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How do we feed 10 billion people?

https://ccafs.cgiar.org/news/big-facts-focus-food-security



每人可耕地面積

2,000 sqm

2,700 sqm

5,100 sqm

1950

2000

2050

全球人口

6 Billion

2.8 Billion

~10 Billion

Source: FAO https://ccafs.cgiar.org/bigfacts/#theme=food-security
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With current global trends in diets and population, 

60% more food will be needed in 2050



https://ccafs.cgiar.org/news/big-facts-focus-food-security

Demand for animal protein is increasing

Source: Kastner et al. 2012



https://www.euractiv.com/section/biofuels/news/biofuels-impact-on-food-security-debate-resurfaces-amid-ukraine-war/

Food security 糧食確保

Food safety 糧食安全

Sustainability 農業永續



https://slate.com/technology/2022/04/end-of-astronauts-excerpt-mars-robots-

humans.html
http://www.nbtplatform.org/frequently-asked-questions

https://mua.fandom.com/wiki/Hulk



Comparison of breeding methods used in modern agriculture



The process of conventional breeding in plants

Modified from Nature Review ( 2001)

選拔製造遺傳變異
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Bottleneck of crossing breeding

1. Linkage drag. 連鎖累贅

2. Abiotic stress tolerance is controlled by a complex pathway.

非生物性逆境抗性路徑過於複雜不易進行
3.   Cannot be applied to vegetatively propagated plants.

無種子的植物無法進行

4.   Restricted Germplasms. 種源有限

5. The breeding of many woody horticultural crops such as apple and 

walnut can take as many as 20–30 years to assort several favorable 

traits together in a single individual. 木本植物育種時間太久

6. Breeding is difficult to apply in polyploid crops. 多倍體育種難度高



Comparison of breeding methods used in modern agriculture



• More than 3333 officially released mutant varieties from 228 different plant 

species in more than 73 countries throughout the world (2019 FAO/IAEA 

Mutant Variety Database).

Front Plant Sci (2019) https://doi.org/10.3389/fpls.2019.01326

･Chemical mutation

･Physical mutation

･Biological mutation･Error in DNA duplication

Random Mutation 逢機突變

Spontaneous mutation Induced mutation

･Radiation

･Transposon

･････

Mutation breeding



Comparison of breeding methods used in modern agriculture



來自農桿菌的轉基因存在部分植物基因組

PNAS | May 5, 2015 |vol. 112|5844–5849



Global Agricultural Biotechnology for Transgenic 

Crops Market



Comparison of breeding methods used in modern agriculture



• Genome editing is a method that lets scientists change 

the DNA of many organisms, including plants, bacteria, 

and animals.

• Editing DNA can lead to changes in agronomic traits, like 

yield, quality and disease/stress resistance. 

• Scientists use different technologies to do this.

What is genome editing?



-Homology directed repair (HDR)

-Non-homologous end joining (NHEJ) 

Break

Repair

DNA double strand breaks (DSBs) 

How does gene-editing work?



Continuous improvement of the specificity

From: Marie-Bérengère TROADEC, 2018



Streptococcus thermophilus, a workhorse of yogurt and cheese production.
嗜熱鏈球菌



Annu. Rev. Genet. 2011. 45:273–97

CRISPR array的protospace序列轉錄成RNA，當外源DNA再次入侵時，系統中的
Cas蛋白(核酸酶)會利用這些RNA片段(crRNA)去結合並切斷入侵的相似序列，造
成雙股DNA斷裂(Double-strand break)。

CRISPR: Bacteria Immune System



2020 Nobel Chemistry Prize Awarded 

for CRISPR ‘Genetic Scissors’

https://www.nobelprize.org/prizes/chemistry/2020/press-release/

Max Planck Unit for the Science of 

Pathogens, Germany

Born in France,  1968 Born in the USA,  1964

University of California, Berkeley, USA

Howard Hughes Medical Institute



The CRISPR/Cas9 system

https://www.addgene.org/guides/crispr/

• CRISPR-Cas9 genome editing includes two key components: 

a single-guide RNA (gRNA) and a CRISPR-associated endonuclease (Cas). 

• The sgRNA and Cas9 are combined into a ribonucleoprotein complex when 

they are used in CRISPR experiments.



Protospacer Adjacent Motif 
(PAM sequence)

https://blog.addgene.org/the-pam-requirement-and-expanding-crispr-beyond-spcas9

• Cas9 can be used to modify any desired genomic target provided that the sequence is located 

just upstream of a Protospacer Adjacent Motif (PAM sequence). 

• The 3-5 nucleotide PAM sequence serves as a binding signal for Cas9 and this sequence is a 

strict requirement for Cas9-mediated DNA cleavage.



The CRISPR/Cas tools

CRISPR Nucleases Organism Isolated From PAM Sequence (5’ to 3’)

SpCas9 Streptococcus pyogenes 3' NGG

SpCas9 D1135E variant Streptococcus pyogenes 3' NGG (reduced NAG binding)

SpCas9 VRER variant Streptococcus pyogenes 3' NGCG

SpCas9 EQR variant Streptococcus pyogenes 3' NGAG

SpCas9 VQR variant Streptococcus pyogenes 3' NGAN or NGNG

xCas9 Streptococcus pyogenes 3' NG, GAA, or GAT

SpCas9-NG Streptococcus pyogenes 3' NG

SaCas9 Staphylococcus aureus 3' NNGRRT or NNGRR(N)

AsCpf1 and LbCpf1 Acidaminococcus sp. and 

Lachnospiraceae bacterium 

5' TTTV

AsCpf1 RR variant Acidaminococcus sp. 5' TYCV

LbCpf1 RR variant Lachnospiraceae bacterium 5' TYCV

AsCpf1 RVR variant Acidaminococcus sp. 5' TATV

Campylobacter jejuni (CJ) 3' NNNNRYAC

Neisseria meningitidis (NM) 3' NNNNGATT

Streptococcus thermophilus (ST) 3' NNAGAAW

Treponema denticola (TD) 3' NAAAAC

Additional Cas9s from various 

species

PAM sequence may not be 

characterized

Summary of Cas and other nuclease variants used in CRISPR experiments and their PAM sequences



Cutting + Repairing



CRISPR/Cas9-induced mutations in soybean

BMC Plant Biology (2019) 19:311



How does genome-editing work in plants?

1.Recognition 辨認

2. Targeting 瞄準

3. Cutting 切割

4. Repairing 修復

5. Mutation 突變



1. 透過農桿菌轉殖質體DNA到植物基因組進行基因編輯
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如何將基因編輯工具送入植物基因組

RNA-蛋白質(核酸酶)複合體

https://blog.addgene.org/genome-engineering-using-cas9/grna-ribonucleoproteins-rnps



https://www.addgene.org/guides/crispr/

1. Design and synthesize specific and 
effective gRNA  spacers. 

2. Assemble gRNA/Cas9 construct or 
ribonucleotide protein complex.

3. Deliver gRNA/Cas9 construct or RNP 
complex into  the plant cell.

4. Regenerate intact plants.

5. Genotyping and molecular characterization

6. Phenotyping, functional genomics and 

agronomic trait evaluation.

Basic strategy for CRISPR/Cas9 editing in plants

https://www.sigmaaldrich.com/technical documents/articles/ 

biology/genome-editing-in-plants-with-crispr-cas9.html
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X

第一代植物
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

轉入的CRISPR/Cas9
基因編輯位點
Edited site

自交

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

第二代植物 (T1 plants)

GMO GMO Non-GMO

Transgene-free
WT

後裔分離 segregation

Generating transgene free GE plants by genetic segregation

(T0 plants)



https://blog.addgene.org/genome-engineering-using-cas9/grna-ribonucleoproteins-rnps

Without DNA integration

Basic strategy for CRISPR/Cas9 editing in plants

2. 直接送入RNA-蛋白質複合體RNP (ribonucleoprotein) 進行基因編輯



dCas9 can easily be fused to effectors for 

targeted gene regulation

Gilbert et al. (2013)



• Simplicity and efficiency 簡單、高效

• Precise editing with relatively low cost 精準、低成本

• Multiplex genome editing 同時編輯多個基因

• Works well in editing polyploidy plants 多倍體育種利器

• Relieve genetic erosion 緩解遺傳質流失

--breeding landrace to become the primary genetic 

background of modern varieties.

• Overcome linkage drag 克服遺傳累贅

• Transgene free 無轉基因
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Advantages of  CRISPR/Cas9 system



a. Plant breeding is different from animal breeding

- Crop produces hundreds of seeds.

c. Crops edited by SDN1-type gene-editing is as safe as mutation breeding.

- Progenies with abnormal phenotypes were all discarded by selection.

- Variation is the basis of plant breeding.

b. Off target can be validated by whole genome sequencing. 

Off-target issue

Method Mechanism of mutation Mutation 

frequency

Estimated mutation

events

Chemical

mutagen

EMS G/C to A/T transitions or G/C to 

C/G or G/C to T/A transversions

2-10 mutations/Mb 

(Till et al. 2007) 860-4300

Physical

mutagen

γ-rays Single nucleotide substitution,

inversion and deletion

7.5-9.8 /Mb

(Li et al., 2016) 3450-44178

Biological

mutagen

Retro-

Transposon

Random sequence insertion 1 insertion/100-kb

(Miyao et al., 2003)

4300

Gene 

editing

CRISPR/Cas9 Small indels (≤10pb), often 

single nucleotides and deletions

85%-100%

(reviewed in 

Zhu et al., 2017)

1 (+ when off target 

happens)



變異來源 優缺點

天然突變 機率非常低

人為誘變 效率低、隨機突變、須建立龐大族群
篩選、誘變往往伴隨多種性狀變化

種原導入 種原有限、連鎖累贅、多倍體育種難
度高、時間長

基因轉殖 隨機嵌入染色體、GMO issue

基因編輯 精準、簡單、快速、非轉基因

製造植物遺傳變異方法的優缺點



斷裂的DNA經過修補後，產生鹼基缺失、表達框架位移(SDN1)或嵌入一段相類似
的DNA(SDN 2& 3)，最終造成基因功能喪失、基因序列修復、或基因嵌入

DNA double strand break

Gene disruption Allele conversion Targeted integration

https://www.laboratory-journal.com/science/life-sciences-biotech/molecular-scissors-revolutionize-plant-breeding

ZFN

TALEN

CRISPR

NHEJ HR

Gene-edited crops using SDNs are divided into three types

利用外源DNA補丁 利用外源DNA取代一段DNA精準突變



Current Australian regulatory status of organisms developed via gene 

editing techniques, natural mutations and mutagenesis

In Vitro Cellular & Developmental Biology - Plant (2021) 57:574–583



Regulatory overview of genome-edited organisms in Japan

Front. Bioeng. Biotechnol. (2019)7:387





Philippines Releases Regulations for Gene-edited 

Plants  on May 25, 2022





Current state of genome-editing legislation

EMBO reports 21: e50680 | 2020





Waxy corn generated by CRISPR/Cas9



Gene-edited high oleic acid soybean oil now available 

in the US 

https://www.isaaa.org/kc/cropbiotechupdate/article/default.asp?ID=17345

Dupont/RNAiCalyxt/ GE

• 在大豆種子和植株中，Fatty Acid Desaturase 2 (FAD2) 是控制單元不飽和脂肪生
成的關鍵基因，FAD2催化油酸成為亞麻油酸，因此只要將低 FAD2 基因表達，即
可提高油酸這個單元不飽和脂肪酸含量。

• 利用基因編輯敲除大豆FAD基因，油酸 (Oleic acid) 含量從 20% 提高到 80%，亞
油酸 ( linoleic acid)含量則由 50% 降至 4%，大幅改善大豆油的品質。



低鎘累積越光米之育成

Satoru Ishikawa et al. PNAS 2012;109:19166-19171

© 2012 by National Academy of Sciences



Structure of OsNRAMP5 and the mutation sites in 

lcd-kmt1 and lcd-kmt2

© 2012 by National Academy of Sciences



Gene responsible for low-cadmium rice 

identified in Koshihikari

• Three rice mutants with grains containing less than 0.05 mg cadmium (Cd) 

per kilogram were identified. 

• The group produced the mutants by carbon ion-beam irradiation and also 

identified the responsible gene for reduced Cd uptake:OsNRAMP5 gene, 

which encodes a Mn, Fe and Cd transporter



https://www.maff.go.jp/j/kanbo/kihyo03/gityo/new_tech_cultivar/attach/pdf/2017-45.pdf



https://www.naro.affrc.go.jp/archive/niaes/sinfo/result/result31/result31_42.html



Tang et al. 2017

Generation of low cadmium rice by CRISPR/Cas9

利用基因編輯突變水稻Nramp5基因大幅抑制鎘的吸收



Loss of TaMLO function confers resistance of bread 

wheat to powdery mildew disease

Nature Biotechnol. (2014)32



https://www.isaaa.org/kc/cropbiotechupdate/article/default.asp?ID=18668



Source: Dr. Ezura, Univ. Tsukuba 



Source: Dr. Ezura, Univ. Tsukuba 



https://japan-forward.com/a-new-era-for-food-the-potential-benefits-of-gene-edited-foods/



https://japan-forward.com/a-new-era-for-food-the-potential-benefits-of-gene-edited-foods/



Future applications for innovative plant design

Nastia and Voytas (2021) PNAS



Domestication of wild tomato is accelerated by 

genome editing

Li et al. (2018) Nat Biotechnol

S. pimpinellifolium



Recent progress in CRISPR/Cas-mediated cis-engineering

in plants

Horticulture Research ( 2020) 7:36



Domestication of wild tomato is accelerated by 

genome editing

Li et al. (2018) Nat Biotechnol



基因編輯可加速育種、補強傳統育種之不足
• 簡單、高效、精準、低成本

• 同時編輯多個基因、多倍體育種利器

• 克服遺傳累贅

• 微調基因表達，創造新數量性狀

• 無轉基因
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Take home messages

https://newsletter.sinica.edu.tw/15761/ https://food.ltn.com.tw/article/8691
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Thanks for your attention


