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Agenda

• A look back on where we have come from and 
how it has affected our work: Breakthroughs 
and “breakdowns”

• Reproductive modification rationale and 
context

• Experience with three major approaches

– RNAi against floral meristem development genes

– Overexpression of floral onset repressors

– CRISPR-Cas9 mutation effects



Breakthroughs – Basic molecular 
biology and genomic methods

• Revolution in methods: PCR

– 1980s – Subtractive hybridization was standard

• Master floral gene identification

– Late 1980s-1990s: AGAMOUS, LEAFY and more

– PCR to isolate tree versions

• Age of genomics: cDNA sequencing, ESTs

– Catalogs of genes from various tissues

– Comparative genomics

• Whole genome (re)sequencing, short read 
method explosion, RNA-seq, computation 





Breakthroughs – genetic modification 
methods
• Transformation capacity and knock-out libraries

– Leaf disc general plant transformation

– Arabidopsis floral dip, T-DNA mutagenesis – large 
scale functional discovery and validation

– Poplar transformation and regeneration

• Antisense and RNAi

– Single genes within trees can be specifically modified 
for the first time !  

• Gene editing revolution

– Beyond ZFNs and TALENs – The CRISPR-Cas miracle 
age of today





GE trees: Reliable in the field



Lecture by Amy Klocko at GMO Biosafety 
Meeting in Mexico, 2017



Current ~4 ha trial – flowering 
modification genes

Image taken in summer 2016



Overview of field site



GE trees in the field: Reliable floral 
modification



Breakdowns – genetic modification 
methods

• Transformation incapacity, inefficiency, cost

– Hardly relevant beyond poplars and scientific 
studies

– Hardly studied, developed for most forestry 
species 

• Why?   

– Biological recalcitrance to regeneration

– Huge genetic diversity in response

– Little application of modern developmental 
science



DuPont Pioneer breakthrough advances



Breakdowns – GMO stigma

• Little and decreasing public investment in 
transformation technology or transgenic products

• Limited and decreasing private investment in 
transformation technology or transgenic products
– Very little experience, science, or transformation 

technology is shared, available for scientific 
advancement

– Work is mostly short-term focused; little overall 
progress apart from genotype by genotype projects?  

• Negative public views, anti-GMO activism, 
unsustainable industry management, have led to 
increasing regulatory and market barriers



Anti-GMO messaging everywhere in 
marketplace



Poor weed management has led to rapid 
development of herbicide-resistant weeds
And motivated development of new kinds of herbicide 
tolerant crops with their own problems



Forest 

Stewardship 

Council

“…genetically 

modified trees are 

prohibited…”

“Green” certification of forests create 
severe barriers to field research, 
markets



Regulations and certification render GE  
ineffective as a tool for forest health
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• A look back on where we have come from: 
Breakthroughs and “breakdowns”

• Reproductive modification rationale and 
context

• Experience with three major approaches

– RNAi against floral development genes
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– CRISPR-Cas9 mutation



Roundup tolerant bentgrass escape in 
Oregon

http://www.oregonlive.com/business/index.ssf/2017/01/grass_seed_industry_fearful_ab.html



Gene flow regulation and ethics a 
major reason for GMO stigma
• Bigger for forest trees than most ag crops – for 

many reasons
– Wild/feral populations
– Record of invasiveness of many exotic trees/shrubs  
– Keystone roles in ecosystems
– Long distance pollen and/or seed movement
– Limited domestication
– Larger role in providing ecosystem services
– Public view of forests as natural or wild
– Scientific uncertainty - Introgression experiments costly 

or impossible to do, models speculative

• Gene flow prevention an essential tool, especially 
for more novel and high impact GMOs?   



Sterility genes are tools – to be used 
with discretion and management

2017 Tansley Review



Many containment options

• Non-GE:   Ploidy changes / irradiation / hybrids

• Cytotoxins / barnase driven by floral promoters

• Disruption of essential genes for flowering

– Dominant interfering proteins

– Suppressing expression  

– Physical mutation

• Various options for control: Male vs. female, 
induction & restorer, etc (not studied)

• Our focus has been on bisexual and permanent
sterility for vegetatively propagated species



Strong lfy mutants appear to have no 
flowers

Parcy et al. 2002; Moyroud et al. 2010

Snapdragon    Arabidopsis       Petunia 

lfy mutants

WT



Flowers in strong ag mutants are missing 
both stamens and carpels

Parcy et al. 2002; Galimba et al. 2012

Arabidopsis                Ranunculid

WT

ag mutants



At the time our work started, the full 
roles of LFY and AG unknown

• Discovery studies did not have significant analysis 
of vegetative/productivity effects
– An absence of studies of gene mutation/knock-out in 

the field

• No studies in the very divergent floral types of 
important forest tree taxa
– Often parts of gene families

• Found to have vegetative as well as floral 
expression
– Meristematic vegetative cell expression



Eucalyptus LFY vegetative expression
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Poplar sterility using RNAi against LEAFY



Expanded study of vegetative effects 
of LFY suppression/sterility 

32



RNAi against AGAMOUS (AG) for 
sterility in poplar
• AG in poplar studied earlier: Amy 

Brunner

• Paralogs on different chromosomes 
- 89% DNA sequence similarity in 
protein coding region

• Simultaneous suppression with one 
RNAi construct

• Vegetative 
expression role 



Two AG-RNAi constructs, with and 
without MARs

• PTG = RNAi-AG: 

• MPG = MAR / RNAi-AG / MAR: 

pNOS tOCS PtAG intron PtAG p35sLB RBtNOS nptII

pNOS tOCS PtAG intron PtAG p35sLB RBtNOS nptII MARMAR



MARS induced a high rate of RNAi floral 
modification 

Construct 
ID

No. of Events 
Planted/Survived

No. of Events 
Flowered by 2017

No. (%) of Events with 
Altered Floral Morphology

AG-RNAi 
(PTG)

22/22 22 (100%) 6 (27%)

MAR-AG-
RNAi

(MPG)
13/13 12 (92%) 11 (92%)

Non-
transgenic

(WT)
24/24 19 (79%) 0 (0%)

MAR elements more than tripled RNAi suppression 
frequency 



Strong poplar AG-RNAi events in the 
field with mutant flowers stable 
among/within trees over 4 years

WT RNAi against 

PtAGs

Four ovules inside 

each carpel

Replicated carpel

No ovules



Suppression of the two PaAG paralogs 
were imperfectly associated with the 
sterility phenotype

•PaAG1 and PaAG2 expression was highly 
correlated: r = 0.91

Seedless Seedless

Non-viable seed Non-viable seed



Full sterility phenotype strongly 
correlated with total expression of AG and 
AGL11

Seedlessness

Non-viable seed

Non-viable seed

Correlation among AG and AGL paralogous pairs weak:
r = 0 .50



AG-RNAi events had normal tree and leaf 
form

•3 leaves per tree scanned and analyzed for chlorophyll 
content, leaf area and weight, petiole length 

AG-RNAiWT

Images: March 2014

RNAi-AG

WT



No association between floral 
modification and tree growth

Mean or median (for back transformed estimates: DBH and trunk volume index) and 
95% CI are shown in the figures
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Key results – AG-RNAi

• MARs elevated RNAi efficiency greatly

• Stacked flowers within catkins

• Four-gene suppression gave ovule-free, seedless, 
cottonless, capsules

• Stable in the field over 4 years

• No detected vegetative effects

• (In male 353 clone, inadequate RNAi suppression 
to see strong sterility phenotype?)



Several constructs were designed to 
delay or prevent floral onset



SVP background

• SHORT VEGETATIVE PHASE (SVP) is a MADS-
domain transcription factor

• SVP suppresses flowering under non-inductive 
conditions (short days)

– Suppresses gibberellin signaling at the shoot apex (in 
Arabidopsis)

• Interacts with FLC (FLOWERING LOCUS C) and 
suppresses Flowering Locus T (FT) in the leaves, 
and SOC1 in the shoot apical meristem

• Transformed three poplar clones with 35S:PtSVP
43



Scored flowering in all trees in ~4 ha trial



Score of 0

03.10.2017



Score of 1

03.10.2017



Score of 2

03.10.2017



Score of 3

03.10.2017



Score of 4

03.10.2017



Score of 5

03.10.2017



Three constructs resulted in very low floral 
abundance scores in all three clones
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Data from 2016



Striking differences among flowering 
vs. non-flowering adjacent events

Neighboring tree

PS 51

PS 51

03.10.2017



717 SVP event 122 no flowers

04.10.2017

Neighboring tree

Event 122

Event 122
Event 122



Other floral repressed trees

AGL 24 RNAi SVP

AP1-M3



SVP overexpression in leaves and 
flowering are anti-correlated

Flowering score 2017/18 Expression fold-change 2018



Key results – SVP

• Strong overexpression gave non-flowering or 
much reduced flowering

• Trees generally normal, but vegetative effects 
visible, awaits quantitative analysis

• More specific promoter desired – promoter 
editing/directed modification desirable ?

• Prevention of floral onset best for vegetative 
enhancement?  



Eucalypt LFY CRISPR knock-outs

• Gene mutation/deletion the strongest and 
most stable form of genetic containment

• Created single and two-sgRNA constructs

• (Re)transformed into wild type and FT-early 
flowering E. urophylla x grandis hybrid 
(Futuragene/Suzano)

• Conducted allele-specific target PCR followed by 
gel isolation and sequencing
– High knock out and deletion rate:  97% of transgenic 

events

• Examined in greenhouse for growth rate and 
flowering/sterility



Constructs employed

pK2GW7

sgRNA 1AtU6-26

LB RBnptII

sgRNA 2 hCas9AtU6-26 2x35S tnos

pK2GW7

LB RBnptII

hCas92x35S tnos

Control

CRISPR



CRISPR pipeline



Knockouts had no stamens or carpels, 
shoots partially indeterminate

Control CRISPR

Control

CRISPR



Knockout buds devoid of floral organs



No detectable effects of LFY knockout 
on vegetative growth in greenhouse



Key results – LFY CRISPR in Euc.

• Nearly 100% knockout rate

• Flower buds devoid of reproductive structures

• Partially indeterminate inflorescences

• No detectable vegetative effects

• Field trial planned – seeking location

• (Poplar LFY and AG CRISPR field trial underway 
in Oregon)  



Summary
• Amazing breakthroughs & breakdowns ~ 30 years

• Gene flow control an important tool, feasible 
through several approaches, and stable in field

• RNAi of LFY and AG in poplar – highly effective

• SVP repressor overexpression effective, but with 
vegetative penalty, ripe for promoter editing?

• CRISPR of LFY in Eucalyptus – highly effective

• Containment genes valuable for field research? 
Wood properties and growth rate ?



Broader lessons
• Social barriers = science barriers: Need to field test 

thousands of “ideas” (= genes x traits x 
combinations x events x host genotypes x 
environments) and integrate with breeding to 
utilize.  Essentially impossible with regulatory and 
market obstacles

• It matters: Ecological and environmental 
“opportunity costs” of lost productivity and 
biodiversity are likely to be large and become much 
larger as climate/pests change markedly

• We must all work to resolve: Within our own 
cultures and social systems, for rational and 
workable solutions; it will be long and contentious
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