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Agenda
• Perspectives - experimental system
• Culture conditions

– Lipoic acid example

• Morphogenic regulator genes (“DEV genes”)
– GRF-GIF example

• Highlights from regeneration GWAS



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”



Experimental system features
• Woody (forest) trees
• 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 
• Large interactions among all of the above 

and more – which leads to low reproducibility



Today: A few lessons from…
• An NSF-funded study to enhance h2 of 

regeneration and transformation in prep 
for GWAS, and results thereof
– About 10-20 genotypes per treatment
– Several hundred treatments x genotypes studied

• Industry consortium-funded studies of DEV genes for eucalypt 
transformation
– “GREAT TREES”

• Masters thesis research on GRF-GIF by Nathan Ryan
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Many culture conditions studied, mostly with little or 
no general benefit for regeneration or transformation

• Basal media
• Light intensity & quality
• Explant sterilization
• Vitamin C
• Activated carbon
• Melatonin/serotonin
• Silver nitrate
• Proline
• Major sugars/concentrations
• Lipoic acid



Lipoic acid (LA) a “vunder” antioxidant ?
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LA effect on transformation more complex, also 
varied widely among genotypes
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Transgenic shoot rate much lower, 
LA effect complex
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Overall, LA of small, variable benefit

• We use 5 uM in all our cottonwood transformations
• Low enough to not hurt, and for a minority it helps
• But not much of a tool to promote genotype-independent 

regeneration or transformation



DEV genes can work, are they the 
miracles we hope for?  



Types of DEV genes we have studied in poplars or 
eucalypts
• LEC 1, 2 – LEAFY COTYLEDON
• EBB1 - EARLY BUD BREAK 1 (ESR family)
• BBM – BABY BOOM
• WOX 5, 11 -- WUSCHEL RELATED HOMEOBOX 
• IPT – ISOPENTYL TRANSFERASE (cytokinin) – Agrobacterium 
• iaaH/iaaM (auxin) – Agrobacterium
• ROL – Hairy root-inducing genes – Agrobacterium
• WUS – WUSCHEL
• GRF-GIF – GROWTH REGULATOR FACTOR 4 and GRF INTERACTING 

FACTOR 1



GRF-GIF with much encouraging results in recent 
years
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Control GRF-GIF

Citrus epicotyl explants; Debernardi et al., 2020

Studying a 
wide variety 
of GRF-GIF 
homologs & 
sources, 
promoters, 
and miRNA 
sensitivities



Two poplar genotypes displayed very different callus 
responses to Citrus 4-mut GRF-GIF overexpression
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Citrus 4-mut GRF-GIF had little overall effect on shoot 
formation in poplar clone 717
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But Citrus 4-mut GRF-GIF strongly inhibited shoot 
formation in poplar clone 353

353 GRF-GIF353 Control
5 weeks post-transformation
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Dexamethasone-inducible GRF-GIF also 
worsened shoot regeneration in 353 poplar
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An ortholog of GRF-GIF from Populus doubled shoot 
regeneration in poplar 717
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Populus GRF-GIF also promoted shoot regeneration in 
recalcitrant P. alba clone ‘6K10’
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Citrus miRNA insensitive GRF-GIF increased 
transgenic callus occurrence in some eucalypt 
genotypes
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DEV genes to date

• Studied several, searching for what might work consistently
• Most without effect or suppress regeneration
• GRF-GIF encouraging, but with extremely high genotype x gene 

interaction
– Native forms show most promise so far

• Everything needs more replication  
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GWAS to discover developmental genes in P. 
trichocarpa: Four studies, machine vision system

1. In planta regeneration

3. In vitro regeneration

2. In planta rooting

4. In vitro regeneration + transformation



Genome-Wide Association Studies (GWAS) uncover 
links between genetic markers and traits

• Genetic variation represented by 
single-nucleotide polymorphisms 
(SNPs) in and around genes

• Poplar GWAS features ~1,300 clones 
with over 30 million SNPs, most with 
low linkage disequilibrium

• GWAS uses statistical models to find 
significant correlations between SNPs 
and traits of interest
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GWAS workflow intensive: From trait data to gene 
candidates

Trait evaluation and 
transformations

Statistical modeling Graphics, interpretation Interpreting biological pathways 



Hundreds of GWAS hits with various statistical 
pipelines – highly polygenic traits

• Four statistical approaches used, three methods used to define 
significance

• Majority of associated markers within or near genes – in 
regulatory vs. coding regions

• None of the hits include any of the common DEV genes
• Genes marked by SNPs identified important pathways
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GWAS message 

• Many genes and 
options yet to be 
explored for 
transformation 
enhancement ?

• Highly diverse taxa, 
genotypes, and 
regeneration systems

A Gene Regulatory Network for Cellular Reprogramming in Plant 
Regeneration” – Ikeuchi et al. 2012



Summary
• Woody species, mature-clonal tissues, are tough  
• There is major league genetic diversity in response to most 

everything we try – media amendments and DEV genes
• DEV genes require subtlety in which forms, how expressed, how 

controlled, and for what genotypes – so far not a step toward a 
genotype-independent method

• Genotype independent transformation systems?
Is the future instead to use genomic analysis to guide and 
abbreviate the customization process?    
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Thanks to our funders and collaborators
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