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Roadmap

• Why gene flow is an immense problem
• Evolving technology options - CRISPR/Cas9 to 

the rescue?
• Progress in making it work for poplar trees



Gene flow is ubiquitous in agriculture and 
forestry – with or without GMOs – pollen, seed, 
and vegetative

Slides courtesy of Wayne 
Parrott, Univ. Georgia



Gene flow tends to be greater for 
forest trees vs. ag crops



In poplar, 
paternity 
analsysis
showed that 
~50% of pollen 
comes from >1 
km to >10 km 



Seeds can fly, float, and be carried far 
too



Tree gene flow extensive
• Long distances

– Wind, insect, and animal pollinated
– Wind and animal seed dispersal

• Less domesticated than many crops –
establishment and persistence in wild expected

• Ecological impacts may be large
– Often keystone species – ecologically dominant so 

with potential effects on many other organisms
• Regulatory and social approval challenging

– Difficult to estimate effects, fitness during contained 
field studies

– Ethical discomfort at ~irreversiby modifying wild 
organisms
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Forest trees with significant anti-GMO 
activism



Forest Stewardship 
Council

“…genetically modified 
trees are prohibited…”

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



Forest certification systems universally ban all 
GM trees – no exemptions

System Region GM Tree Approach / Reason

PEFC : Programme for Endorsement of 
Forest Certification

International Banned / Precautionary approach
based on lack of data

FSC : Forest Stewardship Council International Banned / Precautionary approach
based on lack of data

CerFlor : Certificação Florestal Brazil Banned via PEFC registration / 
No additional rationale

CertFor : Certficación Forestal Chile Banned via PEFC registration /
No additional rationale

SFI : Sustainable Forestry Initiative North America Banned via PEFC registration /
Awaiting risk-benefit data

ATFS : American Tree Farm System USA Banned via PEFC registration /
No additional rationale

CSA : Canadian Standards Association Canada Banned via PEFC registration /
Allows public to determine approach

CFCC : China Forest Certification Council China Banned via PEFC registration /
No additional rationale

Adam Costanza, Institute for Forest Biotechnology



International treaties used to push for 
stringent regulations



Need both technical and policy 
solutions (August 2015, Science)

Forthcoming related essay in Forestry Source in November



Roadmap

• Why gene flow is an immense problem
• Evolving technology options - CRISPR/Cas9 to 

the rescue?
• Progress in making it work for poplar trees



Many options for containment 
technologies – V-GURTs



Investment in GURTs have rapidly 
declined, little field research, no 
commercial use to date

Lombardo 2014 / Plant Biotechnology Journal



“The Destruction of 
Our Food - GMO and 
Terminator Seeds….
“Ever since I found out 
about terminator seeds, I 
have understood how 
famine could take over 
the planet as predicted in 
the Bible.”

Unpopularity of 
gene flow restriction 
technologies

http://www.globalresearch.ca/index.php?context=va&aid=3082


Focus on genetic containment via 
complete bisexual sterility – vegetative 
propagation, vegetative harvest – poplar, 
eucalypts, pine



Options for genetic containment via 
complete, constitutive, bisexual sterility

• Controlled cell/tissue ablation
– Floral developmental promoter driving cell toxin

• Floral gene malfunction
– RNA suppression (RNAi)
– Protein disruption (dominant negative)
– Directed gene mutation (ZFN, TALEN, CRISPR)



Site directed mutagenesis might be an 
ideal method for containment
• Reported highly efficient – biallelic mutations 

achievable? 
– Complete loss of gene function without inbreeding

• Physical damage to floral gene/s should be far 
more reliable than modified/suppressed gene 
expression or protein function

• More predictable from new regenerant to 
flowering tree to speed breeding, avoid 
regulatory problems

• Inducible recombinases enable asexual removal if 
needed?
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“CRISPR/Cas9 is a game-changing 
technology that is poised to revolutionise

basic research and plant breeding.”

Current Opinion in Biotechnology 2015, 32:76–84



What are CRISPR-Cas systems?

• CRISPR stands for clustered, regularly interspaced, 
short palindromic repeats

• The CRISPR-Cas system is an adaptive defense 
system in prokaryotes to fight against alien nucleic 
acids

23
Image credit: http://pnabio.com/products/RGEN.htm

Defense system in nature Synthetic nuclease system



Belhaj et al, Current Opinion in Biotechnology 2015, 32:76–84

Overview: CRISPR/Cas9 construct creation
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the rescue?
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CRISPR-Cas construct maps

• Nuclease constructs

• Control construct
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pK2GW7
LB RBnptII

Single guide RNA (includes 
S. pyogenes terminator 

sequence)
Arabidopsis U6 small 

nucleolar RNA26

sgRNA hCas9AtU6-26 2x35S tnos

Human codon-optimized S. 
pyogenes Cas9

Cauliflower Mosaic 
Virus 35S double 
promoter

pK2GW7
LB RBnptII

hCas92x35S tnos

Nopaline synthase 
terminator from 
Agrobacterium



Double gRNA CRISPR/Cas construct 
for generating deletions
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sgRNA 1AtU6-26

LB RBnptII

sgRNA 2 hCas9AtU6-26 2x35S tnos



Gene targets LEAFY and AGAMOUS
Structure & expression in poplar studied previously
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Work flow
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Build constructs
Transform poplar 

tissue with 
Agrobacterium

Grow transformed 
plantlets

Extract DNA and 
gel-purify gene 

amplicons

Sequence 
amplicons across 

target sites

Identify mutation 
types and 
determine 
frequency



PCR amplification for mutation 
detection: Pt-LFY

30

LFY locus

Exon 3 Exon 2 Exon 1 (~436bp)

PCR product ~570 
bps

Reverse primer Forward primer

• Distance between forward primer and first target (      ): 70 bps
• Distance between first (      ) and second (      ) target: 120 bps
• Distance between second target (      ) and reverse primer: 313 

bps



PCR amplification for mutation 
detection: Pt-AG
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AG1 and AG2 loci

Exon 1 
(~227bp)

PCR product ~350 
bps

Reverse primer Forward primer

• Distance between forward primer and first target (      ): 70 bps
• Distance between first (      ) and second (      ) target: 42 bps
• Distance between second target (      ) and reverse primer: 174 

bps



Gel analysis: Large mutations easy to 
spot
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Many deletions
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Many insertions
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Double LFY CRISPR leads to large 
deletions and also inversions 
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Many mutants seen at one AGAMOUS
target site
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Two >400bp insertions seen to date
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Very low mutation rate at other AG 
target site

Wild type

AG-1 target site



Most LFY mutations have completely 
disturbed the final protein
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Wild type 
Wild type transgenic

Partial LEAFY peptide sequence

Homozygous
mutants



All the other mutants will have very 
short LFY proteins

40

Wild type 
Wild type transgenic

Partial LEAFY peptide sequence

SO MANY early stop codons

Homozygous
mutants



Summary: ¼ homozygous mutants, ½ 
mosaic mutants, no control mutants 
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Construct GE events sequenced Type of mutation # of events (%)

Single LFY1C 102
Homozygous 34 (33%)
Mosaic 51 (50%)
None 17 (17%)

Single LFY3C 46
Homozygous 15 (32%)
Mosaic 28(61%)
None 3 (7%)

Double LFY1C-LFY3C 59
Homozygous 11 (19%)
Mosaic 44 (74%)
None 4 (7%)

Single AG1C 33
Homozygous 0 (0%)
Mosaic 7 (21%)
None 26 (79%)

Single AG2C 12
Homozygous 7 (58%)
Mosaic 1 (8%)
None 4 (34%)

Double AG1C-AG2C 80
Homozygous 19 (24%)
Mosaic 45 (56%)
None 16 (20%)

Cas (empty vector) 14 None 14 (100%)

Total (w/out control) 332
Homozygous 86 (26%)
Mosaic 176 (53%)
None 70 (21%)



What will phenotypes be?  
RNAi field studies give a good indication
RNAi field trial of poplar in Oregon (photo from 2013)
25 constructs, 3 genotypes, 4,000 trees, 9 acres



Trees are getting big of late

July 2015

July 2014

43



Flushing of dormant buds in lab 
uncovered modified catkin morphology

Control

Most events were normal

AG

ReplicatedUnexpanded

AG/LFY and LFY



After field maturation, RNAi:LFY catkins 
remained tiny and did not produce seeds 
or cotton during two years of study
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Tiny RNAi:LFY catkins lacked stigmas, 
ovules, and cotton

Catkin 
exteriors

Capsule and catkin 
dissection

Carpel 
dissection

ov

controlcontrolPt-LFY:RNAi Pt-LFY:RNAi

ca
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ca

control

st



An absence of pleiotropy?
RNAi:LFY trees had normal vegetative growth
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Work ahead on CRISPR mutants
• Flowering and vegetative phenotypes

– FT retransformation to accelerate flowering
– Transformation of early flowering genotype for field 

trials
• Study of off-target mutagenesis
• Cumulative mutagenesis/reversions with active 

CRISPR gene present?
• CRISPR removal/deactivation system for 

biological or social reasons?  
• Understand effects on biodiversity from 

flower/seed removal
• Public engagement to promote a non-GMO 

designation for CRISPR mutants, or reduced 
regulatory stringency?  

48



Summary
• Gene flow extensive in trees, a major GMO 

issue for society
• For clonally propagated trees, complete and 

reliable sexual sterility may be a solution
• CRISPR/Cas9 works incredibly well in poplar 

(and many other organisms)
• Numerous knock-out homozygous mutants 

(indels, large deletions)
• Healthy, non-flowering phenotypes seem 

feasible based on field RNAi knock-downs of the 
poplar LFY gene 49



Threats to forest health and productivity 
are massive, global, and growing



In the face of these enormous threats, 
why keep tools as powerful as GMOs on 
the shelf?  
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