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Conventional 
Transgenic Approaches

Ø Random insertion of transgene

Ø Not suitable for gene targeting or precise gene mutation

Ø Difficult to perform gene replacement or create allelic variation

Ø Introduction of undesirable DNA fragments (T-DNA, selection markers)

Ø Extensive regulatory requirements

Ø Public concerns over transgenic crops

Drawbacks:

New technology is much needed:
Ø To precisely and efficiently manipulate genome for crop improvement

Ø To reduce regulatory hurdles and public concerns



Genome Editing: Break and Repair DNA

Non-homologous end-joining Homology-directed repair

Nature Biotech 32: 347 (2014)  



Programmable Nucleases for Genome Editing

ZFN (1996)
Code: 1 ZF motif / 3bp

TALEN (2010)
Code: 1 RVD motif / 1bp

RGN (2012)
Code: RNA-DNA, 1base / 1bp
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Program nuclease based on DNA binding
specificity of zinc fingers and TAL effectors

Program nuclease 
according to RNA:DNA 
base pairing
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(Science, Aug. 23, 2013)

CRISPR: clustered regularly interspaced short palindromic repeats

CAS: CRISPR-associated nuclease

CRISPR/Cas: A Bacterial Defense System

These Streptococcus pyogenes bacteria 
use CRISPR/Cas9 system to battle viruses



2015 Breakthrough Prize

2nd Annual Breakthrough Prize Ceremony held at NASA’s Ames Research Center
in Moffett Field, CA, on November 9, 2014. The event was hosted by Breakthrough
Prize founders Sergey Brin and Anne Wojcicki, Jack Ma and Cathy Zhang, Yuri and
Julia Milner, Mark Zuckerberg and Priscilla Chan.
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Engineering CRISPR/Cas9 for Plant Genome Editing

Xie and Yang (2013) Mol Plant 6: 1975-1983 
Xie et al. (2014) Mol Plant 7: 923-926
Xie et al. (2014) Bio-Protocol 7: e1225
Xie et al. (2015) PNAS 112: 3570-3575
US Patent Applications (2013 & 2014)

gRNA: single guide RNA
PAM: protospacer adjacent motif

Plasmid vectors available via Addgene (www. addgene.org)



Design of gRNAs to 
Target Three Specific 
Sites of OsMPK5

* OsMPK5 encodes a 
stress-inducible MAP 
kinase which negatively 
regulates rice disease 
resistance

Mol Plant 6: 1975-1983 (2013) 



Transgenic Rice Lines with
Targeted Mutation of OsMPK5

Genome editing resulted
in single base indels and
frame-shift of OsMPK5

gRNA/Cas9 could be readily
removed via segregation, 
resulting in transgene-free
mutant lines

deletion

insertion



CRISPR/Cas9 Editing Specificity
Specificity/off-target determinants:
1. Cas9 protein (some variants are more specific)
2. gRNA/Cas9 concentration in the cell
3. gRNA/Cas9 exposure time/duration (transient vs. stable)
4. DNA sequences of genomic sites

www.genome.arizona.edu/crispr

Genome-wide prediction of specific gRNA spacers



Polycistronic tRNA-gRNA (PTG) Technology
Array gRNAs tandemly in a single polycistronic gene and utilize 

endogenous tRNA processing system for precise cleavage and 
production of numerous gRNAs in vivo. (PNAS 112: 3570-3575, 2015)



Multiplex Targeted Mutagenesis with PTG
in Stable Transgenic Rice Plants



Inheritance of MPK1/MPK2/MPK5/MPK6
Quadruple Mutation in T1 Rice Lines

(Yang lab, unpublished)



Technical advantages for basic plant biology and crop breeding
Ø Targeted gene mutation (multiple or redundant genes)
Ø Site-specific integration and gene stacking
Ø Gene replacement via homologous recombination
Ø Site-directed mutagenesis to create allelic variation
Ø Chromosomal engineering such as deletion or translocation
Ø Modification and labeling of multiple genomic sites
Ø Transcriptional modulation of multiple genes and pathways
Ø Epigenome editing such as methylation and demethylation
Ø Cisgenesis without introducing undesirable foreign DNA

Economic, regulatory and societal benefits:
Ø Reduce costs for precise and efficient molecular breeding
Ø Eliminate or significantly reduce regulatory requirements
Ø Alleviate public concerns about GM crops

Broad Application of CRISPR-Cas9 Technology



Nature Biotechnology 32: 947–951 (2014)

Simultaneous Mutation of
Six MLO Alleles Confers

Powdery Mildew Resistance



Transgene-free Mutation of OsMPK5 to Enhance 
Rice Blast Resistance

Suitable for seed 
propagated crops
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(Yang lab, unpublished)



AS1 encodes asparagine synthase 1

Transgene-free Mutation of AS1 for Potential
Reduction of Acrylamide Levels in Potato

(Yang lab, unpublished)

Transient expression RegenerationCallus formation w/o antibiotic selection



Transgene-free, Anti-browning Mushroom to Extend
Shelf Life and Facilitate Mechanical Harvesting

(Yang lab, unpublished)



Near-term Applications for Crop Breeding

1. Targeted deletion of single or multiple genes for transgene-free,
mutational breeding in various crop species.

2. Site-specific integration and precise gene stacking for transgenic
or cisgenic breeding.

3. Multiplex editing to create allelic variation at quantitative trait loci
to improve multiple agronomic traits (yield, quality, disease 
resistance and abiotic stress tolerance).

Genome editing in rice for S918A conversion in Pita
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