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trees: CRISPR disruption of LEAFY function in Eucalyptus
gives sterile indeterminate inflorescences and normal
juvenile development
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Removing CRISPR/Cas9 genes in clonally
propagated plants is a major challenge

Hard to segregate
(clones, late flowering)
Cannot fully or efficiently
remove transgenic DNA
(recombinase)
CRISPR/Cas9
iInnocuous? Leave in
genome ?

Are off-target rates
acceptable over years?

In Vitro Cellular & Developmental Biology - Plant
httpsy//doi.org/10.1007/s11627-021-10197-x

SPECIAL ISSUE ON GENOME EDITING

Gene editing in tree and clonal crops: progress and challenges

Greg S. Goralogia' - Thomas P. Redick? - Steven H. Strauss '

Retain Cas9/gRNAs

Exemption unlikely
under SECURE

Biolistics / PEG proto-

TMV-like virus -> gRNA ene editin :
Cas9 stable integrant plasts with Cas9-RNPs
Somatic regeneration

Transient delivery|wy. :‘gfobaﬂeﬂ"m-mediatefi
Ie

ansient editing (somatic
regeneration)
Viral complete Cas-gRNA &
editing (large payload virus)
TMV-like virus ->
gRNA (phloem mobile) o
Cas9 stable integrant Plasmids via PEG or

Altruistic / in planta

(edited seeds) nanotubes (somatic
regeneration)

Ways to get “clean” gene edits in clonally propagated plants






Cloning and construct Llahslonnatien Propagation and
9 & event pagation Plants in the field or greenhouse
development : multiplication
genotyping



We used a bait-capture approach to survey off-

target sites

(a) Generation of RNA bait capture probes

—>

Elute, amplify,
add T7 promoter

(b) Solution hybrid selection

Adaptored
pond of targets

—>

Solution
hybridization

DAICEL

—>

Biotin-UTP

transcription Biotinylated
bait probes

> SEQUENCE

Amplify by
off-bead PCR

Fisher et al. 2011 Genome Biol.



We opted against whole genome sequencing to
survey many events at more likely off-target sites

* Limited budget

* Needed high coverage to be confident about
mutations at predicted CRISPR/Cas9 off-target sites

* Wanted to sequence as many events as possible
comparable to a commercial biotech program,
including replication of clonal propagules (ramets)



20,000 probe sites were chosen by degree of
mismatch to the target gRNAs (up to 5/20)

 Used Cas-OFFinder software

« ~13,500 sites were designed against the Populus tremula/alba
genome sand ~6,500 sites for the Eucalyptus grandis genome

2 recent duplicate AGAMOUS genes in poplar, 1 gene for LEAFY in
poplar and eucalypt

* Mean of 60 to >300 reads per target site
* 1.09 Mbp DNA surveyed by bait capture = 0.3% of the poplar genome

APPLICATIONS NOTE * .5 cssiinmatcerinions

Sequence analysis Advance Access publication January 24, 2014
Cas-OFFinder: a fast and versatile algorithm that searches for

potential off -target sites of Cas9 RNA- gu ided endonucleases

Sangsu Bae'*!, Jeongbin Park®" and Jin-Soo Kim'*

"National Creative Research itiatives Center for Genome Engineering, “Department of Chemistry and *Department of
Physics and Astronomy, Seoul National University, 599 Gwanak-ro, Seo 151- 42, Sou Korea

Associate Editor: John Hancnck




CRISPR/Cas9 constructs targeted LFY and AG genes
with single and double gRNAs, total of 6 uniqgue gRNAs

PZ;M/USQI':GS) Eucalyptus (32 trees)
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Used Mutect2 program for off-target
mutation detection

gatk Tumor and normal contamination and heterogeneity

dysplastic

umor cells ; cancer

Tumeor pustty = (normal + tumor cells)
Tumor heterogeneity is based on
polygenomic populations, segregated or

intermixed, due t& ongoing subclonal
evolution.

Tumor Sample” ™

Tissue-adjacent Norm#&} Blood Normal

et

ion.nih.gov/supplements/nihl/cancer/guide/understandingl.htmi by 5.H. Lee




Mutant interrogation

* Mutec2 program reports potential mutations at different
threshold parameters, then manually inspected

* Need at least 5 reads support
* Must not be a natural polymorphism in our hybrids
« Within target 20bp gRNA-like site = Off-target mutation

At least 20 bp away from ends of the gRNA target = Somatic
mutation

20bp gRNA ~ 20bp

o] Eh




Manual inspection of Mutect2 reported
mutations
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We found two off-target sites mutated in poplars with
the PtaAG targeting construct, but not with PtaLFY

Off-target mutations only
occur in events where there

Populus PtaAG transgenics

is also on-target mutation,

353 717
P. tremula x tremuloides P fremula x alba
I /\ Off.target
AGT1/AG2 AG1/AG2 .AG‘I/AGZ' edltlng rate
double gRNA double gRNA single gRNA (by ramet)
O =
25 142 161 167 190 191 193 316 348 418 283 No edits 57%
5 0
=

BEE B [ 1EBERY II ny DD \ | B | II II [/l aAcamous 1 (aG1) (Exon)
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Filled cells = greater than 20% allele frequency



Similarly, we found two off-target mutated sites in
eucalypts (targeting EgLFY)

Eucalyptus EgLFY transgenics
SP7

E. grandis x urophylla

LFY kY editing rate
double gRNA single gRNA (by ramet)
‘ Ji Edited 33%

3 5 9 33 40 No edits 13%

2 46 66 72
H BEEEEEEEEEREEEE BB cAFY (LFY) (exon)
B EEEEREEREEEREEEEEE LFY/FLO likely pseudogene (Chr11G:30865718)

Filled cells = greater than 20% allele frequency



Mutations at off-target loci were small indels
proximal to PAM site, as expected for Cas9

81AA RLK psuedogene

. TGTGGAGGATGGATGCAA
Wild Type Alleles

TGTGGAGGATGGATGCAA

717 9AG event # 41g TCTCCAGGATGGATGCAA

sven TGTGGAGGATGGATGCAA

717 2AG event # 31 TGTGGAGGATGGATGCAA

TGTGGAGGATGGATGCAA

Q Q0O

CATTTGCCTAAACATCCTAATAT
CATTAGTCTAAACATCCTATTAT

CATTTGCCTAAACATCCTAATA
CATTAGTCTAAACATCCTATTA

CATTTGCCTAAACATCCTAATAT
CATTAGTCTAAACATCCTATTAT



The distance from the PAM to the induced
mutation was the same for on- and off-target sites
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Frequencies of edited alleles at each site varied
widely, some reached fixation

Thus mutations were

occurring at a wide variety of
times during somatic growth
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Off-target sites often quite divergent from
sequence of sgRNA

Mismatch number

to target Core GC%
, | G GGAAAG  GAGATCAAG 40%
GGGGAAAGGTGGAGATCAAG 55% PtaAG1/2
GG GA AGGTGGAGATCA G 40%
B Weleleler. V.V -NelelelerXer-er-V-\e 55% PtaAG1/2
, | GGAGGGC GGTCGGTGGAG 75%
GGAGGGCATGGTCGGTGGAG 70% EgLFY
£ C'AC cCATCC- -GETGE-C 7%
GGAGGGCATGGTCGGTGGAG 70% EgLFY




Somatic mutations found within many events and
even single ramets, frequency also highly variable

353 717

P. tremula x tremuloides P. tremula x alba

Thus somatic mutations were

also occurring at a wide variety
of times during somatic growth
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Takeaways: We observed some mutagenic
gRNAs, but off-target mutation rates extremely low

 High rates of off-target mutation at a few loci in many
iIndependent events suggest that some loci have high binding
affinity for the Cas9/target guides

« Off-target rates we found were predicted to occur at 2x10-°
bases in poplar, and less in eucalypts

« Reported rates of sexual mutation range from 7 x 1079
(Arabidopsis) to 3 x 1078 (maize) per generation — so very
similar or lower than background rate expected in breeding




Some caveats and directions

 Few sgRNAs (6) targeting 4 independent genes, only 2 of these
had off-target mutations observed

* Mutation rates are very heterogeneous among targets and events -- A
narrow sample of targets studied

« Screening larger numbers of events and targets, at depth, desirable in
future work

 Reason why some targets are much more prone to mutations
than others is unclear — needs biophysical study?

* The edited trees are coming into flower, and will be studied for
possible chimerism and for phenotypic effects — both for
flowering and vegetative growth

* Means for efficient excision of CRISPR/Cas in development
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