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Focus on translational research in Populus and Eucalyptus

Populus tremula x alba 717-1B4 9

RISPR/Cas9 edited trees 78th ,




Most tree species are recalcitrant to transformation

e Often working with elite clones, not seed-derived

* High heterozygosity: each genotype a new adventure in vitro
* High physiological/epigenetic diversity

 Strong defense response to Agrobacterium
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Conventional transformation methods rely on exogenous
phytohormones supplied in the culture medium

Agrobac
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PGRs = Plant growth regulators, hormones



Morphogenic regulators (MRs) spur developmental reprogramming
via delivered DNA — sometimes in the absence of exogenous PGRs

Agrobacterium

,\,._& DNA delivery
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Types of MR genes we have studied in poplars or eucalypts —
many both in vitro and in planta

LEC1, 2 — LEAFY COTYLEDON

EBB1 - EARLY BUD BREAK 1 (ESR family)

BBM — BABY BOOM

WOX5, 11 -- WUSCHEL RELATED HOMEOBOX

WUS — WUSCHEL

IPT — ISOPENTYL TRANSFERASE

GRF-GIF — GROWTH REGULATOR FACTOR 4 and GRF INTERACTING FACTOR 1

Most have failed with simple overexpression, or given
highly genotype-specific enhancement or inhibition



Instead, built upon considerable prior work with Agrobacterium

MR genes

* Agrobacterium growth promoting genes
* Shoot-inducing
* Hairy root-inducing
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Agrobacterium strain 82.139 enhances regeneration of
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Hairy root disease is caused by unique T-DNA genes contained

in Ri plasmids AN
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Unexpected conservation and global transmission
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Hairy root rol genes are an effective way to generate
transgenic tissues across diverse tree species
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Hairy root transformation is becoming popular for genotype-
independent generation of “mostly” normal looking transgenic plants

Plant Biotechnology Journal
T opmase
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Control

+rol events

Osteospermum fruticosum (cape daisy)

rol transgenics often show dwarfism and
changed floral timing and architecture

Desmet et al. 2021 Plant Cell Rep.



Retransformation or

editing in same clone
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A concept for Root Excision System for

Agrobacterium

Root subculture
Divide into explants

Efficient Transformation

Shoot morphogen
PGRs (cytokinin)

Transgene excision
Shoot elongation




Root to shoot regeneration, followed by excision, is an elaboration

of older ideas

Cutting
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Infection with 4grobacterium

Hairy Roots

Fic. 8. Outline of in vive transformation using cuttings. Cuttings are
infected with Agrobacterium containing the rol-type MAT vector. After their
rooting, marker-free transgenic shoots are induced from hairy roots by the

light.
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GAANTRY system enabled an ambitious T-DNA design

(Gene Assembly in Agrobacterium by Nucleic acid Transfer using Recombinase
technology)
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Assembly of our constructs would be next to impossible without
GAANTRY
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Let's go shopping for parts!
We selected a set of six rol genes from strain A4,
a Type lll Ri plasmid which is known to work in tree species
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* rolB is required for hairy root formation

e Others including rolA,B,C,D, orf13 and orf14 quantitatively increase hairy root
formation in many species



We selected WUSCHEL and ipt as shoot morphogens, Cre-lox
for excision and chose heat shock as our induction system
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WUS shown to induce shoot trans-differentiation from
roots

ipt, an Agrobacterium T-DNA gene which produces
cytokinins and works well in our experimental system

Heat shock induction is leaky, but effective in poplar

Cre recombinase used to induce transgene excision,
construct flanked by lox sites

Rb7 MAR elements known to reduce DNA — methylation
dependent transgene silencing



The “kitchen sink” RESET construct
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A4 rol genes Gene editing 7, lox
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e 39kbp in size in this configuration
e 14 transcriptional units
* 16 independent peptides

* |Included 3 marker genes to identify transgene insertion (GFP, DsRed, and RUBY), excision,
and truncations
* Includes gene editing through CRISPR-Cas9
 tRNA-arrays targeting RGA1 gene for semi-dwarfism
 Hygromycin selection gene present but no selection was used in these experiments



We efficiently generated transgenic hairy roots in two poplar
genotypes for regeneration analysis

N
o

hairy roots
O »n O W

Percent of explants with RUBY

717-1B4 Populus 353-53 Populus
tremula x alba tremula x tremuloides




Two weeks of pulsed heat shock resulted in efficient shoot
regeneration and excision from hairy roots

* Four hours heat shock at 39 degrees Celsius
 RUBY vs. non-ruby shoots can be easily identified for propagation, then
other reporters examined by fluorescent microscopy after isolation



Longer heat-shock (HS) duration improved shoot regeneration
rates per explant (segments of hairy roots)

Heat Shock Duration

No HS

2d HS

7d HS

14d HS

Proportion of explants by developmental class

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B No shoots
M 1-2 shoots
M 2-5 shoots
B 6-10 shoots
B >10 shoots



Using multiple reporters (GFP, DsRed and RUBY), we can
find shoots with excised transgenes

Brightfield




After transfer of regenerating root explants, elongated shoots
without marker genes can be identified

Mixtures of RUBY and green RESET Populations of putative excised RESET shoots for
shoots in late-stage propagation further molecular analysis



We performed new transformations with the goal of estimating
frequency and integrity of excision more reliably

Tracked individual hairy root insertion events through the transformation and excision process



Cre excision methods have been a constant frustration in this
and other related projects
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DNA methylation occurring in Cre-expressing cells inhibits loxP
recombination and silences loxP-sandwiched genes
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Cre can methylate transgene regions flanked by its recognition site
loxP

loxP loxP

| Female floral organ promoter
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We made several variations of RESET constructs, including changes
to flanking lox sites designed to be resistant to DNA methylation

DNA
strand 1

Holliday Junction
Strand Exchange (loxP)

Steric hinderance in
somatic plant cells

gTA

DNA
strand 2

AT

DNA
strand 1
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Increased recombination
efficiency in plant somatic cells
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We also compared the presence of WUS and ipt morphogens

loxW7
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loxP-flanked RESET constructs gave the highest shoot
regeneration after heat shock induction of transgenic roots
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Cre expressing RESET constructs had a significant
benefit for transgenic shoot regeneration

Estimated mean
shoots per explant
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loxP-flanked RESET constructs had superior numbers of
excised shoots versus loxW7 variants

Green shoots GLM estimates
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To figure out if the shoots without RUBY, GFP, and DsRed were
completely excised, we used a panel of PCR amplicons

lox lox

Rb7 gR x GFP mrolD xorf14gerf13 g rolC
MAR
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Amplicons
LB; {RB

Em |ong footprint
BN Short footprint

* The presence of any transgene band eliminated a shoot as being categorized fully excised
(partial chimera)
* Two footprint amplicons were included in case of truncation of the T-DNA left border



While many escape shoots were found, high rates of complete
excision were found in product shoots

% outcomes  #Shoots
. fully excised within events per event

partially excised T )
E WT escapes 3
100
" X
K 80 (o)
v | 8
>
2 40 8
..3 \____/
2 40 n
gl N~
© 20 E: 8
3 X
(o) 4
0 —
LoxP LoxP LoxW7 LoxW7 8
% of Y%within % of “%within 3
overall events overall events \ )

shoots shoots



60% of excised events showed editing in at least one allele of the
target locus, which is typical for poplar

PtXaAlbH.08G111700 (REPRESSOR OF GA1/ RGA1)
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AC--CGCATCTGATTCTGTCCATTACAAT

TCCG————GTCTACCTGGCTTCAAAGCATGATTTCGGAGTTGA"4bp
TCCGATCTGTCTACCTGGCTTCAAAGCATGATTTCGGAGTTGA WT

CACGCGCAAGAAGATGGTCTTT
CACGCGCAAGAAGATGGTCTTT

ACCTCGCATCTGATTCTGTCCATTACAAT
ACCTCGCATCTGATTCTGTCCATTACAAT

TCCGATCTGTCTACCTGGCTTCAAAGCATGATTTCGGAGTTGA WT
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Where did our transgenes insert? How did the excision
process resolve the footprints into final configurations?
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We used TAIL-PCR and WGS to find where transgenes landed
and resolved into smaller footprints

PtXaAlbH.06G051 600 (PLATZ TRANSCRIPTION FACTOR)

Promoter

/

LB
Footprint insertion
TonW?? 1650bp upstream of ATG
-20/-15 bp
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We did find some events where the footprint inserted into an
exon of one allele

PtXaTreH.05G116800 (NADPH--CYTOCHROME P450 REDUCTASE 1)
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Does this work in other, more recalcitrant species?

. Shoot induction
Gene editing Transgene excision

A4 TR-DNA
e Y@ s,

So far, adding the iaaH/M genes is essential for hairy-roots,

A4 rol genes

but also seems to interfere with shoot development



We are focusing on excision improvement in new variants

Shoot induction
loxP A4 rol genes Transgene excision loxP

)

orfl14x orf13« rolC = rolB = rolA= jaaH = jaaM == ipt Y b Rod Rb7 RB “Double lox”

LB Rb7 HygR a GFP At18.2 MAR

MAR

loxP loxP

. . . HSP Rb7
LB I\F\/)ITR HygR o GFP orf14x orf13« rolC = rolB =x rolAl iaaH = jaaM k ipt {15 .p DsRed MAR RB “Quad lox”

loxP loxP

loxP First Step 7 JoxP

. HSP Rb7
LB I\Fjlgj? HygR g GFP orf14x orf13« rolC = rolB = rolAk Ip‘t;ffﬂ&2 DsRed MAR RB

loxP

— loxP
i t pHSP DsRed Rb7 RB S d S
p At18.2 Ske MAR econ tep

loxP

loxP

Final Footprint
LBy jRB

STEPWISE EXCISION




QuadLox showed improve shoot regeneration over double lox
configurations

“QuadLox”

“Double lox”




QuadLox construct showed impressive excision rates

Brightfield GFP and DsRed

“QuadLox”

“Double lox”




Final excision has the potential to remove Cre too early
- but found low rate of partially excised tissues with that outcome
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We are working on means to turn off iaaH/M activity after hairy
root culture, to aid shoot regeneration and reduce callus size

TATA CAAT TATA CAAT

Wild type

N\ Bidirectional 7
\ enhancer ,

Using bacterial transcription factors and
incorporated cis elements for light-inducible
repression of bidirectional iaaH/M promoter

PLANT SCIENCE

Synthetic genetic circuits as a means of
reprogramming plant roots

Kiril Kniazev', José R. Dinneny'*

Jennifer A. N. Brophy'2*, Katie J. Magallon', Lina Duan’, Vivian Zhong”, Prashanth Ramachandran’,




We are also working on alternative morphogens such as gene 6b
isolated from a “shooty” strain of Agrobacterium

O

MIRNA biogenesis
suppressed

139 84.5 Cs8

Fig. 1. Tumors and shoot differentiation from poplar tumors
induced by A. tumefaciens strains 82.139, 84.5 and C58 and
cultivated on MS medium, 6 weeks after inoculation.

Non-cell autonomous
shoot development

Plant Biotechnology Journal

Flant Biotechnology Jfournal (2025) 23, pp. 3841-3850 doi: 10.1111/pbi.70159

Co-transformation using T-DNA genes from
Agrobacterium strain 82.139 enhances regeneration of
transgenic shoots in Populus

Greg S. Goralogia (1), Cathleen Ma, David S. Taylor, Abigail Lawrence, Victoria Conrad, Ekaterina Peremyslova and
Steven H. Strauss®

Department of Forest Ecosystems and Society, Cregon State University, Corvallis, Oregon, US4




Gene 6b showed improved excision and shoot regeneration
under some heat shock conditions vs. WUS

loxP

vsfSapphire

Promoter [35S:COR4TSY

Terminator [HS5SsmiARBAY

1 +iaa+WUS+ipt
2 +iaa+6b+ipt

Shoot induction loxP
Transgene excision

Rb7

Rest held
in common

Native A4 gene
control elements

- \'/< ?
+iaa+6bsipt 9



Gene 6b showed improved excision and shoot regeneration
under most heat shock conditions vs. WUS

1.4
I Excised shoots Transgenic shoots
1.2 (No DsRed or ( + DsRed or
= 1.0 vsfSapphire) vsfSapphire)
¢ 2 iy ll +iaa+6b+ipt
X 0.
20 Bl +iaa+WUS+ipt
o € 06 T
< £
N W o4
0.2
0 e 'a il

14d 18d 21d 14d 18d 21d
Heat shock duration
[1hr 42C,3hr 37C] / day



In summary: Hairy root-to-shoot methods are functional for editing
and transformation in clonally propagated plants

* RESET system gave high rates of hairy root transformation
* High rates of editing seen in excised shoots

* Significant numbers of escape shoots, but easily eliminated
through selection during hairy root subculture?

* We hope this system will function broadly in clonal woody plant
species — testing ongoing



Enables multiple rounds of simultaneous editing and transgene
insertion to a locus?

loX Editing genes lOX Stacked traits RB
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— CRISPR target

Before excision



Questions remaining...

* How big can these T-DNAs be? Have used 60 kb to date...

* How will these large constructs affect transformation rate and
integrity for recalcitrant genotypes?

e Can alternative rol genes, and related hormone genes, improve the
rate of hairy root production?

 What morphogenic regulator genes, combinations, and expression
control are best?

e Can we attenuate auxin synthesis and stimulate higher rates of shoot
induction from hairy roots?

 What are the prospects for excised plants to be considered “clean”
from a regulatory viewpoint? What does that mean?



Could these one day be considered clean edits for regulatory
purposes? Are surrounding genes impacted?

\L r 4 4
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Footprint

* Expression and epigenetics: Analysis of surrounding genes

e Chimerism: ddPCR to detect residual transgenic cells
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