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Focus on translational research in Populus and Eucalyptus 
Populus tremula x alba 717-1B4 Eucalyptus grandis x urophylla
CRISPR/Cas9 edited trees –8th year in field

Populus tremula x tremuloides 
353-53 Feb. 2025



Most tree species are recalcitrant to transformation
• 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

Eucalyptus grandis x urophylla 
+Agrobacterium 
+Antibiotic (Hyg)

Control + Antibiotic only (Hyg)



Conventional transformation methods rely on exogenous 
phytohormones supplied in the culture medium

PGRs =  Plant growth regulators, hormones



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



Types of MR genes we have studied in poplars or eucalypts – 
many both in vitro and in planta

• LEC 1, 2 – LEAFY COTYLEDON
• EBB1 - EARLY BUD BREAK 1 (ESR family)
• BBM – BABY BOOM
• WOX 5, 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

• LEC 1, 2 – LEAFY COTYLEDON
• EBB1 - EARLY BUD BREAK 1 (ESR family)
• BBM – BABY BOOM
• WOX 5, 11 -- WUSCHEL RELATED HOMEOBOX 
• WUS  – WUSCHEL
• IPT – ISOPENTYL TRANSFERASE
• GRF-GIF – GROWTH REGULATOR FACTOR 4 and GRF INTERACTING FACTOR 1
• Agrobacterium growth promoting genes

• Shoot-inducing
• Hairy root-inducing



Hairy root disease is caused by unique T-DNA genes contained 
in Ri plasmids

Hairy roots in hydroponically grown tomato



Hairy root rol genes are an effective way to generate 
transgenic tissues across diverse tree species

Huang et al. 1991 IVCDB-Plant, Placencia et al. 2016. Plant Biotech J., Li et al. 
2003 EJ Biotech, Gomes et al. 2019 FIPS, Du et al. 2025 PNAS.  

Larix decidua Eucalyptus grandis Pinus radiata

Salix purpea

Ginkgo biloba



Hairy root transformation is becoming popular for genotype- 
independent generation of “mostly” normal looking transgenic plants

rol transgenics often show dwarfism and 
changed floral timing and architecture

Desmet et al. 2021 Plant Cell Rep.
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Osteospermum fruticosum (cape daisy)



A concept for Root Excision System for 
Efficient Transformation



Root to shoot regeneration, followed by excision, is an elaboration 
of older ideas

from Ebinuma and Komamine, 
2001 In vitro cell and developmental biology -Plant

Hiroyasu Ebinuma
(Shinsu U. em,

Nippon Paper Co.)



GAANTRY system enabled an ambitious T-DNA design
(Gene Assembly in Agrobacterium by Nucleic acid Transfer using Recombinase 
technology)



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 III Ri plasmid which is known to work in tree species

Type I Ri (K599)

Type III Ri (A4-TL)

Type III Ri (A4-TR)

• rolB is required for hairy root formation
• 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

• 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

• 39kbp in size in this configuration
• 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
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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

No HS No HS 2 week HS 2 week HS



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

No HS

2d HS

7d HS

14d HS

Proportion of explants by developmental class
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6-10 shoots
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Longer heat-shock (HS) duration improved shoot regeneration 
rates per explant (segments of hairy roots)



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

Brightfield Merged channels



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

Mixtures of RUBY and green RESET
 shoots in late-stage propagation

Populations of putative excised RESET shoots for 
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



Cre can methylate transgene regions flanked by its recognition site 
loxP

Modified from Liu et al. 2021 New Phytologist



We made several variations of RESET constructs, including changes 
to flanking lox sites designed to be resistant to DNA methylation



We also compared the presence of WUS and ipt morphogens



loxP-flanked RESET constructs gave the highest shoot 
regeneration after heat shock induction of transgenic roots



Cre expressing RESET constructs had a significant 
benefit for transgenic shoot regeneration 



loxP-flanked RESET constructs had superior numbers of 
excised shoots versus loxW7 variants



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

Amplicons

Long footprint
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



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

Semi-dwarf

Dwarf

WT



Where did our transgenes insert? How did the excision 
process resolve the footprints into final configurations?

? ? ? ? ?



We used TAIL-PCR and WGS to find where transgenes landed 
and resolved into smaller footprints



We did find some events where the footprint inserted into an 
exon of one allele
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Does this work in other, more recalcitrant species?

Eucalyptus grandis x urophylla RESET composite plants

So far, adding the iaaH/M genes is essential for hairy-roots, 
but also seems to interfere with shoot development



We are focusing on excision improvement in new variants

“Double lox”

“Quad lox”



QuadLox showed improve shoot regeneration over double lox 
configurations

“QuadLox”

“Double lox”



QuadLox construct showed impressive excision rates
GFP and DsRedBrightfield

“QuadLox”

“Double lox”



Final excision has the potential to remove Cre too early
- but found low rate of partially excised tissues with that outcome



We are working on means to turn off iaaH/M activity after hairy 
root culture, to aid shoot regeneration and reduce callus size

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



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



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



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



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?



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?  
• 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?  
• 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? 

• Expression and epigenetics: Analysis of surrounding genes

• Chimerism: ddPCR to detect residual transgenic cells
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