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Abstract: What can biotech do for trees

• When built upon high quality conventional and molecular breeding 
programs…..

• Recombinant biotechnologies such as CRISPR and transgenesis have 
the potential to enhance tree performance in diverse ornamental, 
forestry, and bioenergy applications
• Enhanced morphological diversity

• Accelerated breeding

• Enhanced propagation and regeneration

• Customized wood quality

• Improved disease or stress tolerance 



Relationship of breeding and biotech

Breeding populations Biotech innovations

Polygenic:
Growth rate and 

adaptation

Oligogenic:
Specific modifications and novel 

traits

These need to be integrated in a way that does not slow down 
conventional breeding, with its growing power and urgency in a 

climate changed world 
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Suzano/Futuragene the exception for forestry



SIVB showcased extraordinary progress and 
innovation, including for horticulture, mostly 
enabled by relaxation of gene editing regulations



Why is forest 
biotech 
under-
performing? 
It’s a nexus of 
problems 
constraining 
progress

Ethical unease

rDNA regulations

No-GE certification

Transformation/edit 
capacity

Gene ID and 
control tools

Field 
demonstra-

tions



Nexus of problems, explained

• Ethical unease: Corporations, patents, transparency, 
plantation monocultures, GMOitis, gene flow

• rDNA regulations: rDNA-based presumption of guilt and 
impairment of effective research and integration with 
breeding

• No-GE certification: Disinvestment, prevention of significant 
use in research, breeding, or products on certified lands

• Transformation/edit capacity: Inability to effectively address 
a diversity of species and genotypes in breeding programs in 
reliable, cost-effective manner

• Gene ID/control tools: Target genes, reliable systems for 
control of gene expression, excision, editing, and stability 
when in routine use or for synthetic biology innovations

• Field demonstrations: Public evidence that biotech 
modifications add significant value and do not compromise 
sustainability, or breeding progress & productivity, in field  
environments



I have been active working on these issues for a while….
International forest biotech scientists, after meeting in Oxford 
in 1999, speak out about the need for case-by-case approach, 
and workable regulations to enable field trials (amidst hysteria 
and ecovandalism!) 



Ecovandals destroy the only GE tree field trial in 
the UK to “honor” IUFRO conference attendees



My early attempt to help guide the creation of a 
trait- vs. method-based system  



An attempt to address regulation and no-GMO forest 
certification 12 years later based on climate/forest 
health threats 



Letter published in Science 
about certification obstacle to 
GE trees (September 2019)



Still trying…..
A proposal to ease gene editing regulation where non-expressed  
GMO DNA remains -- a worldwide problem with many flavors (EU, 
trade, diverse and funky US rules) – manuscript being finalized
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Regeneration & transformation continue to be major 
limiting factors for gene editing & engineering in plants

• Species and genotypic differences often dramatic

• Minor and woody crop species perhaps most problematic 
• Tough biology, research investment limited

• Slow, costly, complex customization efforts usually needed

• On top of often large social/regulatory constraints, 
often a “deal breaker”



Woody experimental system challenges

• Elite clones, mature propagules, not seed-derived

• High physiological diversity
• Growth environment, age, 

explant type and source

• Great tissue sample heterogeneity 
in response

• Common necrotic responses

• Very high genetic diversity of forest trees, each species
and genotype a new regen-transformation adventure!   

• Large interactions among all of the above 
and more – leading to low generality of methods
and low reproducibility



Science to the rescue!  
Molecular biology is now giving us lots of tools to help in 
regen-transformation technology: MORPHOGENIC 
REGULATOR (MR) GENES



We have tested many types of MR genes 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

• GRF-GIF – GROWTH REGULATOR FACTOR 4 and GRF INTERACTING FACTOR 1

• But mostly disappointing, still genotype-specific responses!  

• Agrobacterium tumefaciens also inserts MR genes – our recent focus

• rol – hairy root-inducing genes from Agrobacterium rhizogenes 
– the foundation of the RESET transformation system
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The RESET 
transformation 

system
Greg Goralogia,  

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

PGRs =  Plant growth regulators, hormones



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



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 – including conifers

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 has enabled 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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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 III Ri (A4-TL)

Type III Ri (A4-TR)

Two Ti plasmids in A4, we used genes from both

rolB is required for hairy root formation  --  Others including rolA,B,C,D, 
orf13 and orf14 quantitatively increase hairy root formation in many 

species

Iaa genes encode genes for auxin biosynthesis



We selected WUSCHEL and ipt as shoot morphogens, Cre-lox 
for excision, and chose heat shock for induction of both

• WUS shown to induce shoot trans-
differentiation from roots in plants

• ipt, an Agrobacterium T-DNA gene which 
produces cytokinins and has been known to 
work in poplar and most plant species for 
decades

• Heat shock induction is known to be effective 
but leaky in poplar and many plant species

• Cre recombinase used to induce transgene 
excision between lox sites, widely used in 
poplar and other plants

• Rb7 MAR elements known to reduce DNA – 
methylation dependent transgene silencing in 
poplar and other plants



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



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

• 48% of events had at least one propagatable, 

visually excised shoot, most had many more

Of the shoots we screened at the DNA level:

• 50% were excised 

• 36% were still transgenic or chimeric

• 14% were WT escapes

RESULTS SUMMARY



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



Tweaking and extending the system: We made new transformations  
to better quantify frequency and integrity of excision

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



A concurrent strand in the lab: Trying to improve Cre excision 
in face of DNA methylation



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 
Removal of cytosines, sites of DNA methylation



We tested the effect on shoot regeneration of a new lox site, Cre 
presence, and 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



Attempting to accelerate excision by addition of internal loxP sites

“Double lox”

“Quad lox”



QuadLox showed improve shoot regeneration over double lox 
configurations

“QuadLox”

“Double lox”



QuadLox also showed impressive excision rates

GFP and DsRedBrightfield

“QuadLox”

“Double lox”



Final excision has the potential to remove Cre too early
- but a low rate of partially excised tissues observed



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 vs. 
WUS



Gene 6b also showed improved excision and shoot regeneration 
vs. WUS



In summary: RESET system is functional for editing and 
transformation in poplar 

• High rates of hairy root transformation

• High rates of editing in excised shoots

• Significant numbers of escape shoots, but imposed weak selection

• Will the system function broadly in clonal woody plant species? 
• Eucalypts problematic so far – but known to be slow and variable -- 

testing ongoing

• Also under study by collaborators in several other species



Biologically clean but legally still a mess….

https://www.federalregister.gov/documents/2026/05/15/2026-09833/request-for-information-on-
modified-organisms-subject-to-the-plant-protection-act 
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Greg 
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Bill Gordon-Kamm (Corteva)
Todd Jones (Corteva)
Jim Thomson (ARS Albany) 
Roger Thilmony (ARS Albany)
Chris Willig (OSU)
Zachary Heinhold (OSU)
Parker Wheeler and Colette Richter (OSU)
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Sydney Gould & Carter Mucken



Funding sources

Federal grants
NIFA-Biotechnology Risk Assessment Grant (BRAG)
NSF-Plant Genome Research Program (PGRP)

GREAT TREES Consortium
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SweTree, Corteva Agriscience



Thank you
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