. To
assess gene editing, genomic DNA was prepared from all tissue harvested for the
luciferase expression assays; the sgRNA target site was PCR-amplified for PDS2 and
submitted to next generation sequencing. In total, targeted edits were observed in six

tissue samples, and the percentage of sequencing reads with mutations suggested the
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edits were fixed in a heterozygous or homozygous state (Fig. 2.5b, Supplementary Fig.
2.9). From this data we conclude that by using DRs in combination with gene editing

reagents, it is possible to generate shoots with targeted gene edits on soil grown plants.

None of the N. benthamiana shoots with developmental abnormalities or the pds
phenotype set seed. Only one of the six shoots with gene edits (carrying a 3 bp deletion
in one PDS allele) produced viable seed (Supplementary Fig. 2.9, Supplementary Table
2.3). To determine if we could obtain additional gene edited shoots, we performed a
second experiment in which Wus2 and ipt were delivered either on the same T-DNA or on
separate T-DNAs (i.e. a mixed infection with separate strains). Rather than monitoring the
total number of shoots produced, we monitored the number of shoots that emerged from
each perfusion site. Previous experiments suggested that initial shoots were often not
transgenic and, as such, we removed and discarded shoots appearing in the first 20 days.
Abundant shoots emerged regardless of whether the DRs were on the same T-DNA or on
T-DNAs in different A. tumefaciens strains (Fig. 2.5c). When on the same T-DNA, for
example, 46 shoots were recovered from 76 perfusion sites. Of these, 16 shoots had a
distorted phenotype, and four were white or had white sectors, indicative of transgene
expression and PDS targeting, respectively. In contrast, the negative control produced no
white shoots; however, some shoots were initially distorted due to trimming but ultimately

developed a wild type growth pattern.

One shoot emerged that was chimeric for white and green tissue, but was otherwise
phenotypically normal and non-bioluminescent (Fig. 2.6). From the white tissue, a flower
was produced that set seed, which when germinated, produced only white seedlings
(Supplementary Fig. 2.10). White seedlings had biallelic mutations in both PDS homologs,
and the frameshift mutations transmitted to the progeny were present in the parental white
tissue. Neither the parental tissues nor the seedlings were transgenic for the vectors
delivered by A. tumefaciens, as indicated by lack of both luciferase expression and inability
to detect the transgene cassette by PCR (Supplementary Fig. 2.11). Seed and tissue was
additionally harvested from the associated green chimeric sector. Germinated seed
segregated in an approximately 3:1 ratio for the pds phenotype (Fig. 2.6, Supplementary
Fig. 2.12). The mutations in the seedlings were the same as those observed in the parental

green tissue; however, they were distinct from those observed in white sectors. The green
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shoot that was produced in the initial experiment was also shown to transmit mutations to
progeny seedlings in the absence of a detectable T-DNA (designator 5-14-1-08;
Supplementary Table 2.3). In conclusion, in three independent cases we induced the
formation of meristems on soil-grown plants that carried multiple, targeted mutations and
that did not harbor the delivered nucleic acid. All modifications were fixed and were
transmitted to progeny in a single generation without the use of plant selection or sterile

culture methods.

2.5 Discussion

Since its inception over 150 years ago, tissue culture has been an important method for
plant propagation, and in recent decades, for applying biotechnology, including
transgenesis, to advance both basic and applied plant research.8 Tissue culture is also
crucial for success in plant gene editing applications. Reagents such as CRISPR/Cas9
and sgRNAs are delivered to cells in culture to create DNA sequence changes at single
nucleotide resolution. Although regeneration of edited or transformed plant cells by tissue
culture has been successful in some plant species and genotypes, it can be time
consuming and often introduces unintended changes to the genome and epigenome of
regenerated plants.'?°13° Consequently, tissue culture is a bottleneck for the production of

gene-edited plants and for engineering novel traits to improve crop varieties.8!

Here, we report two approaches by which DRs and gene editing reagents can be
effectively combined to create transgenic and gene-edited plants. In the first strategy, a
high-throughput method was implemented that produces edited shoots that transmit edits
to the next generation. This approach, named Fast-TrACC, is ideal for identifying the
optimal combination(s) of DRs for meristem induction. In the second strategy, gene-edited

shoots were induced on soil-grown plants, eliminating the need for aseptic culture.

Both approaches are remarkably efficient, requiring no more than five to 15 plants to
create multiple gene-edited shoots. The majority of mutations were fixed, suggesting that
editing events occurred early in progenitor cells after delivery of the sgRNA. As an added

bonus, many gene-edited shoots lacked transgenes, obviating the need to segregate
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transgenes away in the next generation. We believe that these methods could

substantially accelerate the development of plant lines for commercial use.

In addition to experiments in a N. benthamiana model, we generated transgenic shoots
on tomato, potato and grape in a fraction of the time of it would take using traditional
tissue-culture methods.®*! Although A. tumefaciens infects diverse plant species, it does
have some host restrictions. We anticipate that other delivery methods, including biolistics
or nanopatrticles, could be used as an alternative to A. tumefaciens. In contrast to the de
novo induction of transgenic and gene-edited meristems, as shown here, others have had
some success in creating transgenic plants by delivering transgenes directly to existing
meristems, for example, in the monocot wheat.”® An alternative approach for in planta
transformation is to deliver DNA to egg cells; however, this method is only robust in A.
thaliana and its close relatives using floral dip transformation.®” We anticipate that use of
DRs to create gene-edited meristems de novo could eventually extend in planta
transformation to a broad range of plant species, enabling rapid production of both

transgenic and gene-edited plant germplasm.
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2.8 Online Methods

DNA constructs. All DNA constructs were assembled using our plant genome
engineering toolkit, which provides a suite of promoters and T-DNA vectors as well as
Golden Gate cloning strategies to rapidly assemble vectors.**? The toolkit allows assembly
of up to four modular DNA cassettes on a T-DNA destination vector. T-DNA vectors had
either one or two developmental regulators expressed from the 35S, CmYLCV, AtUBQ10
or nos promoters (Supplementary Table 2.1). Some vectors expressed the RNA guided
endonuclease, SpCas9, driven by the 35S promoter and a sgRNA expressed from the
AtU6 promoter. sgRNAs targeted both of the duplicated N. benthamiana phytoene
desaturase homologs (Niben101Scf14708g00023.1, designated PDS1;
Niben101Scf012839g02002.1, designated PDS2) (Supplementary Table 2.4).126 A
luciferase reporter, driven by either the 35S or CmYLCV promoter made it possible to
visually confirm construct delivery to plant cells. All constructs were cloned into a T-DNA
backbone that produces geminiviral replicons.'® The replicons are derived from Bean
Yellow Dwarf Virus (BeYDV) and replicate upon delivery to plant cells.®®*® Replication
increases copy number and consequently leads to high levels of gene expression.
Additionally, replicon vectors have the potential to replicate regardless of whether they
integrate into the genome, enabling transient expression of developmental regulators.
Plasmids in Supplementary Table 2.1 are available at Addgene along with their

corresponding DNA sequences.

Fast-TrACC. Fast-TrACC is a modified version of the AGROBEST protocol, which
involves treating Agrobacterium tumefaciens cultures (GV3101) for three days prior to a
two day co-culture with newly germinated seedlings.! The first step is to grow the cultures

overnight (12 hrs, 28°C). Next, to increase expression of vir genes, cells are harvested by
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centrifugation and suspended to an ODeoo Of 0.3 in AB:MES salts (17.2 mM K2HPOg4, 8.3
mM NaH;PO., 18.7 mM NH4Cl, 2 mM KCI, 1.25mMMgSOs, 100 &M IC& Cd M
50 mM MES, 2% glucose (w/v), 200 pM acetosyringone, pH 5.5) and then grown
overnight. Prior to incubating with seedlings, the culture is again centrifuged and
resuspended to ODeoo Within the range of 0.10 to 0.18 in a 50:50 (v/v) mix of AB:MES salts
and ¥2 MS liquid plant growth medium (1/2 MS salt supplemented with 0.5% sucrose (w/v),
pH 5.5).

Seeds are sterilized using 70% ethanol for 1 min and 50% bleach (v/v) for 5 min. They are
then rinsed 5 times with sterile water. Seeds are transferred to 6-well plates (~5 seeds per
well in 2 mL %2 MS) and subsequently germinated and maintained in growth chambers for
2-3 days at 24°C under a 16hr/8hr light/dark cycle. A. tumefaciens is added and the
seedlings are incubated for two days before being washed with sterile water. The washed
seedlings are returned to liquid I MS co

counter-select against residual A. tumefaciens.

Seedlings are analyzed for delivery of the T-DNA constructs using a luciferase reporter.
Luciferin (5uL of 50 mM stock into 2 mL of 2 MS) is added to the liquid culture with the
seedlings to bring the concentration to 125 uM. The plate of seedlings is then lightly
shaken for five minutes to ensure proper mixing of the luciferin. Long-exposure imaging
(5.5 min exposure using a UVP Biolmaging Systems EpiChemi3 Darkroom) is then

performed to capture the luminescence.

Seedlings showing luciferase expression are monitored for the development of de novo

FeSO

nt ai ni

meristems. Callus-l i ke fAbumpso begin to ap MNebaenthamiang pi cal |

and on hypocotyls in tomatoes, roughly 12 days after removal of A. tumefaciens
(Supplementary Fig. 2.1b-d). Over approximately the next 10-14 days, the bumps continue
to grow and either remain in an undifferentiated, callus-like state or begin to form
differentiated tissues. Initially, leaf-like structures emerge (Supplementary Fig. 2.1e-f) and
eventually shoot-like structures (Supplementary Fig. 2.1g-h). The shoot-like growths are

excised and transferred to rooting media (1/2 MS, 0.8% agar (w/v), 3% sucrose (w/v), 0.5

mg/ L indole butyric acid (1 BA), 100 eMkti menti

but there is considerable variability. After about 12 days on rooting media, enough of a
root system has typically developed for transfer to soil. Humidity is elevated by covering
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the plants on soil with a clear plastic water bottle with the bottom removed. After three
days the cap is loosened but left on; after another two days the cap is removed. Finally
after another two days the bottle is removed and the plant can be grown in a growth
chamber (16 hr days, 22°C).

Induction of meristems on soil-grown plants. N. benthamiana plants harboring a
35S:Cas9 transgene were grown to maturity (63-66 days).'? All plants were culled for all
visible shoot meristems, leaving 2-3 nodes and supporting leaves. Plants were
immediately inoculated with A. tumefaciens cultures at the wound sites using syringes and
31G needles. The A. tumefaciens cultures were grown overnight (12 hrs, 28°C) in growth
medium (10 mM MES, pH 5.6, 20 uM acetosyringone, 50 mg/L kanamycin, 50 mg/L
gentamycin), pelleted at 5,000 rpm for 10 min, suspended in infiltration media (10 mM
MES, 150 uM acetosyringone, 10 mM MgCl,) and adjusted to an ODego 0f 0.2-0.3. Cultures

were then incubated at room temperature for 2-4 hrs prior to inoculation.

Plants were observed for shooting at cut sites 38-48 days post inoculation (p.i.). Each
injection site with newly formed tissues or meristems was counted as a single event.
Shoots were scored for the appearance of white tissue, indicative of loss of PDS function,
and/or abnormal morphology. Tissue samples were harvested and imaged for
bioluminescence as an indicator of transgene presence and expression. DNA was
extracted and assessed for mutations at the sgRNA target sites (see below). For the
experiment shown in Fig. 2.5c, all meristems occurring within 20 days of inoculation were

culled from all plants.

Grape plants (Vitis vinifera, Pixie Pinot Meunier Purple) were asexually propagated on
sterile growth media (per liter: 2.41 g of Lloyd & McCown woody plant basal medium with

vitamins; Phyt oTechnol ogyindbdlea3bbourt aytra rci easc, t

dLL C4. 4

benzyl aminopurine; 1. 4 ¢-Mositpl, 29ctsecrose; 0l05%ccasairt i d ; 0.

hydrolysate; 0.3% activated charcoal; 0.7% agar; 2 ml of Plant Preservative Mixture, Plant
Cell Technology; pH 5.76). Existing meristems were removed and inoculated with A.
tumefaciens strains as described above. Forty days after inoculation, leaf discs were taken
from leaves of newly formed shoots. All leaf discs from an individual plant were pooled

and imaged for luciferase activity as described above.
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Potato plants (Solanum tuberosum, Ranger Russet) were sterilely propagated on
1x MS media (3% sucrose, 0.75% plant agar, pH 5.6-5.7) two weeks prior to inoculation
with A. tumefaciens. Existing meristems were removed leaving 0-1 nodes and 0-1
supporting leaves. Plants were immediately inoculated with A. tumefaciens cultures at the
wound site using syringes with 31G needles as described above. At approximately 100
days after inoculation, shoots that emerged were harvested and imaged for luciferase

activity as described above.

DNA analyses. DNA was extracted from all collected tissues by CTAB.*** The target sites
for PDS were then amplified and either gel or column purified. Primers for amplifying PDS
targets for next generation or Sanger sequencing are listed in Supplementary Table 2.4.
For amplicons subjected to Sanger sequencing, resulting peak chromatograms were
analyzed by TIDE'® or ICE Analysis (Synthego Performance Analysis, ICE Analysis.
2019. v2.0. Synthego). For amplicons subjected to lllumina sequencing, all primers
contained 4bp barcodes in the forward and reverse directions, as well as lllumina adapters
(Supplementary Table 2.4). Fifteen to 20 amplicons were pooled and sequenced using
GENEWIZ Amplicon-EZ services. Each pool was demultiplexed for unique forward and
reverse adapters using ea-utils.’®® Mutations were assessed for each demultiplexed
sample using Cas-Analyzer.®” Minority read sequences represented less than 10 times
were considered background. Samples found to have >30% modified reads at the sgRNA
target site, as compared to reference, were considered edited. Samples found to have a
single unigue sequence madification for >30% and <60% of all reads (with the remainder
of sequences being mostly WT) for a given sample were considered to be heterozygous
for the observed mutation at that homolog. Samples with a single unique sequence for
>90% of reads were considered to be homozygous for a given mutation. Edited samples
with <30% of reads consisting of a single mutation were considered unfixed, chimeric,
mutations. Reads between 60% and 90% for a single unigue sequence were not

observed.

Statistics. No statistical methods were used to predetermine sample size. Samples were
blindly processed without designators during collection, sequencing and assessment of

editing.
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2.9 Data Availability Statement

High-throughput sequencing data have been deposited in the NCBI Sequence Read
Archive database under the BioProject accession number PRINA575069. Sanger DNA
sequence data is provide as a Supplementary Data Set. Constructs expressing DRs and
gene editing reagents are available from Addgene (plasmids 1272107 127230, 1333121
133315). Correspondence and requests for materials should be addressed to D.F.V.

(voytas@umn.edu).
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2.10 Figures and Legends

Figure 2.1. Ectopic delivery of developmental regulators to seedlings induces
meristems. a, The first step in Fast-TrACC is the optimization of A. tumefaciens cultures
for gene transfer (1). Seedlings are germinated in 6-well plates and co-cultured with the
optimized A. tumefaciens strains (2). After approximately two weeks, dark green growths
begin to form (3) that ultimately produce shoot-like structures (4). The shoot-like growths
are then induced to form roots. b, Fast-TrACC is effective in delivering transgenes to
seedlings, as evidenced by luciferase expression. ¢, When DRs, such as Wus2 and STM
(Supplementary Fig. 2.1), are delivered by Fast-TrACC, globular growths form at sites of
high transgene delivery. d-e, Some growths turn into meristem-like structures with defined
tissues such as leaflets and stems. The growth depicted in d was formed on the seedling
shown in b at the site marked by the orange circle. f, To determine combinations of DRs
most effective in creating de novo meristems, pools of A. tumefaciens strains, each with
a single DR, were co-delivered to seedlings (Supplementary Table 2.2). Five combinations

produced de novo meristems and subsequently plants.

a f

1. Agrobacterium 2. Seedlings 3. De novo 4. Shoot-like 5. Shoot moved
media germinated in growths form structures form to rooting
treatment liquid culture medium 40

Reee

B Startseediings [l Shoot-like growths

| Total growths B Full plants formed
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Figure 2.2. Transgenic shoots transmit transgenes to progeny. a, A plant (5-3) is
shown that was generated by de novo meristem induction. Some plants showed distorted,
wrinkled leaves, likely due to persistent expression of DRs (see Supplementary Fig. 2.2).
b, Many plants, including 5-3, are transgenic, as indicated by luciferase expression in
leaves. c, Luciferase transgenes are transmitted to progeny, as indicated by luciferase
positive seedlings derived from 5-3. The images in panels a-c are representative of those
obtained from three, independently transformed plants. d, To determine the frequency at
which the transgene was transmitted to the next generation, seedlings from one luciferase

negative plant (4-5) and three luciferase positive plants (5-2, 5-3, 1-3) were germinated

and assessed for luminescence.
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Figure 2.3. Gene-edited shoots transmit mutations to progeny. a, DRs were delivered
to seedlings that constitutively express Cas9 (Fig. 2.1f); the T-DNAs also expresses a
SgRNA that targets both homologs of phytoene desaturase (PDS1 and PDSZ2).
Approximately 15% of the shoots were white, suggesting biallelic inactivating mutations in
PDS1 and PDS2; white shoots could not be grown into full plants. b and d, Some green
plants (e.g. 1-7) were chimeric for edits at both PDS loci. Progeny from flowers F4 and F6
of plant 1-7 had three distinct phenotypes: green, green and white chimeras and white. c,
DNA was prepared from the white shoot in a as well as white progeny from flowers F4
(seedlings 5 and 6) and F6 (seedlings 9 and 10). In all cases, frameshift mutations were
observed in both alleles of both PDS loci. Shown in blue is the sgRNA target sequence;
the predicted Cas9 cut site is represented by a vertical line. Mutations are in orange;
mutations in parentheses denote sequences found at each allele; mutations not in
parentheses denote identical biallelic mutations. e, In contrast to green and white
seedlings, chimeric seedlings retain the transgene that expresses the sgRNA
(Supplementary Fig. 2.5). Chimerism is therefore likely due to continued mutagenesis at
PDS1 (note that PDS2 is a biallelic single bp deletion); this is supported by new alleles
appearing in the chimeras whereas alleles are fixed in the green and white seedlings (see

also Supplementary data set).
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WT: GGAATTTGTTATGTTTTGGTAGTAGCGACTC | CATGGGGCA
sy TR GGAATTTGTTATGTTTTGGTAGTAGCGACTCC | CATGGGGCA
=20 F4: #5-GGAATTTGTTATGTTITGGTAGTAGCGACTC ) | CATGGGGCA

F4: #6-GGAATTTGTTATGTTITGGTAGTAGCGACTC ) | CATGGGGCA
F6: #9-GGAATTTGTTATGTTTTGGTAGTAGCGACTC CATGGGGCA
F6:#10-GGAATTTGTTATGTTTIGGTAGTAGCGACTC ) ICATGGGGCA
WT: GGAATTTGTTATGTTTTGGTAGTAGCGACTC | CATGGGGCA
W1: GGAATTTGTTATGTTTTGGTAGTAGCGACTC | CATGGGGCA
PDSZ ;. 45 GGAATTTGTTATGTTITGGTAGTAGCGACTC(C/-) |CATGGGGCA
F4: #6-GGAATTTGTTATGTTITGGTAGTAGCGACT | CATGGGGCA
F6: #9-GGAATTTGTTATGTTITGGTAGTAGCGACTC(C/-) |CATGGGGCA
F6:#10-GGAATTTGTTATGTTITGGTAGTAGCGACT | CATGGGGCA
Phenotypes of progeny e
from flowers F4 & F6
Phenotype PDS1 PDS2
14 - 13
12 - 11 Green WT (44.4%) -1bp (100%)

o 107 +1bp (49.3%)

B @) 9l «l9

T s 8 CICE

8 84 — Chimera | -1bp C (35.3%) | -1bp (100%)

s +1bp (29.7%)

c 61 -1bp A (17.7%)

- WT (4.4%)

E 4.

=z .

2 | White -1bp (94.4%) -1bp (100%)
0

F4 F6
D Green D Chimera D White
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Figure 2.4. Induction of transgenic shoots on soil-grown plants. a, Method to create
shoots that transmit genetic modifications to the next generation. Plants are grown until
apical and axillary meristems are clearly differentiated (1). Meristems are removed (2),
and DRs and gene editing reagents are delivered by A. tumefaciens (3). Over time, de
novo gene edited shoots form (4), and editing events are transmitted to the next
generation (5,6). b, Shoots induced by different combinations of DRs. Phenotypes scored
included distorted morphology (likely induced by DRs) and luminescence. All combo =
Wus2, STM, BBM, M P qapt. ¢, Luciferase activity identifies transgenic shoots. An example
of a morphologically distorted shoot is shown. The box denotes the site of A. tumefaciens
delivery; the circle identifies the tissue that was harvested (sample 114-1). To the left are

bright field and composite images showing luciferase activity in the harvested sample.
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N e ~

,_ Ah 3
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43 ] 40 9
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Figure 2.5. Induction of gene edited shoots on soil-grown plants. a, Left panel,
representative image of a plant with newly formed shoots displaying photobleaching at
two delivery sites. Magnified images to the left show that the upper shoot is
morphologically wild type; the lower shoot displays developmental abnormalities. The two
white shoots shown are representative of the nine white shoots obtained in the experiment
described in panel c. b, DNA sequence of gene edits in induced shoots. Blue bases
denote the sgRNA target site. Mutations are in orange; parentheses denote sequences
found at each allele of PDS2. ¢, Gene edited shoots induced by Wus2 and ipt. Shoot
phenotypes scored include distorted morphology and photobleaching.

WI: GGAATTTGTTATGTT TTGGTAGTAGCGACTC | CATGSGGC/
5-13-3-12: GGAATTTGTTATGT TITGGTAGTAGCGACTC( - 1bp/ WI) | CATGGGGCt
7-19-2-11: GGAATTTGTTATGT TITGGTAGTAGCGACTC( - 10bp/ - 29bp)| CATGGGGC
7-19-2-12: GGAATTTGTTATGT TITGGTAGTAGCGACTC( - 10bp/ - 29bp)| CATGGGGC
7-19-2-13: GGAATTTGTTATGT TITGGTAGTAGCGACTC( - 10bp/ - 29bp)| CATGGGGC/
5-14-1-08: GGAATTTGTTATGTTITGGTAGTAGCGACTC( - 3bp/ WI) | CATGGGGC

1-1-5: GGAATTTGTTATGTTTTGGTAGTAGCGACTC( Chimeric) | CATGGGGCt

# of sites injected
[l # of shooting sites
M # of white shoots
W # of distorted shoots

Total Sites (All Plants)

Wus2 / ipt Wus2 + ipt No Dev Reg
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Figure 2.6. Transmission of gene edits to progeny. A morphologically wild type shoot
that is chimeric for green and photobleached tissue, both of which produced viable flowers
and seed (orange circles). To the left are the phenotypes and genotypes of the parental
green and white tissues (blue circles). Note the -48bp deletion is in-frame and maintains
PDS activity. The phenotypes of progeny from the green and white seed pods are
indicated; genotypes are presented in Supplementary Fig. 2.10 and 2.12).

Phenotype of
Parent Tissue:
Green

Genotype of
Parent Tissue:
PDS1: -1/-1
PDS2: -48/-1

Phenotype of
progeny from
green seed pod:

3:1 Green:white
seedlings (27:9)

Phenotype of
progeny from
white seed pod:

100% White
seedlings (10/10)

Phenotype of
Parent Tissue:
White

Genotype of
Parent Tissue:
PDS1: +1/-1/-2/-3
PDS2: -48/+1/-1

42



2.11 Supplemental Figures

Supplemental Figure 2.1: Generating de novo meristems on seedlings. a, Wus2-
and STM-induced growths on 211 31% of treated seedlings. Few differences in frequency
were observed among the different promoters used to express STM, probably because
they all drive high expression in N. benthamiana. bi d, Approximately 12 d after initiating
Fast-TrACC, callus-like growths formed, varying from one (b) to many (c,d) per
seedling. e,f, Over the next 107 14 d, the growths expanded in size and remained in an
undifferentiated state or began to differentiate. g,h, Shoot-like structures then formed,
which could be excised and moved to rooting medium. The growths depicted are

representative of those observed in three independent experiments.

See following page
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Luciferase Seedlings % of starting
Treatment Total seedlings positive forming growths seedlings
No regulator 24 o 0 2
nos:Wus2 &
CmYLCV:STM i x * .
nos:Wus2&
:Wus2 1
35S:ST™M * ® ®
nos:Wus2 & a8 40 15 3
AtUBQ10:STM
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Supplementary Figure 2.2 Plants with developmental abnormalities. aic, Some
transgenic plants displayed developmental abnormalities. Shown here are plants derived
from treating seedlings with Wus2 and STM. Phenotypes include large numbers of leaves
(a), excess branching (b), and misshapen leaves (c). The three plants depicted are
representative of plants derived from the 36 growths obtained in the experiment described

in Supplementary Fig. 2.1.
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Supplementary Figure 2.3 Inducing de novo meristems in tomato using Fast-TrACC.
a, To induce de novo meristems in tomato, three combinations of DRs
(nos:Wus2 & 35S:STM, nos:Wus2 & CmYLCV:STM, and nos:Wus2 & 35S:ipt) were
selected because they effectively induced meristems in N. benthamiana. (Supplementary
Table 2.1). For both combinations of Wus2 & STM, no shoot-like growths formed. b, In
contrast, Wus2 & ipt promoted shoot-like growths that ultimately formed fully rooted
plants. ¢, When a luciferase reporter was delivered with the DRs, meristems were induced
(black arrow). d, These meristems were positive for luciferase activity (red box and

enlarged image shown as inset).

a

Number of Sedlings

j Callus-like growths . Shoot-like growths . No growths
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Supplementary Figure 2.4 Gene edits are transmitted vertically by plants derived

from de novo meristems induced by Fast-TrACC. a, Five gene-edited plants were

produced by treating seedlings with Wus2 & ipt, Wus2 & STM or Wus2 alone. The type

and amount of editing were determined by Sanger sequencing and TIDE analysis (see

Methods). The predicted editing percentage for each PDS gene is shown. b, The types of

edits predicted by TIDE are shown as percentages of total editing. Any percentage below

5% was deemed below the limit of detection by TIDE. The first number in the column is

indicative of the percentage of that edit in PDS1; the second number is indicative of editing

in PDS2. Because of a deletion in 4-2, the sequence could not be properly aligned, and

thus no percentages are given for PDS2. See the Online Supplementary Data Set for DNA

sequences of all mutants recovered.
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Edited No Edit 1bp 1bp 2-5bp 2-5bp 5-10bp 5-10bp
Plant Insertion Deletion Insertion Deletion Insertion Deletion
4-2 18.3/_ 0/_ 0/_ 0/_ 413/ _ 0/_ 404/ _
4-4 18.3/275 | 797/612 0/0 0/49 0/12 0/52 2/0
2-8-2 63/69.2 26.8/264 o/0 0/0 19/0 42/44 41/0
2-8-3 24/85 96.5/79 06/0 05/32 0/12 0/14 0/1.3
1-7 16.1/43.9 41/4.1 0/451 o/0 41.8/15 0/15 1.1/39
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Supplementary Figure 2.5 Heritability of N. benthamiana PDS editing events created
by Fast-TrACC. a, An example of the seedling phenotypes derived from flowers F4 and
F5 of plant 1-7 (see also Supplementary Table 2.4). The fully green seedlings are healthy;
the fully white seedlings do not develop after germination; the chimeric plants are
stunted. b, Chimeric seedlings retain the transgene that carries the sgRNA expression
cassette. DNA from seedlings was PCR-amplified using primers that specifically amplify
the transgene. Chimerism s probably owing to continued mutagenesis at PDS1. The
image in panel a is representative of experiments performed once with seeds derived from

flowers F4 and F6. The experiment in panel b was performed once.
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Supplementary Figure 2.6 Representative images of phenotypes observed for
newly formed tissues at DR delivery sites. ai d, Many of the phenotypes suggest
improper meristem patterning, probably owing to persistent DR expression. b, Some
shoots and leaf tissues are white, suggesting biallelic mutations in both PDS homologs. c,
Other tissues show a mixture of both green and white phenotypes. d, When floral tissues
form on morphologically abnormal tissues, they are abnormal and typically infertile. e,
Some shoots appear phenotypically normal. The shoot images are representative of the
nine white shoots and 30 distorted shoots obtained in the experiment described in
Fig. 2.5c.
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Supplementary Figure 2.7 Delivery of DRs to grape plants induced phenotypically
normal transgenic shoots. The left image is an example of a grape plant 40 d after
inoculation with five A. tumefaciens strains, each carrying a T-DNA vector that expresses
a single DR (pMM230-234). Newly formed shoots were generated at inoculation sites. The
image on the right shows shoots that were removed from the plant on the left, exposed to
luciferin, and imaged for bioluminescence. Bioluminescent tissues indicate newly formed,

transgenic shoots that express the luciferase reporter. Images are from a single

experiment performed in grape and represent one of six inoculated plants.
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Supplementary Figure 2.8 Delivery of DRs to potato plants induced abnormal shoot
phenotypes and transgenic shoots. a, The potato plant pMKV059-6 displays abnormal
shoot formation approximately 100 d after inoculation with an A. tumefaciens strain
carrying a T-DNA with ipt and luciferase expression cassettes. b, Luciferase expression
is observed in tissues and shoots of plant pMKV059-6. c, Fully transgenic shoots (white
arrowheads) are more easily seen after trimming away several wild-type shoots. d, Potato
plant pMKV057-1 displays abnormal shooting approximately 100 d after inoculation with
an A. tumefaciens strain carrying a T-DNA with ipt, Wus2 and luciferase expression
cassettes. e, Luciferase expression is observed in tissues and shoots of plant pMKV057-
1. f, Plant pMKV057-1 was trimmed, leaving some transgenic tissue. g, Fully transgenic
shoots could be isolated. The images are representative of two experiments performed in
potato.

WuS/1PT
PMKV057-1
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Supplementary Figure 2.9 Evidence for gene editing in plants derived from the

experiment described in Fig. 2.4b. Plants were treated with constructs that included a

single vector containing Wus2 and STM (Wus2/STM), a single vector

containing Wus2 and ipt (Wus2/ipt), or a combination of co-inoculated vectors each

containing a single DR (All combination, see Fig. 2.4 legend). Derived shoots were given

individual designators to facilitate sample tracking. Purified genomic DNA was amplified

for the PDS2 locus. Amplicons were pooled and submitted for next-generation
seqguencing. 6Sequences analyzedd denotes the
contained the expected forward and reweof se bar
sequences observed to have non-specific DNA insertions at the sgRNA target site.

A

6Del etionsd denotes the number of sequences o0b

sgRNA target site. 6l ndel frequencyd drenotes
observed t o have targeted modi fications. 6 0b
observed at a frequency >30% of the total. 0Sec¢

that produced seed. With the exception of plant 1-1-5, sequences of the resulting
mutations are shown in Fig. 2.5b. Below the table are the spectra of mutations recovered
for plant 1-1-5.

Construct Plant designator Sequences Insertions Deletions Indel Frequency Obsenjved Seed Produced?
analyzed mutations

Wus2/STM 5-13-3-12 1628 0 821 821 (50.4%) -1bp & WT No
Wus2lipt 719211 * 1089 0 1072 1072 (98.4%) ~10bp & -29bp No
Wus2/ipt 7-19-2-12 * 2431 0 2399 2399 (98.7%) -10bp & -29bp No
Wus2lipt 7-19-2-13* 528 0 493 483 (93.4%) -10bp & -29bp No

All Combo 5-14-1-08 258 0 104 104 (40.3%) -3bp &WT Yes

Chimeric: spectrum of
All Combo 1-1-5 1057 m 892 1003 (94.9%) +1bp, -3bp, No
-1bp or larger

*Sequence reads were processed as described in the Methods; WT = wild type sequence
** Shoots derived from the same injection site have the same mutation profile, suggesting they are derived from common, edited progenitor cells.

Targeted PDS2 mutations observed:

T GGAATTTGTTATGTTTTGGTAGTAGCGA CATGGGGCATAAGTTTAGAATTCG
=1-5 #1: GGAATTTGTTATGTT A( A CATGGGGCATAAGTTTAGAATTCG
5 #2: GGAATTTGTTATGTTT CATGGGGCATAAGTTTAGAATT(G
5 #3: GGAATTTGTTATGTTT CATGGGGCATAAGTTTAGAATTCG
-1-5 #4: GGAATTTGTTATGTTT -CATGGGGCATAAGTTTAGAATTCG
5 #5: GGAATTTGTTATGTT \TGGGGCATAAGTTTAGAATTCG

-1-5 #6: GGAATTTGTTATGTT CATGGGGCATAAGTTTAGAATTCG
: GGAATTTGTTATGTT

-1-5 #8: GGAATTTGTTATGTTT ------ATGGGGCATAAGTTTAGAATTCG

-1-5 #9: GGAATTTGTTATGTTTTGGTAGT ---=------A GGGGCATAAGTTTAGAATTCG

5 #10:  GGAATTTGTTATGTT s TAGTA ATGGGGCATAAGTTTAGAATTCG

5 #1l: GGAATTTGTTATGTTTTGGTAGTA GGGCATAAGTTTAGAATTCG

=5 #12: eeeeeeeeeeeen \TGGGGCATAAGTTTAGAATTCG

U
TRTRN ST
e B B
*
i
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Supplementary Figure 2.10 Evidence for gene editing in seedlings derived from the
white seed pod in Fig. 2.6. Observed mutations in the white parental tissues and the
progeny of the white seed pod that is shown Fig. 2.6. Genomic DNA was extracted from
parental tissue and seedlings and submitted for Sanger sequencing. Sequences were
assessed for mutations by TIDE sequence trace analysis (see Methods). All seedlings
were white, as shown in the photo. See the Online Supplementary Data Set for the DNA

sequences of all mutations recovered.

Sample Phenotype PDS1 PDS2

e e b +1(18%) /-1 (34%) S A

Parental white issue |~ White 2(21%) /-3 (16%) -48/+1/-1
Seedling 1 White +1(42%) 1 -2 (49%) -1(98%)
Seedling 2 White | +1(43%) /-2 (48%) -1(96%)
Seedling 3 White +1(39%) /-2(51%) | +1(44%)/-1(46%)
Seedling 4 White -2(95%) +1(4%%) /-1 (37%)
Seedling 5 White +1(46%) / -2 (46%) +1(99%)
Seedling 6 White | +1(51%) /-1(41%) | +1(42%) /-1 (45%)
Seedling 7 White No data +1(58%) /-1 (35%)
Seedling 8 White +1(55%) /-2(35%) | +1(36%)/-1(35%)
Seedling 9 White +1(100%) +1(49%) /-1 (42%)
Seedling 10 White +1(41%) / -2 (48%) +1(98%)
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Supplementary Figure 2.11 Gene-edited seedlings lack integrated T-DNA. Genomic

DNA was extracted from parental white (ParW) and parental green (ParG) tissues of a

plant demonstrating targeted editing (Fig. 2.6), as well as from ten seedlings derived from

the white flower (S1-S10; Extended Data Fig. 2.10). Genomic DNA was also extracted

from plants that did not receive the vector (Neg Ctrl 1 and 2) and from leaf tissue infiltrated

with the target vector (Pos Ctrl). DNA was amplified using primers specific to the U6
promoter present on the T'-DNA (expected 448 bp).-Log®OMA Engl an
Ladder. The experiment was performed once.
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Supplementary Figure 2.12 Evidence for gene editing in seedlings derived from the
green seed pod in Fig. 2.6.0bserved mutations in the green tissues and the progeny
from the green seed pod shown in Fig. 2.6. Genomic DNA was extracted from parental
tissue and seedlings and submitted for Sanger sequencing. Sequences were assessed
for mutations by TIDE sequence trace analysis (see Methods). The photo shows wild-type
andpdsseedl ing phenotypes demonstrati ndeletan 3: 1

is an in-frame deletion, which appears to retain PDS function.

Sample Phenotype PDS1 PDS2
Parental green tissue Green -1bp (100%) Heterozygous -48/-1
Seedling 1 Green -1 (99%) Heterozygous -48/-1
Seedling 2 Green -1(99%) Homozygous -48
Seedling 3 Green -1(100%) Heterozygous -48/-1
Seedling 4 Green No data No data
Seedling 5 Green -1(100%) Heterozygous -48/-1
Seedling 6 Green -1(100%) Heterozygous -48/-1
Seedling 7 Green -1(100%) Homozygous -48
Seedling 8 Green -1(98%) Heterozygous -1/-48
Seedling 9 Green -1(100%) Homozygous -48
Seedling 10 Green -1(100%) Heterozygous -48/-1
Seedling 28 White -1(100%) Homozygous -1
Seedling 29 White -1(100%) Homozygous -1
Seedling 30 White -1(100%) Homozygous -1
Seedling 31 White -1(100%) Homozygous -1
Seedling 32 White -1(100%) Homozygous -1
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2.12 Supplementary Tables

CONSTRUCT

pRN114
pRN119
pRN120
pRN227
pMM113
pMM114
pMM117
pMM131
pMM134
pMM135
pMM136
pMM146
pMM230
pMM231
pMM232
pMM233
pMM234
pMM235
pMKV057
pMKV058
pMKV059
pMKV060

MODULE A

355:LUC
CmYLCV:LUC
CmYLCV:LUC
368:Cas9
35S:LUC
CmYLCV:LUC
35S:LUC
355:LUC
CmYLCV:LUC
CmYLCV:LUC
CmYLCV:LUC
CmYLCV:LUC
35S:AtCas9
35S:AtCas9
35S:AtCas9
35S:AtCas9
355:AtCas9
35S:AtCas9
Empty
Empty
Empty
Empty

MODULEB

AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (NbPDS)
AtUB:gRNA (VWMLO)
AtUB:gRNA (VWWMLO)
AtUB:gRNA (VWWMLO)
AtUG:gRNA (VWMLO)
AtUB:gRNA (VWMLO)
AtU6:gRNA (VWMLO)
AUBQ10LUC
AtUBQ10.LUC
AtUBQ10.LUC
AtUBQ10.LUC

MODULE C
nos:ZmWus2
nos:ZmWus2
nos:ZZmWus2
nos:ZZmWus2
nos:ZZmWus2
nos:ZZmWus2

Empty
Empty
35S:ipt
nos:ZmWus2
empty
ZmUbi1:ZmBBM
nos:ZmWus2
35S:ipt
AtUBQ1OLUC
AtUBQ10LUC
AUBQ1OLUC
AUBQICLUC
nos:ZZmWus2
nos:ZZmWus2
Empty
Empty

MODULE D
CmYLCV:AtSTM
35S:AtSTM
AtUBQTO:-ALSTM
CmYLCV:AtSTM
CmYLCV-ALSTM
35S:ipt
Empty
CmYLCV:AtSTM
Empty
Empty
35S:MPA
Empty
AtUBQTO.LUC
AtUBQ10:.LUC
355:MPA
355:STM
AtUbi10:BBM
Empty
35S:jpt
Empty
35S:jpt
Empty

BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)
BeYDV (pCambia T-DNA)

Supplementary Table 2.1 Constructs used in this study. Note that the destination backbone can

accept up to four Golden Gate cassettes, designated modules A-D
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Developmental TS Starting Total Number Number of Number of Eull Plants Number of Plants w/
Regulator Co-Cultured Number of of Growths Shoot-like White Shoot- Formed Edited Plants Developmental
Combinations Seedlings Growths like Growths Abnormalities
BBM pMM146 24 0 0 0 0 0 1]
ipt pMM134 24 0 0 0 0 0 0
MPA pMM136 24 0 0 0 0 0 0
STM pMM131 24 0 0 0 0 0 0
Wus2 pMM135 24 20 4 0 1 1 1
pMM131, 134, 135,
Al 30 17 4 0 1 0 1
136, 146
BBM & ipt pMM 134,146 36 0 0 0 0 0 0
BBM & Wus2 pMM135,146 31 12 4 0 3 0 0
IPT & MPA pMM 134,136 34 0 0 0 0 0 0
STM & MPA pMM131,136 29 0 0 0 0 0 0
Wus2 & ipt pMM 134,135 27 46 23 35 1 2 0

Wus2 & STM pMM131,135 36 29 17 3 11 2 7

Supplementary Table 2.2 Assessing developmental regulators for meristem induction by Fast-

TrACC. Individual T-DNA constructs were created containing luciferase, a gRNA for PDS and a

devel opmental regulator. The regulators include:

and 35S:ipt. A tumefaciens strains, each with a given regulator, were pooled and delivered to seedlings of
a transgenic line of N. benthamiana expressing Cas9. Seedlings were monitored for the formation of
growths, formation of shoot-like growths and the generation of full plants. From the combinations tested,
only five generated shoot-like growths that could be converted to full plants. Of these, two combinations
were the most effective at generating full plants (Wus2 & ipt and Wus2 & STM). The data shown here is

summarized in Fig. 2.1f, and editina outcomes are presented in Supplementarv Fia. 2.4.
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Supplemental Table 2.3 PDS2 mutations transmitted to the next generation by plant
5-14-1-8. See also the Online Supplementary Data Set for DNA sequences for all

mutations recovered.

el Phenotype PDS1 PDS2
number
Parental Tissue WT -3bp, WT WT (100%)
s1 WT WT (100%) WT (100%)
S3 WT WT (100%) WT (100%)
S5 WT WT (48%), -3bp (46%) WT (98%)
s7 wWT WT (48%) and -3bp (45%) WT (99%)
S9 WT WT (100%) WT (96%)
S11 wWT WT (46%), -3bp (48%) WT (99%)
S13 WT -3bp (99.6%) WT (99%)
S15 wWT WT (43%), -3bp (55%) WT (97%)
S17 WT -3bp (99.4%) WT (100%)
S19 WT -3bp (99%) WT (98%)
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Supplemental Table 2.4 PDS2 mutations transmitted to the next generation by plant
5-14-1-8. See also the Supplementary Data Set for DNA sequences for all mutations

recovered.
PDS2 forward primer for NGS GACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNTGGGAACTGAAAGTCAAGATGTTT
PDS2 reverse primer for NGS ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNAATGGCAAGATATACATCTC
PDS1 forward primer NGS ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGCCGTTAATTTGAGAGTCC
PDS1 reverse primer for NGS GACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNATGCTCGTGATCATAAATTC
PDS1 forward primer for Sanger sequencing TGGGAACTGAAAGTCAAGATGGTC
PDS1 reverse primer for Sanger sequencing ACAATAAATGGGATGGGCCTGG
PDS2 forward primer for Sanger sequencing TGGGAACTGAAAGTCAAGATGTTT
PDS2 reverse primer for Sanger sequencing CAAAAGCTAGCTTATGAGGTGAAGC
sgRNA target sequence in both PDS homologs TTGGTAGTAGCGACTCCATG
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3.1 Overview

There is an expanding need to generate new plant lines with genetic modifications of

interest both for basic and applied plant research. Current methods for creating new plant
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germplasm are limited by arduous tissue culture methods that are technically challenging,
expensive, are time consuming, and work in limited plant species. Herein we describe two
agrobacterium-based methods to produce genetically modified plant tissues in either
sterile culture or soil grown non-sterile Nicotiana benthamiana plants. These methods, first
published in Nature Biotechnology, utilize the delivery of developmental regulators (DRs)
involved in plant development and patterning to induce de novo meristems. This method
may be coupled with genome editing reagents, such as the RNA guided endonuclease
Cas9, for targeted genome modifications. This method offers alternative approaches for
generating novel plant germplasm that are cheaper, less technically challenging, and take

significantly less time than standard tissue culture approaches.

3.2 Introduction

In plants, conventional genetic engineering methods most commonly utilize
Agrobacterium tumefaciens or biolistic bombardment to deliver transgenes into host cells.
The resulting transgenic cells are subsequently selected and regenerated into whole
plants using tissue culture technigues. For the past 30 years, this transformation process
has accelerated plant improvement through the expansion of available traits, leading to
an increase in agricultural productivity and fueling the discovery of new biological
mechanisms. The advent of gene editing technologies, such as Cas9, provides many
other opportunities to modify genomes, including inactivating or replacing genes.
However, to implement gene editing, researchers are still required to use traditional plant
transformation protocols to introduce foreign DNA into host organisms, which can take 6
- 12 months in many crop species. Faced with future challenges of creating sustainable
food supplies for a growing world population and adapting crops to dynamic environmental
conditions, there is an urgent need for innovations to expedite the production of genetically

modified plants through transgenesis and gene editing.

Previous work has shown that the ectopic expression of regulatory genes that control

specific developmental pathways can accelerate the production of transgenic and gene

edited plants.83199122 |n an earlier study, the use of developmental regulators (DRs), such

as Wuschel2 (Wus2) and Baby Boom (Bbm), promoted production of transgenic or gene
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edited somatic embryos across diverse monocot species.? A recent study in the Voytas
lab demonstrated that direct delivery to young plants or fast treated agrobacterium co-
culture (Fast-TrACC) with seedlings using developmental regulators isopentenyl
transferase (ipt) and Wus2 on bean yellow dwarf virus (BeYDV) replicon T-DNA vectors
can promote the production of de novo meristems while reducing or even removing the

need for tissue culture settings.*

In the context of plant transformation and gene editing, direct delivery and Fast-TrACC
methods stand as novel alternatives to traditional methodologies. By including gene
editing reagents with the DRs, transgenic meristems can be produced that transmit edits
to the next generation. Despite this potential, the development of both transformation
protocols is in its infancy, reduced to practice in Nicotiana benthamiana. Due to the
complex nature of the developmental pathways and the diversity of these systems across
species, we assume optimization of delivery methods and expression of the DRs will be
required if researchers are attempting to adopt the following protocol for other plant
models. Here, we describe the necessary T-DNA cloning and plant transformation steps

to produce edited plants in N. benthamiana.

3.3 Procedure Overview

Cloning methods described herein cover the cloning of Agrobacterium transformation
vectors containing gRNAs and DRs for the use in both the Direct Delivery and Fast-TrACC
methods (Fig. 3.1). Procedure A, Steps 1-25 cover the cloning of a gRNA-tRNA array for
the expression of multiple guides under a single pol Il promoter (Fig. 3.2a). Procedure A,
Steps 26-41 use these gRNA-tRNA array vectors to assemble expression modules into
complete transformation vectors (Fig. 3.2b). These cloning protocols build on systems
and protocols previously described in Cermak et al.»*2 Assembly of final T-DNA vector
backbones make use of these existing modules and backbone vectors, and these new
pieces are complementary with the previously described 3 component A/B/C cloning to an
extended 4 component Figl/ BlGCOldenh Bates TrDNA dssen{bly e e
and Fig. 3.2c). Transformation backbones additionally contain BeYDV replicon

components previously described by Baltes et al.'** Procedure C, Steps 1-20 describe the
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use of DR transformation vectors in the Direct Delivery method, while Procedure C, Steps
1-55 describe their use in Fast-TrACC. These protocols are followed with troubleshooting
recommendations (Table 3.1), overall protocol timing (Fig. 3.5 and Fig. 3.6) and

anticipated results.

3.4 Applications of methods

Crop improvement is built upon introducing genetic variation, which has become a far
more controllable process with gene editing. Presently, we are in the early stages of
realizing this opportunity, but new technological developments promise to alter the way
we modify plants. Included amongst these improvements is the overexpression of DRs,
which provides the capacity to increase throughput and decrease the time in tissue culture
to create edited plants. We have demonstrated the ability to generate gene edited N.
benthamiana shoots and subsequently seeds with two unique and simplified methods
each with their own inherent advantages. Fast-TrACC is a highly scalable method which
allows for rapid variable testing (e.g. DR combinations, expression cassettes) due to the
minimal lead up time and space required. The capacity of direct delivery to be performed
on whole plants in non-sterile conditions may allow for modifications to asexually
reproducing species, as well as producing mutations that would be lethal if present
throughout the whole plant and expands potential uses for basic research. While both of
these methods have been shown to be quite effective, each stands to be further
optimization beyond the narrow set of previously tested conditions. Additionally,
expanding de novo meristem formation to other species will require adjustments, but once
the technology is effectively transferred into difficult to transform species the potential to
introduce novel variation in them will be unlocked like never before. Thus, as these
approaches are refined and others developed, they will allow for the generation of
transgenic shoots as well as more complicated forms of editing such as multiplexed
editing. Opening up these forms of editing will further our proficiency to engineer traits
such as the biosynthetic capacity of plants through approaches like accelerated breeding,

orphan crop domestication and metabolic engineering at scale.!3®
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3.5 Limitations

While expression of developmental regulators (DRs) for meristem induction has potential
to vastly expand the ability to create new plant germplasm there are also inherent
limitations that must be circumvented to broadly apply these methods in a species of
interest. The ability of DRs to induce organogenesis in a given tissue depends on species
specific expression cascades that regulate plant patterning.? While this method may
enhance the range of transformable genotypes, and has been tested thoroughly in N.
benthamiana, additional modifications or optimizations will likely be required for extension
to other species or genotypes. As such, the methods described in this protocol should be

considered for use in Nicotiana benthamiana.

Ectopic expression of development regulators has been found to induce pleiotropic effects
with potentially deleterious impacts on plant growth, fertility and overall viability. These
pleiotropic effects may considerably impact regeneration efficiencies.®3° These potential
limitations may be circumvented by controlling DR expression through the use of tissue
specific or recombinase-excisable expression cassettes as well as expression of DRs in

trans, as has previously been demonstrated.83.94100

Applications in other crops species will likely require optimization of a number of variables
including DR reagent expression (in both magnitude and spatiotemporal expression),
Agrobacterium-mediated transformation (depending upon host plant susceptibility) and
culture conditions (dependent on host sensitivity) among others. Select preassembled
transformation vectors containing DRs are listed in Supplemental Table 3.6 that may be
utilized for assessment of this protocol without prior cloning. Additionally, there are a
number of untested vector and methodological variables in this protocol that may also be
optimized including the presence of replicon vectors, promoter usage, plant age (for Direct
Delivery protocol), and types of tissue infected with Agrobacterium. Descriptions of
components described herein should be used as general guidelines that should be

optimized if used in other plant species.

3.6 Procedure A: Modular Golden Gate Assembly of T-DNA
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See Materials and Reagents tables 3.1-3.3

Notes:

1. The following steps in Procedure A describe the cloning of Cas9 gRNA-tRNA
array vectors. This array cloning system allows the assembly of up to 6
different guide RNA sequences from a single polymerase Il promoter. Steps 1
-6 will need to be repeated for each gRNA. To determine which plasmid
backbone vectors to use in Step 6, see Supplemental Table 3.1.

2. The use of tRNA arrays of gRNAs has been previously demonstrated and
described.’®? Methods described herein utilize an alternative 2 step cloning
approach that is compatible with certain Level 0 MoClo vectors.%

3. This system enables subsequent assembly of a final T-DNA vector using DR
expression modules that are compatible wi t h t he Voytas Labés
published multipurpose genome engineering toolkit for plants.’*?> Modules
described as C06 must be usedasseinllylanda modul
are not interchangeable with previously described C modules.

4. Cloning of a single gRNA driven by a pollll promoter is described in Cermak et
al and applicable vectors are distributed by Addgene.!3?

5. For Fast-TrACC experiments WUS has been demonstrated to be necessary
and sufficient for edited growth format:i
experience this protocol is heavily assisted by the expression of ipt.

6. For Direct Delivery experiments ipt alone has been demonstrated to be
necessary and sufficient for edited shoot formation. Combinations with WUS
(whether using homologs from Z. mays or other species) have not been
confirmed to enhance shoot formation relative to ipt alone with the Direct

Delivery method.

Design gRNA(s) for gene target (Duration 1 Day):
1. Using bioinformatics software, such as Geneious or Benchling, design Cas9
gRNA spacers for a specific gene target(s).
2. Synthesize the gRNA as a pair of oligos, complementary for the spacer

sequence and prepended with 5figG8.l den Gat
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3.

gRNA spacers should not contain recognition sequences for type lIs restriction

enzymes Bsal, Esp3l or Aarl to prevent complications in future cloning steps.
Order the oligos in Figure 3.4 from any distributor at a scale of 0.025uM,
requesting desalting purification and without modifications.

Cloning synthesized oligos into tRNA MoClo compatible vectors (Duration 3 Days):

4.

10.
11.

12.
13.

14.

Phosphorylate and anneal synthesized oligos (Fig. 3.4) by setting up the
reaction (Fig. 3.2a).

Oligos can be ordered with 586 phosphates.

without phosphorylation reaction in Step 4.
Dilute the reaction 1:24 with ddH20

1 pl of annealed oligos:24 pl of ddH,0

Prepare separate Golden Gate reactions with appropriate pTAG gRNA
backbones for each pair of oligos annealed in Step 4 (see Supplemental
Table 3.1 using reagents and conditions as in Fig. 3.5 and Fig. 3.2a).
Following the manufacturer's instructions, transform ~5 pl of each Golden Gate
reaction into competent DH5-Alpha (or similar) Escherichia coli cells.
Add 150 pl of SOC to transformed cells and shake for 1 hour at 250 rpm in a
37C shaking incubator.
Plate ~50 pl of cells on prepared LB plates containing 50mg/L spectinomycin,
X-Gal and IPTG (see Reagents, Table 3.1).
Immediately prior to use add 10uL of X-Gal and IPTG to plates per 1mL of solid
media and spread using sterile spreading device
Place the plates in a 37C incubator for 16 hrs.
Once colonies are visible, pick 2-3 white colonies for separate 5 ml LB liquid
cultures containing 50mg/L spectinomycin.
Shake 5 ml cultures for 16 hrs at 250 rpm in a 37C shaking incubator.
Following the manufacturer's instructions, extract pTAG gRNA vectors using a
plasmid miniprep kit.
Sequence the extracted vectors to verify integrity of pTAG gRNA vectors

before proceeding to Step 15 using primers listed in Supplemental Table 3.2.
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Cloning synthesized oligos into tRNA MoClo compatible vectors (Duration 3 Days):

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Select a Promoter Module, Terminator Module and B Module Vector Backbone
using Supplemental Table 3.2.
Promoter and terminator vectors in this assembly step are compatible with the
Golden Gate based MoClo cloning system. Promoter and terminator vectors listed
in Supplemental Table 3.2 may be interchanged with certain vectors from this

system.13° For source kits see: addgene.org/cloning/moclo

Set up a Golden Gate cloning reaction using the reagents and conditions in

Figure 3.6 and Fig. 3.2b.

Treat reaction with 1uL of Plasmid-Safe ATP-dependent DNAse and 1uL of

25mM ATP. Incubate at 37C for 1 hour.

Following the manufacturer's instructions, transform ~5 pl of each Golden Gate

reaction into competent DH5-Alpha Escherichia coli cells.

Add 150ul of SOC to transformed cells and shake for 1 hour at 250 rpm in a

37C shaking incubator.

Plate ~50 pl of cells on LB plates containing 50 mg/L carbenicillin.

Place the plates in a 37C incubator for 16 hrs.

Once colonies are visible, pick 2-3 colonies for separate 5 ml LB liquid cultures

containing 50 mg/L carbenicillin.

Shake 5 ml cultures for 16 hours at 250 rpm in a 37C shaking incubator.

Following the manufacturer's instructions, extract the assembled B Module

vector containing the assembled guide expression cassette using a plasmid

miniprep kit.

Sequence the extracted vectors to verify integrity of B module assembly before

proceeding to step 26 using primers listed in Supplemental Table 3.3.
Sequencing primers used depend on the number of spacer sequences cloned,

and promoter and terminator chosen. Given the repetitive nature of the sgRNA

array, it is recommended to confirm the entire sgRNA array sequence.

Depending on the Tm of the oligos used to make the first and last gRNA in the
array, the first 'sense’ oligo and last ‘antisense' oligo can be used to confirm the

sequence of the sgRNA array.
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Assembly of T-DNA vector (Duration 3 Days):
26.Sel ect Modul e vectors A-DNA (hackbon® from n d Rep
Supplemental Table 3.3.
Depending on the downstream transformation protocol selected (Direct Delivery or
Fast TrACC), some regulator modules may not be desired in the final Replicon T-
DNA vector assembly (see Notes 5 and 6 at the beginning of this section). If this
is the case, 6empty 000006 vectors may be se
in Step 27 (see Supplemental Table 3.3).
27. Using the assembled B Module (Guides) from Steps 15-24, set up a Golden
Gate cloning reaction using described reagents and conditions in Figure 3.7
and Fig. 3.2c.
28. Following the manufacturer's instructions, transform ~5 pl of each Golden Gate
reaction into competent DH3\Ipha (or snilar) Escherichia coli cells
29. Add 150 pl of SOC to transformed cells and shake for 1 hr at 250 rpm in a 37°C
shaking incubator.
30. Plate ~150 pl of cells on LB plates containing 50 mg/L kanamycin.
31. Place the plates in a 37C incubator for 16 hrs.
32. Oncecolonies are visible, pick2colonies for separate 5 ml LB liquid cultures
containing 50 mg/L kanamycin.
33. Shake 5 ml cultures for 1@®hbrs at 250 rpm in a 37C shaking incubator.
34. Following the manufacturer's instructions, extract assembled RepliddNA
backbones using a plasmid miniprep kit.
35. Sequence the extracted vectors across all assembly junctions to verify integrity of
final "DNA assembly before proceeding to Step 36.

Sequencing primers depend greatly on which modules are used. Use sequencing
primers that allow verification of the ligation-junctions between the vector
backbone and all the individual modules. Primers should be designed according
to promoters and terminators used ensuring no primers bind more than one

location on a given vector.

Transformation into Agrobacterium strain GV3101 (Duration: 3 Days)

36. Remove competent GV3101 cells from -80C storage and thaw on ice.
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37.

38.

39.
40.

41.

Following the manufacturer's instructions, transform verified Replicon T-DNA
vector into competent GV3101 Agrobacterium cells and follow recommended
recovery steps.
Plate 50-100 pl of cells on LB plates containing 50 mg/L kanamycin and 50
mg/L gentamicin.
Place plates in a 28°C incubator for 2 days.
After colonies are visible, pick a single colony for a 5 ml LB liquid culture
containing 50 mg/L kanamycin and 50 mg/L gentamicin.
Shake 5 ml culture tubes for 20-24 hrs at 28°C. Use this to create a
permanent glycerol stock to store at -80°C.
Branch point - The GV3101 Agrobacterium stock containing the Replicon T-
DNA can be used in either Direct Delivery (Procedure B) or Fast TTACC
(Procedure C). Depending on the desired transformation method, proceed to the

appropriate section.

3.7 Procedure B: Direct Delivery

See Tables 3.1-3.3, Materials and Reagents

Plant Selection and Development (Duration 4-8 weeks):

1.

Plant 3-4 Nicotiana benthamiana seeds per 4-inch plastic pot filled with
dampened potting soil.
Place pots in the growth chamber and cover with a plastic dome for 1 week to
increase humidity and improve germination.
Once seedlings are visible, use forceps to reduce plants to one plant per pot.
Place seedlings in the growth chamber for 4-8 weeks to allow for plant
development and initiation of axillary meristems at leaf axils (Fig. 3.8a).
While younger plant tissues have higher plasticity to transdifferentiate and form de
novo meristems, plants with visible axillary meristems and increased lateral growth
will be easier to use in direct delivery experiments.

Once axillary meristems are visible, proceed to Step 6.

Agrobacterium Preparation for Direct Delivery (Duration 3 Days):
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6. Remove GV3101 Agrobacterium stock containing assembled Replicon T-DNA
from -80°C storage (See Procedure A).

7. Scrape surface of GV3101 frozen glycerol stock with a sterile utensil and streak
onto a LB agar plate that contains 50 mg/L kanamycin and 50 mg/L gentamicin.
Return GV3101 Agrobacterium stock to -80 freezer.

To maintain cell stock viability, it is important that bacterial glycerol stocks do not
thaw during this process.

8. Place the Agrobacterium plate in a 28°C incubator for 1-2 days.

Growth will be noticeable after 24 hrs; however, adequate single colony growth will
require a 2-day incubation period.

9. Once visible, pick a single Agrobacterium colony from the plate and transfer to
a 5 ml culture tube containing Agrobacterium Activation Media.

Overnight growth in LB containing MES and acetosyringone at low concentrations
activates agrobacterium vir genes.

10. Place the culture tube in a 28°C shaking incubator set to ~250 rpm for 16 hrs.

11. Centrifuge at 6000g for 10 min to pellet the Agrobacterium cells and discard
the supernatant.

12. Resuspend pellet in 3 ml of Infiltration Media and read cell density using a
spectrophotometer. Adjust the cell density to ODeoo = 0.2 with Infiltration Media
containing acetosyringone.

For experiments requiring the co-infiltration of two different Agrobacterium strains,
mix the solutions together in a 1:1 ratio, or, for three infiltrating three strains, mix
together in a 1:1:1 ratio (if you are directly comparing two samples that do not have
the same number of mixed Agrobacterium strains, adjust ODs accordingly with
infiltration media.)

13. Incubate Agrobacterium at 25°C (room temperature) for 2-4 hrs. This
suspension will be used in Step 17.

14. Immediately proceed to Step 16 to prepare Nicotiana benthamiana plants for

Direct Delivery.

Plant Preparation and Agrobacterium Delivery for Direct Delivery (Duration ~2

Hours):
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15. Referring to Fig. 3.3b and 3.3c, use a scalpel or single edge razor blade to
remove all apical and axillary meristems from mature Nicotiana benthamiana
plants.

It is important to retain supporting leaves associated with each leaf axil delivery
site (2-3 inoculation sites with 2-3 associated supporting leaves) and remove

other unnecessary tissues to reduce background shooting.

16. Using a syringe with a 28 to 32-gauge needle, draw up ~1 ml of the adjusted
Agrobacterium Infiltration Media suspension from Step 13 and carefully inject
into nodal tissues and wound sites outlined in Fig. 3.3d and 3.3e.

To keep track of the inoculation sites, leaf stems may be marked at delivery sites

with black sharpie.

17. Place injected plants in the growth chamber and proceed to Step 19 for

instruction on plant maintenance.

Plant Maintenance for Direct Delivery (Duration 20 days post inoculation; d.p.i.):

18. Using a scalpel or single edge blade, remove all newly formed meristems
from the entire plant, taking care not to remove plant tissue initially inoculated
with Agrobacterium.

Continuous culling of early shoots ensures removal of primordial meristems that
were missed in initial trimming. This can be done incrementally every 2-3 days
for the 20 d.p.i.

De novo Shoot Formation for Direct Delivery (Duration 2-4 weeks):

19. After a 20-day period discontinue shoot removal at inoculation sites to allow
for induced de novo meristem formation.
It is recommended to continue culling meristem formations at non-inoculation
sites to reduce WT background shooting and prevent apical dominance of non-

induced tissues.
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Screening De Novo Shoots for Genetic Modifications in Direct Delivery (Duration:

variable)

20. De novo tissues should be screened for genetic modifications of interest once
leaves have matured and may be sampled by leaf punch.

Transgenic tissues constitutively overexpressing DRs may have a variety of

phenotypes, Fig. 3.3 f-h. Some tissues may be unable to support viable vegetative

or floral meristems (see troubleshooting: Procedure B - de novo shoot formation).

3.8 Procedure C: Fast Treatment Agrobacterium Coculture (Fast TrACC)

See Tables 3.1-3.3, Materials and Reagents

Note: All steps in the following procedure should be carried out in a sterile flow hood.

Exceptions include centrifugation and incubation periods.

Seed Surface Sterilization and Germination for Fast-TrACC (Duration 4-5 Days)
The following steps should be carried out in parallel with the Agrobacterium
Preparation Process (see steps 10-18).

1. Measure out ~40 mg of Nicotiana benthamiana seeds and place in a 1.7 ml
microfuge tube.
2. Inside a sterile flow hood, pipette 1 ml of 70% ethanol into the seed tube and
mix by gently inverting 2-3 times.
Wait 2-3 min before carefully removing the ethanol and disposing.
Pipette 1 ml of a 1:20 mixture of commercial bleach (5.25% sodium
hypochlorite) and sterile ddH,O with 2-3 drops of Tween 20 into the seed tube
and mix by gently inverting 2-3 times.
5.  Wait 10-15 min to allow bleach solution to completely surface sterilize seeds,
periodically inverting tubes for full exposure.
6. Using a pipette, carefully remove the bleach solution without disturbing the

seeds and dispose.
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Wash seeds 3-4 times with 1 ml of sterile ddH-O to remove residual bleach,

each time disposing the liquid.

After the final wash, resuspend Nicotiana benthamiana seeds in %2 MS Liquid

Media and evenly distribute in a 6-well plate using a pipette (Fig. 3.9a).
Alternatively, the seeds can quickly be poured into a single well in the 6-well plate
and evenly distributed using a pipette.

Seal the plate with surgical tape and place in a Light Rack Incubator for 4-5

Days to allow seeds to germinate.

Agrobacterium Preparation for Fast-TrACC (Duration 4 Days):

10.

11.

12.

13.

14.

15.

16.

17.

The following steps describe the transformation of a single 6-well plate of Nicotiana
benthamiana seeds. For transformations that require more than a single 6-well
plate, scale the volumes accordingly.
Remove GV3101 Agrobacterium stock containing assembled Replicon T-
DNA from -80°C storage (see Procedure A).
Streak out GV3101 stock onto a LB agar plate that contains 50 mg/L
kanamycin and 50 mg/L gentamicin.
Place the plate in a 28°C incubator for 1-2 days.
Growth will begin to be noticeable after 24 hours; however, adequate single colony
growth will require a 2-day incubation period.
Once visible, pick a single Agrobacterium colony from the plate and transfer
to a 5 ml LB liquid culture containing 50 mg/L kanamycin and 50 mg/L
gentamicin.
Place the culture tube in a 28°C shaking incubator set to ~250 rpm for 20-24
hours.
Centrifuge at 6000 x g for 10 min to pellet the Agrobacterium cells and discard
the supernatant.
In a sterile flow hood, resuspend the pellet in 3 ml of AB-MES and mix by
briefly vertexing.
Using a serological pipette, transfer 12 ml of fresh AB-MES to a sterile conical
flask. With the 3 ml Agrobacterium resuspension from step 16, adjust the cell
density of AB-MES to ODggo = 0.2.
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18.

Place the AB-MES culture flask in a 28°C shaking incubator set to ~250 rpm
for 12-16 hrs.

Agrobacterium Cocultivation for Fast-TrACC (Duration 2 Days):

19.

20.

21.

22.

23.

24.

25.

26.

Using a serological pipette, remove ~12 ml of the AB-MES culture and place
into a sterile 15 ml conical centrifuge tube.
Centrifuge at 6000g for 10 minutes to pellet the Agrobacterium cells and
discard the supernatant.
Resuspend pellet in 3 ml of Co-Cultivation Media. Place Agrobacterium
resuspension in a tube rack. It will be used in Step 23.
Using a serological pipette, transfer 25 ml of Co-Cultivation Media into a sterile
50 ml conical centrifuge tube.
Using a pipette, adjust the cell density of the 25 ml volume of Co-Cultivation
Media to ODeoo = 0.10-0.18. Place the adjusted Agrobacterium suspension in
a tube rack. It will be used in Step 26.
Note: For experiments requiring the co-infiltration of two different Agrobacterium
strains, mix the solutions together in a 1:1 ratio, or, for three infiltrating three
strains, mix together in a 1:1:1 ratio (if you are directly comparing two samples that
do not have the same number of mixed Agrobacterium strains, adjust ODs
accordingly with infiltration media.)
Remove the 6-well plate containing germinated Nicotiana benthamiana from
the Light Rack Incubator (See Steps 1-9).
The emerging benthamiana cotyledons should be visible prior to co-cultivation.
See Fig. 3.4b for reference.
Using a serological pipette, remove the 2 MS media from each well, leaving
only the germinated seeds.
It is easiest to tilt the 6-well plate and pool the %2 MS for removal. Remember to tilt
towards the flow hood filter to avoid possible contamination.
Using a serological pipette, transfer 3 ml of Agrobacterium co-culture
suspension from Step 23 into each well on the 6-well plate containing

Nicotiana benthamiana seedlings.
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27. Properly label the plate with the date and time of infection, seal with surgical
tape and place in a Light Rack Incubator.

Transfer to Growth Development Plates (Fast-TrACC) (Duration 1 Day)
28. Carefully remove the 6-well plate with Agrobacterium co-cultivation from the
25°C incubator and place in a flow hood. This will be used in Step 31.
29. Using a serological pipette, transfer 2 m
well on a 12-well plate. Cover and set to the side. This will be used in Step 32.
The required volume of i MS + 200 &M Ti men
number of seedlings infected on Step 26. I n
Timentin should be prepared for every 12 seedlings infected.
30. Place a sterile petri dish in the flow hood and half fill with sterile ddH-O.
31. Using sterile forceps, move seedlings from the 6 well coculture plate to the
sterile ddH-O petri dish to wash off the Agrobacterium, completely submerging
the cotyledons (Fig. 3.4c).
Itis not necessary to do each seedling individually. To increase the rate of transfer,
bulks of seedlings can be moved into the sterile ddH>O; However, it is important to
make sure that each seedling is completely washed to reduce possible
downstream Agrobacterium contamination.
32. Using sterile forceps, move individual seedlings from the ddH-O into single
wellsonthe12-we | | pl at e containingFig.3.65 + 200 ¢
33. Seal the 12-well plate with surgical tape and place in a 25°C growth chamber
for 14 Days.

Seedling Maintenance (Duration 1 Day)

34. Remove the 12-well plate from the 25°C growth chamber and place in a sterile
hood.

35. Using a sterile scalpel, trim back the newly emerging true leaves by making a
transverse cut above the cotyledons (Fig. 3.4d).

36. Using a serological pipette, refill each well on the 12-well plate with fresh %
MS + 200 &M Timentin.

37. Reseal the 12-well plate with surgical tape and place in a Light Rack Incubator

for 6 Days.
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38.

After growth formations are visible on leaf tissue of transformed seedlings
(Fig. 3.4e), proceed to Step 39 for Shoot Formation steps.
Meristems may ectopically form from growths on seedling plants (Fig. 3.4e). These

meristems may be transferred to rooting media (See Steps 47-49).

Shoot Formation (Duration 2 Days - 2 Weeks)

39.

40.

41.

42.

43.

Remove the 12-well plate from the Light Rack Incubator and place in a sterile
hood.
Using a sterile scalpel and forceps, remove each growth from seedling leaf
tissue and transfer to ¥2 MS Solid Media plates.
Seal each plate with surgical tape and place in a Light Rack Incubator for 2
weeks.
After 2 weeks, remove the 12-well plate from the 25°C growth chamber and
place in a sterile hood.
If a shoot formation is observed on an individual growth (Fig. 3.4f), transfer to
rooting media (Step 47). If plant growths have no visible shoots, proceed to
Growth Cultures (Steps 44-46).

Shoot formation timing is highly variable and will only be observed on a subset of

plant growths. These shoots should be transferred to rooting media. The remainder

of the growth formations are to be transferred to new growth plates.

Growth Cultures (Every 2 Weeks)

44,

45,

46.

Using sterile forceps, transfer growth tissue as a whole to a fresh %2 MS
Growth Plate.
Reseal plates with surgical tape and place in a 25°C growth chamber for 2
weeks.
Repeat steps 44-45 every 2-3 weeks to replenish nutrients and perpetuate
growth formations.

During this process, it is possible for more shoots to develop. If new shoots are

identified, proceed to Step 47.

Root Induction (Duration 2-3 Weeks)
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47.

48.

49.

Remove plates with newly formed shoots from the Light Rack Incubator and
place in a sterile hood before removing the surgical tape.
Using a sterile scalpel and forceps, transfer individual shoot formations from
growths and carefully transfer to Rooting Media plate.
For shoot removal, it is suggested to make a transverse cut near the base of the
growth.
To allow adequate growth, place shoots in a grid pattern, leaving ~1 cm space
between each sample.
Seal plate with surgical tape and place in a Light Rack Incubator for 2-3

weeks.

Soil Transfer of ToPlants (Duration 1 Day)

50.
51.

52.

53.

54.

55.

Using forceps, remove regenerated Ty plants from Rooting Media.

Rinse roots under running water to remove residual media attached to the
plant.

Carefully transfer To plants into soil with the base of the plant ~1 cm below the
surface.

Transfer plants into a growth chamber and cover the flat with a humidity dome
for 5 days.

After 5 days, remove the dome and allow plants to proceed through
development.

Regenerated plants should be screened for genetic modifications of interest

once leaves have matured and may be sampled by leaf punch.

3.9 Troubleshooting

In some instances of the Maher et al. publication DR induced tissues were able to be

obtained from Cas9 expressing N. benthamiana that were not transgenic for the delivered

DR vectors. It has not been experimentally verified whether this outcome occurs at

reasonable efficiencies in plant lines that do not harbor Cas9. Previous proof of concept

experiments in Maher et al. utilized gene cassettes that constitutively expressed DR genes

however pleiotropic effects due to DR overexpression may be deleterious to continued
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growth. These negative effects may be circumvented in several ways. Expression control
systems may be employed that constrain DR expression to a limited temporal or spatial
window as demonstrated with recent applications of ZmWUS2 and ZmBBM in moncots.2
(Gordon-Kamm, 2019). Further, experimental approaches may be taken that avoid
downstream toxicities of DR expression by delivering DRs in trans on separate vectors.2
(Hoerster, 2019). This altruistic approach has the benefit of creating a microenvironment
for organogenesis to occur without integration of the T-DNA. For each step of the
procedures described in this protocol a list of potential issues and solutions have been

described in Tables 3.3-3.5, Troubleshooting.

3.10 Anticipated Results

Fast-TrACC:

Approximately 12 days after removal from A. tumefaciens, globular growths begin to
appear predominantly on the cotyledons of N. benthamiana seedlings. Over the next 10-
14 days, the growths will continue to progress either in an undifferentiated callus-like state
or begin to form differentiated tissues, such as leaflets. From the ZmWUS2 and ipt
combination ~50% of the total growths should progress to form shoots with ~25% of those
shoots being edited. Therefore, in practice with a gRNA targeting NbPDS, if you started
with 24 N. benthamiana seedlings you should get roughly 20 de novo shoots with 5 of
those being edited. The resulting ability to obtain edited shoots is likely dependent on the

cutting efficiency of the gRNA.

Direct Delivery

Shooting will occur within 1-2 days after WT meristem removal as preexisting primordial
axillary meristems initiate. These meristems should be continuously removed for 20 days
after initial meristem culling and inoculation. Transgenic shoots and irregular tissue
organogenesis will begin to appear within 14-21 days of inoculation. Induced de novo
shoots will have a spectrum of phenotypes depending on location of growth and relative

expression level of DRs (Fig. 3.3 f-h). Transgenic tissues that highly express DRs may
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experience tissue death, meristem abortion or sterility. Infrequent events in which DR
expression induced de novo meristem formation without DR integration will display no
abnormal phenotypes. Meristems arising from the delivery site will be a mixed population
of spontaneously formed WT meristems and induced de novo meristems that may harbor
a genomic modification of interest. Transgenic tissue formation may be observed with as
few as 2-3 plants. Frequency of tissue formation may be increased by increasing the
number of injection sites per plant. Non-transgenic edited meristems have been observed
in Nicotiana benthamiana with as few as 6 plants (with each plant harboring 3 injection
sites).% Response within an individual plant and injection site may vary due to a multitude
of uncontrollable variables such as environmental conditions, plant age, local gene
expression levels, plant stress and delivery/expression of transgenes. As such a single
delivery site in an ipt group may produce from 0 to 20 individual shoots from a given site.
Depending upon early organogenesis and tissue formation events at a single site may be

considered as unique genetic events requiring screening for transgenesis and editing.

3.11 Competing Interests

M.F.M., R.A.N. and D.F.V. are named inventors on a patent application pertaining to the
technology that was filed by the University of Minnesota. D.F.V. serves as Chief Science
Officer for Calyxt, an agricultural biotechnology company that uses gene editing to create

new crop varieties. All other authors have no competing interests.
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3.12 Tables

Table 3.1. Materials by protocol (see next page)
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Materials

Vector Construction via Golden Gate Assembly

Aarl (Thermo Fisher, cat_no. ER1581; Supplied with 10X Reaction Buffer)

Agrobacterium strain GV3101

Bsal-HFv2 (NEB cat. no. R37338)

BSA (NEB, cat. no. B9000S)

Compl y ol leotides with overhangs (see Procedure A, Step 2)

ddH, O - sterile

DHS5-Alpha (or similar) competent cells

DTT 1.4-Dithiothreitol (Sigma Aldrich, cat. no. 3483-12-3)

Esp3I (NEB. cat. no. R07348: Supplied with 10X Reaction Buffer)

LB agar plates with 1 ibiotics (see Reagenis)

LB liquid cultures with iate anfibiotics (see Reagents)

Plasmid mini kit

Pl d-Safe (Biosci Technologies, cat. no. EK3101K; Supplied with 25 mM ATP)
SOC medium

Step 6 pTAG gRNA vector backbones (See 1 Table 1)

Step 15 cloning modules and B module vector backbone (see Supy il Table 1)

Step 26 cloning modules and T-DNA vector backl (see Suppl tal Table 1)

T4 DNA Ligase (NEB, cat. no. M0202S; Supplied with 10X Reaction Buffer)

T4 Polynucleotide Kinase (NEB, cat. no. M0201S; Supplied with 10X PNK Reaction Buffer)

Direct Delivery

4 inch plastic pots

-20°C Ice block

28-32 gauge syringe needle

Acetosyringone Stock (see Reagents)

Agrobacterium Activation Media (see Reagents)

Agrobacierium stock with cloned T-DNA vector (see Procedure A)

Growth chamber  : 22°C, 16 hr day/Shr night, 75- 100 umol/m’s XX Im of light, 40-60% humidity

Infiltration Media (see Reagents)

LB Agar plate ining appropriate antibiotics (see Reagents)

Nicotiana benthamiana seeds

Scalpel or single edge razor blade

Poting soil

Fast TrACC

V2 MS Liquid Media (see Reagents)

2 MS Solid Media (see Reagenis)

1.7 ml mi ftubes

6-well plate (TrueLine, cat no. TR5000)

12-well plate (TrueLine, cat no. TR5001)

70% Ethanol

AB-MES Media (see Reagents)

Acetosyringone Stock (see Reagents)

Agrobacteriem stock with cloned Replicon T-DNA vector (see Procedure A)

Co-cultivation Media (See Reagents)

Commercial bleach (5.25% sodium hypochlorite)

Conical centrifuge tube (15 ml; 50 ml)

Conical flask (500 ml)

ddH,O - sterile

Growth chamber: 22°C, 16 hr ¢ i XX Im of light, 40% humidity

LB Agar plate containing appropriate antibiotics (see Reagents)

Light rack incubator: 25°C, 16 hr day/night, XX lm of light
Nicotiana benthami seeds

Potting soil

Rooting Medium (see Reagenis)

Sterile peini dish

Surgical tape

Timentin Stock (See Reagents)

TWEEN 20 (Sigma Aldrich, cat. no. P1379-25ML)

Standard Equipment

28°C shaking incubator

37°C shaking incubator

55°C water bath

-80°C fieezer

Autoclave

Bead sterilizer

Centrifuge

Flow hood

I orceps.

Ice bucket

Micropipettes

Scrological pipette

Tabletop Centrifuge

Thermocycler

Vortex

Cell spreader
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Table 3.2. Reagents List

Reagents

Materials

% MS Liquid Media (1L)

% MS Solid Media (1L)

AB-MES Media (1L):

Acetosyringone Stock (100 mM; 10 ml)

Agrobacterium Activation Media (50 ml):

Antibiotic Stocks (50 mg/ml; 5 ml)

Calcium Chloride; CaClI2 Stock Solution (1 M; 50 ml)

Co-cultivation Media (100 ml)

Infiltration Media (1L)

Instructions

-Add the following reagents into 500 mi of ddH ; O:

2.2 g of Murashige & Skoog Basal Medium with Vitamins (PhytoTech Labs, cat. no. M519)
5 g of Sucrose (Fisher Scientific, cat. no. S5-3)

-Fill to 1000 ml with ddH,O

-Adjust pH value to 5.7 with KOH

-Autoclave on liquid cycle for 30 min

-Store up to 1 month at 25°C

-Add the following reagents into 500 mi of ddH ; O:

2.2 g of Murashige & Skoog Basal Medium with Vitamins (PhytoTech Labs, cat. no. M519)
5 g of Sucrose (Fisher Scientific, cat. no. $5-3)

-Fill to 1000 ml with ddH,O

-Adjust pH value to 5.7 with KOH

-Add 3 g of Gelzan (BidScientific, cat no. G024-1KG)

-Autoclave on liquid cycle for 30 min

-Store up to 1 month at 25°C

-Add the following reagents into 500 mi of ddH ; O:

3 g of Potassium phosphate; K;HPO, (Fisher Scientific, cat. no. P290-500)

1 g of Sodium phosphate; Na,HPO, (Fisher Scientific, cat. no. BP332-1)

1 g of Ammonium chloride; NH,C1 (Honeywell, cat. no. 09725-100G)

0.31 g of Magnesium sulfate heptahydrate; MgSO, *7H,0 (Sigma Aldrich, cat. no. M1880-1KG)
10.66 g of MES (2-(N-Morpholino)ethanesulfonic acid sodium salt: Fisher Scientific, cat. no. BP300-
100)

20 g of Glucose (Sigma Aldrich, cat. no. G8270-1KG)

800 pl of 2 mM Potassium Chloride; KCI Stock (see Reagents)

100 pl of ImM Calcium Chloride; CaCl, Stock (see Reagents)

1 ml of 10mM [ron Sulfate; FeSO, Stock (PhytoTech Labs, cat. no. F318)

“Fill to 1000 ml with ddH,0

-Adjust pH value to 5.7 with KOH

-Autoclave on liquid cycle for 30 min

-Store up to 6 months at 25°C

Note: Prior 1o use of solution in Procedure C Step 16, add appropriate volume of 100 mM
Acetosyringone Stock (see reagents) for a final concentration of 200 uM.

Add 0.196 g of acetosyringone (Sigma Aldnch, cat. no. D134406) into 5 ml of methanol
-Fill to 10 ml with ddH,O

-Filter sterilize with a 0.22-pm filter

-Divide into 1 ml aliquots

-Store up to 6 menths at -20°C

Add the following reagents to 50 ml of sterile LB media:

1 ml of 0.5 M MES Stock Solution (see Reagents)

10 pl of 100 mM Acetosyringone Stock (20uM final; See Reagents)

5pl of kanamycin stock (final 50mg/L)

Syl of Gentamicin stock (final 50mg/L)

-Use solution immediately in Procedure B, Step 9

The following reagent list is universal for all antibiotics used in this protocol except timentin (see
Timentin Stock, below). To create a specific antibacterial stock at a concentration of 50 mg/ml,
substitute ‘antibiotic” in the reagent list below. If other resistance markers are desired, refer fo the
mamifacturer’s instructions for stock preparation:

-Add 50 mg of anhydrous antibiotic to 3ml of ddH,O

-Mix by vortexing

-Fill to 5 ml with ddH,0

-Filter sterilize with a 0.22 pm filter

-Divide into 1 ml aliquots

-Store up to 6 months at -20°C

-Add 7.4 g of CaCl, . 2H,0 (Fisher Scientific, cat. no. €69-500) into 30 ml of ddH,0

-Fill to 50 ml with ddH,0

-Filter sterilize with a 0.22 pm filter

-Store at 25°C

-In a flow hood, Add the following reagents o a sterile Erlenmever flask:

50 ml of % MS Media (see Reagents)

50 ml of AB-MES Media (see Reagents)

200 pl of 100 mM Acetosyringone stock (see Reagents)

-Use solution immediately in Procedure C, Steps 21-22

Note: Prior o use of solution in Procedure C, Step 21-22, add appropriaie volume of 100 mM
Acetosyringone Stock (see reagents) for a final concentration of 200 jM.

-Add the following reagents to 500 ml of ddH ,0:

2.03 g of Magnesium chloride: MgCl, « 6H,0 (fmal 10mM)

2.13 g of MES (Fisher Scientific, cat. no. BP300-100 ; final 10mM)

-Fill to 1000 ml with ddH,O

-Filter sterilize with a 0.22 pm filter

-Store up to 1 year at room temperature

Note: Prior to use of solution in Procedure B, Step 12, add appropriate volume of 100 mM
Acetosyringone Stock (see reagents) for a final concentration of 200 M
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Table 3.2. Continued

Reagents (continued)

Materials

LB-Agar Media (1L)

LB-Liquid Media (1L)

MES Stock Solution, (0.5 M; 100 ml)

Potassium Chloride; KCI Stock Solution (2 M; 50 ml)

Rooting Medium (Sparkes et al., 2006; 1L)

Timentin Stock (200 mM; 5 ml)

X-Gal Stock (20 mg/ml; 5 ml)

IPTG Stock (100 mM; 10 ml)

Instructions

Add the following reagents to 500ml of ddH ,O:

10 g of tryptone (Fisher Scientific, cat. no. BP1421-2)
-5 g of NaCl (Fisher Scientific, cat. no. $271-3)

5 g of yeast extract (Amresco, cat. no. J850-1KG)
-Fill to 1000 ml with ddH,0O

-Add 15 g of bactenal agar (IBI Scientific, cat. no. 1B49172)

-Autoclave on liquid cycle for 30 min

-Allow solution to cool to 55°C in a water bath

-Add appropriate Antibiotic Stock (see Reagents)

-Pour into 20 mm X 100 mm petni plates

-Store up to 1 month at 4°C

Note: For plates that contain X-Gal and IPTG, pipette 30ul of each stock solution (see reagents) onto
solid plates, spread with a cell spreader, and allow to dry.

Add the following reagents to 500 mi of ddH ,0:

10 g of tryptone (Fisher Scientific, cat. no. BP1421-2)

-5 g of NaCl (Fisher Scientific, cat. no. $271-3)

5 g of yeast extract (Amresco, cat. no. J850-1KG)

-Fill to 1000 ml with ddH,O

-Autoclave on liquid cycle for 30 min

-Store up to 1 year at 25°C

-Add 10.5 g of MES (Fisher Scientific, cat. no. BP300-100 into 80 ml ddH,O

-Adjust the pH to 5.6 with NaOH

-Fill to 100 ml with ddH,0

~Filter stenlize with a 0.22 pm filter

-Store at 25°C

-Add 7.5 g of KCI (Fisher Scientific, cat. no. P217-500) into 30 ml ddH,0O
-Fill to 50 ml with ddH,O

-Autoclave on liquid cycle for 30 min

-Store at 25°C

-Add the following reagents into 500 mi of ddH ,0:

2.15 g of Murashige & Skoog Basal Salt Mixture (MP Biomedicals, cat no. IC2623020)
30 g of Sucrose (Fisher Scientific, cat. no. $5-3)

-Fill to 1000 ml with ddH,O

-Adjust the pH value to 5.2 with KOH

-Add 8 g of Plant Agar (Sigma Aldrich, cat. no. A1296-1KG)
-Autoclave on liquid cycle for 30 min

-Allow solution to cool to 55°C in a water bath

-In a sterile hood, add the following reagents:

500 pl of 1 mg/ml Indole-3-Butyric Acid; IBA (See Reagents)

2 ml of 50 mg/ml carbenicillin

1 ml of 200 mg/ml timentin

~Pour nto 20 mm X 100 mm petn plates

-Store up to 1 month at 4°C

-Add 0.66 g of Timentin (Gold Bio, cat. no. T-104-2) to 3 ml of ddH,0

-Fill to 5 ml with ddH,0

~Filter sterilize with a 0.22 pm filter

-Divide info 1 ml aliquots

-Store up to 2 months at -20°C

-Add 100 mg of X-Gal (5-Bromo-4-chloro-3-indolyl p-D-galactopyranoside; Gold Bio, cat no. X4281C)
to 5 ml of DMF; Dimethylformamide

-Vortex to dissolve

-Divide into 1 ml aliquots in polypropylene microfuge tubes

-Wrap tubes in alumimum foil to prevent light degradation

-Store up to 6 months at -20°C

-Add 0.238 g of [PTG (Isopropyl-beta-D-thiogalactoside; Gold Bio, cat no. 12481C) to 5 ml of ddH,0

-Fill to 10 ml with ddH,O

~Filter sterilize with a 0.22 pm filter
-Divide info 1 ml aliquots
-Store up to lyear at -20°C protected from light
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Table 3.3. Troubleshooting Procedure A: Molecular Cloning

Procedure A: Molecular Cloning

Protocol Step

Issue

Solution Options

Cannot obtain E. coli colonies with

1. Confirm that the E. coli have been plated on appropriate antibiotic
selection.

2. Ifinserting a PCR product into a module backbone always gel
extract PCR product prior to GG assembly.

3. Some gene products may express in E. coli and be toxic. This is

junctions.

Module Assembly If:;::r?sf module containing insert of often observed with novel SNPs in the reading frame. Consider adding
an intron into the CDS.
4. If no colonies are observed the activity of the ligase may be
compromised. If incorrect colonies are observed the restriction
enzyme may be compromised.
1. Ensure synthesized sgRNAs have correct overhangs for GG

Cannot obtain white E. coli colonies with [assembly to occur.

Module Assembly guide RNA array of interest. 2. Ensure IPTG and XGal reagents are added for blue/white
screening of Level O parts.
1. Some gene products may express in E. coli and be toxic. This is

Sequencing of inserted genes of interest often .observe.d as rgpeate}:l novel SNPs in the reading frame.

Module Assembly repealedly reveals SNPs in the reading [ —onsider adding an iniron into the CDS. - -

. 2. If gene product was synthesized by vendor it may contain a
mixed population, clone synthesized gene product into a common
backbone and sequence verify sequence.

Sequencing of inserted gene or guide ¢  Reaction likely did not occur to completion. Ensure that T4 DNA

Module Assembly RNA array shows SNPs at GG overlap |ligase buffer is fresh (contains sufficient DTT and ATP).

e  Add more cycles to GG reaction (30-60))

T-DNA Assembly

Cannot obtain E. coli colonies with
complete T-DNA containing module
inserts.

. Confirm that E. coli have been plated on Kanamycin selection.

. T-DNAs with large inserts (>8kb) may have increased
efficiencies when using a MIDI-prep in the GG reaction rather than

MINI-prep.
|o Individually calculate the proportion of insert to backbone utilized
based on the size on the insert as either 1:1 or 3:1 ratios
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Table 3.4. Troubleshooting Procedure B: Direct Delivery

Procedure B: Direct Delivery

Protocol Step Issue Solution Options
Aggressive removal of tissue may be causing plant death. When
e el Plant death initially removing mersitems retain supporting leaves associated with

each injection site. Each plant should retain 2 to 3 supporting leaves
lin total.

De novo shoot formation

Plant does not form any new shoots
after initial removal of existing WT
meristems.

Some species may be recalcitrant to conversion of terminally
differentiated somatic cells to meristematic stem cells. Intractable
species may have physical or regulatory barriers that limit application
of this protocol with the DRs described.

De novo shoots experience tissue
death, meristem abortion or sterility

Each plant species will have varied sensitivities to overexpression of
DRs. Consider utilizing an expression control system (see paragraph

|above) to obtain transgenic lines of interest.

High variability of shooting between
induction groups or positional bias of
shoot induction in growth chambers

Shooting in plants has been observed to be highly influenced by
outside environmental factors such as light intensity, light spectrum,
light duration, humidity, micro and macro nutrient availability ... etc.
which can highly influence shoot organogenesis and morphogenesis.
Efforts should be made to optimize growth conditions for shooting and
harmonize conditions across experimental groups for reduced
variability .

Screening of newly formed shoots

All shoots from injection sites are WT
and no transgenesis is observed.

1. Determine if transgenesis is occurring by observing reporter
expression via leaf infitration or Fast-TrACC.

2. Apical dominance of residual WT shoots may inhibit de novo shoot
formation. Consider lengthening the time period that initial shoots are
culled from the parent plant.

3. Agro strain issues.

The vast majority of shoots from
injection sites are WT with limited
transgenesis.

Consider lengthening culling period to remove background WT
shooting.

No observable editing is found in tissues
verified to be transgenic by reporter
expression.

Validate expression of gene editing reagents in the plant species of
interest by leaf infiltration or Fast-TrACC.

Molecular screening of edits shows a
distribution of edits that would not be
likely for fixed mutations at the target site
(even after considering the number of
homologous alleles amplified in the
screening PCR).

Chimerism may be present that involves different fixed mutations
across cell and tissue layers. Consider screening tissue at a later
developmental stage or in the next generation.

Table 3.5. Troubleshooting Procedure C: Fast-TrACC

Procedure C: Fast-TrACC

Protocol Step

Issue

Solution Options

Agrobacterium Co-culture

Seedling/Tissue Death

Agrobacterium exposure is likely too high. Reduce starting bacterial
concentration, co-culture time or both.

Shoot Regeneration

Growths are slow to transition to shoots

Removing growths from the source plant and transferring them to
solid ¥z MS plates can promote shooting.

Root Regeneration

Calcification of the shoot base
preventing root formation

Cut off the hardened base and transfer to new rooting media.

Soil Transfer

Plantlets dying after transfer

Wait until more of a root system has been established. This wil help

the plantlet survive the stress of the transfer.
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3.13 Figures and Legends

Figure 3.1: Procedure Overview. a, Procedure A - Vector Construction: Genes of
interest and developmental regulators (DRs) are each cloned into 1 of 4 modules (A-D)
using Golden Gate Assembly. A-D Module vectors are subcloned into T-DNA
transformation vectors to create functional T-DNA vectors for downstream transformation
using either delivery method. b, Procedure B - Direct Delivery Method: 1) Removal of
all meristems from mature N. benthamiana plants grown in soil. 2) Delivery of
agrobacterium cultures to trimmed plants. 3 Induction of de novo meristems and tissues
containing genetic modifications of interest. ¢, Procedure C - Fast-TrACC Method: 1)
Plate N. benthamiana seeds into each well of a 6-well plate. 2) Once seedlings germinate,
co-culture N. benthamiana seedlings with the treated agrobacterium culture. 3) Rinse and
transfer individual seedlings to unique wells in a 12-well plate. Growths form on the
cotyledons of N. benthamiana seedlings due to DR overexpression. 4) The growths with
6shbboked morphology are excised from parent se

with solid root inducing media. 5) Shoot and root formation. 6) Transfer of plantlet to soil.

(See next page)
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Figure 3.2: Modular Creation of Transformation Vectors by Golden Gate Assembly.

a, Positional cloning of gRNAs. Even sets of gRNAs (2, 4 or 6) may be assembled into
sequential gRNA vector backbones for the tRNA assembled guides (TAG vectors; pTAG1-
pTAG6E). Complementary oligos of gRNA spacer sequences are annealed leaving
compatible overhangs for vector entry. The gRNA vector backbones contain tRNA
cleavage sites for assembly into a tRNA array and are opened using the Typells restriction
enzyme Esp3l. b, Assembly of gRNA-tRNA Array in Module B. Previously assembled
gRNA vectors are positionally cloned under a Pol-Il promoter and terminator of choice
(see Supplemental Table 3.1) using the typells restriction enzyme Bsal. Individual gRNAs
in the array are separated by tRNA splice sites contributed by the backbones in the
previous cloning step. Expression cassette is assembled into a B module vector (typically)

for downstream modular cloning. ¢, Assembly of Transformation Vector. Inserts from

modul es A, B, Cé and D ar e s e-{pNLebadkborelusing as s e m
the typells enzyme Aarl. Activity of Aarl removes the bacterial negative selection marker
CcdB from the transformation vector backbone. Transformation T-DNA contains BeYDV
replicon components between the left (LB) and right (RB) T-DNA borders. Type lls Digest
Key: Exampl e i mage of Typells restrictioB)enzyme

cutting outside of recognition site.

(See next page)
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Figure 3.3: 5 6 olden Gate cloning overhangs

5'-TGCA
RRRRRNRNNNNNNNRRRER
D CAAA - 5
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@ - Bottom Oligo

Figure 3.4: Reagents and Conditions for phosphorylating and annealing synthesized
oligos

Thermocycler settings:

Phosphorylation reaction mixture: | 1 2 3 4 5 ‘
95°C

* 100 uM top gRNA oligonucleotide  ---rereermrmmenmreninnieeaee, 3ul 5min

+ 100 pM bottom gRNA oligonucleotide  ---------moeeemmeennanenans 3pl 85°C

*10x T4 DNA ligase buffer---------ssseemmmmmmmmmmmmnmnininninininniinnnnns 3pl RampTo

* T4 polynucleotide Kinase «------s-+sssmsmsmessomceee 2pl 2/

O H O cemmmeme e 19ul 37°C

Total = 30 pl 1 hr 25°C
Ramp To o
01°css) [\ 4C
Hold

Figure 3.5: Reagents and Conditions for annealing synthesized oligos

Thermocycler settings:

Golden Gate reaction mixture: | 1 2 3 4 5
* pTAG gRNA Backbone (see Supplemental Table 1)----------cemeeees 150 ng 80°C
® 1:24 annealed oligos ------=---+-s2-- T 1ul 5 min

37°C 37°C
5 min 15 min
16°C
Total = 20 pl 10 min

10°C
Hold
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Figure 3.6: Golden Gate module cloning reaction reagents and conditions

Golden Gate reaction mixture:

Thermocycler settings:

ePromoter Module Vector (See Supplemental Table 1)------=------- 150 ng | 1 2 3 4 5
sAssembled pTAG gRNA Module Vectors (See Steps 1-14)----------- 150 ng/vector 80°C

eTerminator Module Vector (See Supplemental Table 1)----=--==---- 150 ng 5 min

*B Module Vector Backbone (See Supplemental Table 1)------------ 75ng

#BSAl-HFVZ «oevrermmresssieenrnnenrinene s ssnn s saneas 1ul

*T4 DNA ligase ~---------- . Tul 37°C 37°C

*T4 DNA ligase buffer ------------eemmme e 2ul 5 min 15 min

*10x BSA 16°C 10°C
+10mM DTT 10 min Hold

Total = 20 4l [ £+ Repeat 10-40x 3

Figure 3.7: Golden Gate T-DNA cloning reaction reagents and conditions

Golden Gate reaction mixture: Thermocycler settings:

eModule A - Miscellaneous (see Supplemental Table 1) ------------ 150 ng I 1 2 3 4 5
sModule B - Guides (see Steps 15-25)

*Module C'- Regulator (see Supplemental Table 1) 80°C

*Module D - Regulator (see Supplemental Table 1) ---- 5min

#Backbone - Replicon T-DNA (see Supplemental Table 1) ------------ 75ng

® TOX BSA ---=rmrrememeeneees 0.5l

+10mMOTT 05w 37°C 37°C

«T4 DNA ligase buffer - 2u 5min 15 min

* T4 DNA ligase Tl °f

* Aarl ’ 1 tl 1106n(1:i n ;I_I?;Ig
8 H O ermemeemme s - To 20 pl

: mm:l | £+ Repeat 10-40x ¥

91




Figure 3.8: Example images of Direct Delivery procedure.

a, Plant seeds in soil leaving one plant per pot. Pots should be 10 centimeters or larger to
allow for sufficient bulk root formation. N. benthamina seedlings are at optimal level of
maturity when axillary shoots have developed and initiated allowing ease of identification
and removal. b, Removal of all existing shoot meristems (shoot apical and axillary
meristems) from the plant using a cutting instrument. ¢, Reduction of plant tissues down
to 2 to 3 nodes and attached supporting leaves with no observable shoot meristems. d
and e, Delivery of agrobacterium cultures to leaf axils and all wound sites (shoot apices
and sites of axillary meristem removal; white arrows). f-h, Formation of WT, edited and/or
transgenic tissue after 20 day culling period. A proportion of plant organs formed may
have morphological abnormalities due to constitutive overexpression of the DRs. [image

in panel h reused from Maher et al. 2020 with permission]®
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Figure 3.9: Fast-TrACC mediated de novo meristem based transformation.

In sterile 6-well plates N. benthamiana seedlings are germinated(a) . Once t he seed|
cotyledons emerge from the seed coat (b, single well close-up), the liquid media is
removed and replaced with the treated Agrobacterium culture. After two days of co-culture,
the individual seedlings are rinsed in water and transferred to individual wells in a 12 plate
(c). Roughly 14 days later, green de novo growths will begin to form (d, arrow). These
growths can be maintained on the seedling (e) or removed and transferred to solid %2 MS
media (f). In either case, a subset of the growths will progress to form shoot-like structures
(e, arrow 2; f, arrow). Upon shooting, the growths can be transferred to root inducing media
to promote root formation (g). Finally, the plantlets with properly established root systems

can be transferred to soil for further growth (h).

93



Figure 3.10: Fast-TrACC Timing. Seed Sterilization) Liquid sterilize seeds and plate in
liquid 2 MS media. Seedling Germination) Let seeds progress until the cotyledons have
emerged. T-DNA Assembly) Generation of T-DNA vectors containing editing reagents,
reporters or transgenes of interest. Agrobacterium Preparation) Transformation of T-
DNA into Agrobacterium. Agrobacterium Co-cultivation) Once seedlings and treated
agrobacterium are at the proper stage for co-culture, the %2 MS media is removed from the
plates and replaced with the treated agrobacterium. After 2 days of co-culture, the
seedlings are rinsed and moved to a new plate. Growth Development) Seedlings are left
to grow for two weeks during which the ectopic expression of the DRs will begin the de
novo growth formation process. Seedling Maintenance) The seedlings will drain the
majority of the liquid media after two weeks. At this point new media should be added.
Growth development) After roughly 20 days de novo growths should be visible. Shoot
formation) Once shoot-like structures form there are two approaches that can be taken. 1.
The shoot-like growth can be progressed on the seedling until it reaches a state amenable
to transferring to root inducing media. 2. The shoot-like growth can be transferred to solid
Y% MS to progress until it reaches a state amenable to transferring to root inducing media.
Root Induction) Shoot-like growths with leaflets forming can be moved to root inducing
media. Soil Transfer) Plantlets with a sufficient amount of roots formed can be transferred

to soil.
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