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• Goals are diverse
• Containment: Regulatory and social acceptance
• Nuisance tissue reduction: Ornamentals, allergens
• Improved wood production

• Why containment? Regulatory, market, and 
public acceptance with genetically engineered 
and exotic trees are difficult in many parts of the 
world – even for research
• Long distance gene flow, incomplete domestication, 

wild or feral relatives
• Public:  Perception of forests as wild

Why reproductive modification?



• Advantage of RNAi: No toxic genes like barnase
used (which can be unstable and harm vegetative 
development), degree of suppression can be 
varied, and can be highly stable

• Advantage of repressor overexpression: No 
flowering at all, trees remain juvenile, most rapid 
vegetative growth?

• Advantage of gene editing: Expected to give 
strongest loss of function, and be most efficient, 
predictable, and stable

Diverse approaches under study



• Bisexual sterility:  Target is intensely managed, 
vegetatively propagated elite forest tree varieties 
(clones), thus targeting master regulators of 
sexual development
• No further breeding, or create asexual restorer 

systems
• Suppress or mutate: Floral organ identity gene 

AGAMOUS and floral meristem identity gene 
LEAFY

• Repressor overexpression:  Use of natural floral 
suppressor or dominant negative form of natural 
activator

Specific approaches
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What is genetic engineering (GE)

• Direct modification of 
DNA
– Vs. indirect modification 

in breeding and genomic 
selection

• Asexually modified in 
somatic cells
– Then regenerated into 

whole organisms, usually 
starting in Petri dishes



Steps to 
create a GE 
plant

• Agrobacterium-
mediated 
transformation

• Biolistics or gene gun
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A big deal?   
• Ability to modify native genes efficiently
• The theoretical becomes practical

“CRISPR/Cas9 is a game-changing technology that is 
poised to revolutionize basic research and plant breeding.”





Gene editing described

• Technique that allows specific changes to the 
genome

• Employs methods of genetic engineering but 
generally does not leave the editing agent in 
the genome
– Editing agent enters cell but does not become part 

of genome
– Editing agent sexually segregated away (progeny 

chosen with the edit, but not the editing agent)
– Or agent somatically excised after editing



CRISPR gene editing system can 
be used for multiple purposes
• Mutations to destroy gene function 
• Directed changes to sequence to change function

– Proteins, RNAs, regulatory regions 
• Gene or chromosome scale rearrangements 

(inversions, translocations) 
• Ability to readily multiplex and mutate numerous 

genes at once
• Gene insertions directed at specific places
• Very low off-target rate in plants
• Conversion of alleles in successive generations 

(gene drive) – a useful means for control of 
serious diseases, pests, invasive exotic species? 



Multiplex CRISPR:62 genes targeted



Polyploid gene editing is effective



CRISPR/Cas systems are the dominant 
form of gene editing
• 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

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

Defense system in nature Synthetic nuclease system



A global scientific achievement
20 years of CRISPR “The story starts in the Mediterranean port of Santa 

Pola on Spain’s Costa Blanca, …in a laboratory 
working on Haloferax mediterranei, an archaeal 
microbe with extreme salt tolerance…the salt 
concentration of the growth medium appeared to 
affect the way in which restriction enzymes cut the 
microbe’s genome…the [derived] fragments…did not 
resemble any family of repeats known in microbes..”

http://www.cell.com/cell/pdf/S0092-8674(15)01705-5.pdf 



Lessons from CRISPR discovery
(Lander 2006, Cell)

• Breakthroughs often emerge from unpredictable 
origins
– Motivations included curiosity, and military and 

industrial applications

• Growing “hypothesis-free” omic discovery
• Best science work early in career – often pre-30
• Seminal work not from eminent research centers
• Leading journals rejected all the early papers
• Science is a slow, global enterprise, with multiple 

authors and institutions contributing



Science journalist Carl Zimmer explains 
CRISPR DNA editing in 90 seconds



A video with a more technical look at 
CRISPR



Sandman CRISPR !



5’
Double-stranded DNA Cleavage

Mutagenesis via non-homologous 
end-joining repair

Gene Replacement via 
homology directed repair
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Genome editing is based on targeted 
DSBs

Slides courtesy of Bing Wang, Iowa State University



DNA constructs:

mRNA molecules:

Ribonucleoproteins (RNP):

Ubi:Cas9:T U6:gRNA:T

Homo. L Homo. R

Cas9 mRNA sgRNAs

Cas9/gRNA (preassembled mixture)

Template 
DNA

Delivery systems for genome editing



T0 T1
T-DNA

Edit
Edit
only 

segregation

Transgene-free, gene-edited plants can 
be obtained from a segregating 
population, if sexual reproduction useful



Nuclease  
gene transfer

Callus initiation Selection

Planting Regeneration

Plant genome editing requires 
transgenics



Summary 
of CRISPR 
Cas-
mechanism
_________

Two major 
types of 
edits



Many new constructs, approaches 
under development



Gene drives for suppression of crop 
pests?  
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Plant Mega-
nuclease

ZFNs TALENs Cas9/gRNA

Arabidopsis √ √ √ √
Canola √
Cotton √
Potato √ √
Soy bean √ √ √
Tobacco √ √ √
Tomato √ √
Barley √ √
Maize √ √ √ √
Rice √ √
Sorghum √
Wheat √ √

Major plant species targeted for gene 
editing with engineered nucleases



CRISPR non-browning mushroom with 
mutated polyphenol oxidase (PPO) gene

Waltz, E. (2016). Nature News 532.

http://www.nature.com/news/gene-edited-crispr-mushroom-escapes-us-regulation-1.19754


Non-bruising PPO- and invertase-mutant 
potatoes produced by gene editing



Pioneer’s CRISPR-edited waxy corn of 
high commercial value, unregulated

Waltz, E. (2016). Nat Biotech 34.

http://www.nature.com/nbt/journal/v34/n6/full/nbt0616-582.html


CRISPR- modified grapefruit resistant 
to citrus canker

• Other examples:
– Blight resistant rice 

(Zhou et al., 2014, 
Nucl. Acids Res.)

– Fungus-resistant 
wheat (Wang et al., 
2014, Nat Biotech) 

– Virus-resistant 
cucumber 
(Chandrasekaran et 
al., 2016, 
Molecular Plant 
Pathology) 



Mutated yield-related genes in wheat 
leads to larger and more numerous 
grains



Sugarcane, a polyploid, with lower 
lignin for use as biofuel

• Brown coloration 
seen in plants with 
high lignin reduction 
(22 to 32% reduction)

• Altpeter, 2016, Plant 
Molecular Biology



Many other applications…..

• Soybean seeds with improved fatty acid 
content/profile (Haun et al. 2014, Plant 
Biotechnol Journal)

• Tobacco with improved glycosylation profiles 
for safer/faster production of pharmaceutical 
proteins (Li et al., 2016, Plant Biotechnol
Journal 14) 



Livestock too…..Recombinetics creates 
hornless cattle



Directed 
gene 

modification



Homology-directed repair leads to 
herbicide-resistant crops 
• Chlorsulfuron-resistant maize 

(Svitashev et al., 2015, Plant Physiolgy)
• Chlorsulfuron-resistant potato (Butler 

et al., 2016, Front. Plant Science) 
• Chlorsulfuron-resistant soybean (Li et 

al., 2015, Plant Physiology) 
• Chlorsulfuron-resistant rice (Sun et al., 

2016, Molecular Plant)
• Glyphosate-resistant rice (Li et al., 

2016, Nature Plants)

Edited            WT



Promoter replacement using CRISPR 
increased grain yield in maize 

Promoter replacement of 
the endogenous ARGOS8
gene leads to increased 
grain yield during flowering 
stress and no yield loss 
during well-watered 
condition



A strong promoter, modified by gene 
editing, increased anthocyanin biosynthesis 
in tomato

Čermák, T. et al., 2015, Genome Biol 16.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4635538/
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RNA 
interference 
(RNAi) 

A natural 
mechanism of gene 
suppression.
`
Many products on 
the market.  Gene 
editing products do 
similar things 
without the 
transgene present 



Non-browning “Arctic Apple” 
RNAi suppression of native polyphenol oxidase gene 
expression

Courtesy of Jennifer Armen, 
Okanagan Specialty Fruits, 
Canada



Target genes for bisexual sterility

• LEAFY – floral meristem prior to organ 
differentiation

• AGAMOUS – Male and female organ 
development and floral determinacy



Flowers in 
strong ag
mutants 
lack both 
stamens 
and 
carpels, 
and are 
indeter-
minate

Parcy et al. 2002; Galimba et al. 2012

Arabidopsis                        Ranunculid

Wild type

ag mutants



Strong 
lfy
mutants 
appear 
to have 
no 
flowers

Parcy et al. 2002; Moyroud et al. 2010

Snapdragon             Arabidopsis               Petunia 

lfy mutants

Wild type



LEAFY and AGAMOUS homologs in poplar 
studied in prior work



Field trials of RNAi-poplars



Experimental overview

1

2

3

4

Create RNAi constructs based on the 
reference sequence from Populus trichocarpa 

Produce transgenic poplars (P. alba genotype 
6K10, Marizio Sabbati, Univ. Viterbo, Italy)

Evaluate phenotypic changes in field
(FT accelerated flowering 
impeded RNAi effects)

Evaluate gene expression Haiwei Lu, PhD 
student, OSU



Two PtAG-RNAi constructs, with and 
without matrix attachment regions 
(MARs)

• MPG

pNOS tOCS PtAG intron PtAG 35sLB RBtNOS nptII

pNOS tOCS PtAG intron PtAG 35sLB RBtNOS nptII MARMAR

• PTG



RNAi constructs contained an inverted 
repeat that targeted 393 bp of the 
non-MADS region

Target of RNAiMADS

Targeting two paralogous (duplicated) 
highly similar PtAG genes in poplar



Summary of floral modifications

Construct 
ID

No. of 
insertion 

events

No. of events 
that flowered 

by 2017

No. of events 
with altered 

floral 
morphology

PTG 22 22 6 (27%)
MPG 13 12 11 (92%)

WT-CTR 24 19 0 (0%)

The MAR elements more than tripled 
RNAi suppression frequency 



Floral buds on altered events flushed early 
- unexpected
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Altered events had highly modified, 
sterile flowers

WT RNAi against 
PtAGs

Four ovules inside 
each carpel

Replicated carpel
No ovules



Strongly altered events were stable within 
and among trees over 4 years

12 fully sterile events (2/3), 50 trees examined



Mild, correlated suppression of the 
two PaAG paralogs were associated 
with floral modification
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Strong AG-RNAi trees showed normal 
vegetative growth as well as sterility

• A= Altered, N=Normal, Bars = SE of the mean
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Sterility, normal growth of LEAFY-RNAi 
poplars over four growing seasons

Control LFY Control LFY

3-12-14

Klocko et al. 
2016, 
Nature 
Biotechnology



Sweetgum RNAi-AGAMOUS plantation 
(Sept 2016)



RNAi-AG trees had leaves and bright fall 
foliage like those of wild type ~8 years

control RNAi-AG control

RNAi-AG

61



Altered phenotypes of RNAi-AG 
sweetgum were stable over 3 years

J94-4P134-1 N63-1Control

2014

2015

62



RNAi-AG flowers matured into sterile, 
brown papery fruits

April June

control

RNAi-AG

October

63



qPCR shows sterile events have strong 
suppression of one or both AG-like genes

0

0.2

0.4

0.6

0.8

1

1.2

1.4

control P134 I7 J94

AG
LSAG
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Floral suppressors:  Scored extent of 
flowering in all trees



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



80% of all SVP-OE events showed floral 
abundance scores of less than 2 
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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



Non-flowering events had high 
expression of PtSVP in leaves
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Former postdoc



Future of floral suppressor studies
• Study of two additional successful suppressors 

based on mutated AP1 gene
• Studies of growth effects underway – some 

appear likely
• Superior method likely to be CRISPR promoter 

engineering vs. simple 35S overexpression



Overview of CRISPR methods in poplar

78



Overview of CRISPR methods in poplar

79



Experimental constructs – single 
and double targets per gene

80

pPZP200
LB RBnptII

sgRNA hCas9AtU6-26 2x35S tnos

pPZP200
LB RBnptII

hCas92x35S tnos

sgRNA 1AtU6-26

LB RBnptII

sgRNA 2 hCas9AtU6-26 2x35S tnos

pPZP200

Control construct

Nuclease constructs



Targeting two sites in the single-copy 
LFY gene in poplar

81

>PtLFY
…CATGCACCAGTGAAAGATCACAGAGAGAGAGACAAGGGGGCAGATAGATATGGATCCGGAGGCTTT
CACGGCGAGTTTGTTCAAATGGGACACGAGAGCAATGGTGCCACATCCTAACCGTCTGCTTGAAATGGT
GCCCCCGCCTCAGCAGCCACCGGCTGCGGCGTTTGCTGTAAGGCCAAGGGAGCTATGTGGGCTAGAGG
AGTTGTTTCAAGCTTATGGTATTAGGTACTACACGGCAGCGAAAATAGCTGAACTCGGGTTCACAGTGA…

Target site for LFYsg1 (in exon 1)

Target site for LFYsg2

PtLFY locus

Exon 3Exon 2Exon 1

Reverse primerForward primer



>PtAG2
…GATCAGCTAGCTAGGCAGCAGCTATGGCATACCAAAATGAATCCCAAGAGAGCTCCCCCCTGAGGAAGC
TGGGRAGGGGAAAGGTGGAGATCAAGCGGATCGAGAACACCACAAATCGYCAAGTCACTTTCTGCAAA
AGGCGGAATGGTTTGCTCAAGAAAGCCTATGAATTATCTGTTCTTTGCGATGCTGAGGTTGCACTCATCG…

Targeting two identical sites in the 
two paralogous AG genes in poplar

82

>PtAG1
…GGATCAGCTAGCTAGACTGCAGCTATGGAATATCAAAATGAATCCCTTGAGAGCTCCCCCCTGAGGAAGC
TAGGAAGGGGAAAGGTGGAGATCAAGCGGATCGAGAACACCACCAATCGCCAAGTCACTTTCTGCAAA
AGGCGCAGTGGTTTGCTCAAGAAAGCCTACGAATTATCTGTTCTTTGCGATGCTGAGGTTGCACTCATCG…

Target site for AGsg2 Target site for AGsg1

PtAG1 and PtAG2 loci

Exon 1

Reverse 
primerForward 

primer



Natural SNPs facilitate direct PCR, 
allele-specific PCR, or cloned 
amplicons for identifying knock-outs

SNPs in PtAG2



CRISPR causes high knock-out 
frequency in poplar

Population Total events Mutation # events Frequency

LFY-CRISPR 717 256
Biallelic KO 168 65%

WT 88 35%

LFY-CRISPR 353 38
Biallelic KO 27 71%

WT 11 29%

AG-CRISPR 717 159
Biallelic KO 133 84%

WT 26 16%

AG-CRISPR 353 35
Biallelic KO 29 83%

WT 6 17%

Cas9 control 717 33
Biallelic KO 0 0%

WT 33 100%

Cas9 control 353 17
Biallelic KO 0 0%

WT 17 100%

All poplar 488 Biallelic KO 357 73%
WT 131 27%



CRISPR causes high knock-out 
frequency in eucalypts
Population Total events Mutation # events Frequency

FT LFY-CRISPR 60
Biallelic KO 58 97%

WT 2 3%

FT Cas9 control 10
Biallelic KO 0 0%

WT 10 100%

SP7 LFY-CRISPR 10
Biallelic KO 10 100%

WT 0 0%

SP7 Cas9 control 2
Biallelic KO 0 0%

WT 2 100%

All eucalypt 70 Biallelic KO 68 97%
WT 2 3%



Small indels were frequent for single 
target nucleases
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Large mutations were common among 
active double nucleases

All the homozygous mutants for 
LFYsg1sg2 had DSBs at both target sites

Most homozygous mutants for AG1-AG2C had small indels

About 20% of homozygous mutants for 
AGsg1sg2 had DSBs at both target sites



Diversity in mutation type and number 
from allele-specific PCR in hybrid male 
aspen 353

Target site for AGsg2 Target site for AGsg1
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Knock-out events expected to have 
non-functioning PtAG1

Partial peptide sequence

Early stop codons

Mutations Target site for AGsg2 Target site for AGsg1
WT

Insertion

Deletions

89



• Cas9-only control events
• No mutations (62 events, poplar and eucalypts)

• CRISPR-Cas events
• Poplar:  73% of events were knock-outs (488 events 

tested, AG and LFY)
• Eucalypts:  97% knock-outs (70 events, LFY)

• Off-target studies underway  

Summary:  High CRISPR mutation rates 
observed in poplar and eucalypts

90Estefania Elorriaga, 
PhD student



LFY knock-out in rapid flowering FT 
background
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Social dimensions
• Largest barriers to use are social, not technical
• Ethics:  Is the method OK to use at all?  

– Impossible to trace with certainty
– Do we need to add tracer DNA?  

• Should it be regulated and labeled like GMOs?  
• Should all mutagenesis uses of gene editing be 

excused from regulation?  
• What about market forces and self-labeling?  



Global regulatory quandry



USA GMO labeling law in place



New USDA proposal on Jan 19, 2017



Gene editing is GE…

• “For the purposes of this rule, APHIS is 
proposing to consider genome editing to be 
within the definition of genetic engineering. “

• Does that mean every editing line must come 
before USDA?  

• How much data and confinement is required 
during research and breeding? 

• Is it essentially a GMO?   



But…..the definition of GE is further 
restricted…
• … an organism will not be considered a 

genetically engineered organism if: 
• (1) The genetic modification to the organism is 

solely a deletion of any size or a single base 
pair substitution which could otherwise be 
obtained through the use of chemical- or 
radiation-based mutagenesis; or 



But…..the definition of GE is further 
restricted…
• … an organism will not be considered a 

genetically engineered organism if: 
• (2) The genetic modification to the organism is 

solely introducing only naturally occurring 
nucleic acid sequences from a sexually 
compatible relative that could otherwise cross 
with the recipient organism and produce 
viable progeny through traditional 
breeding…or 



But…..the definition of GE is complex
• … an organism will not be considered a 

genetically engineered organism if:
• (3) The organism is a ‘‘null segregant,’’ that is, 

the progeny of a GE organism where the only 
genetic modification was the insertion of 
donor nucleic acid into the recipient’s 
genome, but the donor nucleic acid is not 
passed to the recipient organism’s progeny



What does this mean?  
• “For the purposes of this rule, APHIS is 

proposing to consider genome editing to be 
within the definition of genetic engineering. “

• Does that mean every editing line must come 
before USDA?  

• How much data and confinement is required 
during research and breeding? 

• Is it essentially a GMO up until the time of 
final approval, which should be expedited? 



Regulation of gene editing depends on 
decisions of three agencies –
coordinated but distinct

EPA - Environmental Protection Agency:

Biopesticides

FDA - Food & Drug Administration:

Food consumed by humans or animals

USDA – US Department of 
Agriculture:

Agricultural products of 
plant or animal origin



FDA is 
proposing to 
regulate gene 
edited animals 
as animal 
“drugs” – a 
very costly 
and difficult 
regulatory 
hurdle to clear



Markets are another thing….
The National Organic Standard Boards has 
banned gene editing technologies

“Every organic stakeholder is 
clear that genetic engineering is 
an imminent threat to organic 
integrity. Every effort must be 
made to protect that integrity,”



Proliferation of self-defined no-GMO 
labels likely to exclude gene editing?

https://www.aphis.usda.gov/stakeholders/downloads/2015/coexistence/Errol-
Schweizer.pdf



Summary
• Gene editing works well everywhere its been tried 

– This one is not hype! 
• Still depends on capability for GE

– Difficult in many species and genotypes
– Methods to avoid insertion complex (protoplasts, RNA-

proteins)
• Significant social issues and uncertainties

– Ethics, regulation, market exclusions, labeling, and patents 
– Key determinants of whether this technology will matter a lot 

or not so much
• Highly effective in poplar and eucalypts, could be used for 

many traits beyond sterility
– Key constraints are science knowledge, genetic engineering 

capability, and regulation/markets 



Who did the work?   Flowering 
research team 2016-17

Anna Magnuson, Program 
& Field Manager

Cathleen Ma, Transformation 
& Greenhouse Experiments

Emily Helliwell, Post-
Doc, Genomics and 

Bioinformatics 

Amy Klocko, 
Postdoc, Flowering

Estefania Elorriaga, 
Grad Student, 

CRISPRs Haiwei Lu, Grad 
Student, RNAi

Sarah Higgins, Technician, 
Floral Analysis

Michael Nagle, Grad 
Student, CRISPRs

Jeremy Jacobson, 
Undergraduate Research 

Ximin An, Visiting Scienist, 
Beijing Forestry University
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