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TAGGGATAACAGGGTAAT

ATCCCTATTGTCCCATTA

Meganucleases Zincfinger nucleases

TALE nucleases

RNA-guided endonucleases (Cas9, Cpf1)

protospacer (20 bp) PAM
agaccgtGTAGGGATAACAGGGTAATAtGGtccgtcg

tctggcaCATCCCTATTGTCCCATTATaCCaggcagc

gRNA

Cas9

TCGAACAAGACCGTGTAgggataacagggta

FokI -C

FokIC-

N-

-N

left TALEN unit

right TALEN unit

ccctattgtcccatTAAGGCTCCAGTCGAAT

ACCGTGTAGGGAtaacag

FokI

FokI

left ZFN unit

right ZFN unit

N-

-NC-

-C

attgtcCCATTAAGGCTC

GUAGGGAUAACAGGGUAAUA

Zielsequenz-spezifische

DNA-Brüche

DNA-guided endonucleases

AGACCGTGTAGGGATAACAGGGTAATATGGTCCGTCG

TCTGGCACATCCCTATTGTCCCATTATACCAGGCAGC

gDNA

NgAgo

5‘P

?

GTAGGGATAACAGGGTAATATGGT

Zielgerichtete Mutagenese
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RNA-vermittelte Cas-Endonuklease: “Gen-Schere”

agaccgtGTAGGGATAACAGGGTAATANGGtccgtcg

tctggcaCATCCCTATTGTCCCATTATNCCaggcagc

pflanzliche DNA

Zielsequenz der gRNA (20 bp) PAM

Cas9

guide RNA
GUAGGGAUAACAGGGUAAUA

▪entstammt einem bakteriellen Immunsystem
(“CRISPR-Cas”: clustered regularly interspaced short palindromic repeats – CRISPR associated proteins)
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RNA-vermittelte Cas-Endonuklease: “Gen-Schere”

Cas9

guide RNA
GUAGGGAUAACAGGGUAAUA

agaccgtGTAGGGATAACAGGGTAATANGGtccgtcg

tctggcaCATCCCTATTGTCCCATTATNCCaggcagc

pflanzliche DNA

Zielsequenz der gRNA (20 bp) PAM




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Gezielte Mutagenese
Cas9

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

zumeist korrekt

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T - A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A - T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

manchmal fehlerhaft

DNA Reparatur

pflanzliches Genom

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T         C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A         G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Zufällige Veränderung an vorgegebener Position in der DNA
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gRNA/Cas9

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Reparatur

pflanzliches Zielgen

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T         C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A         G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C

A G C G G A C A G C A A T A C C G A A T G G A A G T G...

T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Homologe Rekombination

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Reparaturvorlage vom Schwesterchromatid oder homologen Chromosom

T T C A

A A G T

Präzise Editierung: Homologie



www.ipk-gatersleben.de#FuturePlants Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Reparatur

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G T T         C A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C A A         G T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C

A G C G G A C A G C A A T A C C G A A T G G A A G T G...

T C G C C T G T C G T T A T G G C T T A C C T T C A C...

homologe Rekombination

...C T T A C C T C A T C G C C A A G C T G G C A C C C T T G G A G A A G C G G A C A G C A A T A C C G A A T G G A A G T G...

...G A A T G G A G T A G C G G T T C G A C C G T G G G A A C C T C T T C G C C T G T C G T T A T G G C T T A C C T T C A C...

Reparaturvorlage mit Modifikation der Wahl

G A G A

C T C T

Vorgegebene Veränderung an vorgegebener Position

pflanzliches Zielgen

Präzise Editierung: Homologie
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Präzise Editierung: Base Editing

Base editing

– nCas9: Nickase (nur eine funktionale Endonuklease-Domäne)

– CDA: Cytidin Deaminase (C  T)

– ADA: Adenin Deaminase (A  G)

nCas9

…GGCTCTTCGGCGCCGCTCCCGCCTCCCTATCCACCTCCTGCTGGTGGCCGTCACGTTACTGGCGGCCCTCGCCGCGCGATCCGGCGCCG…

…CCGAGAAGCCGCGGCGAGGGCGGAGGGATAGGTGGAGGACGACCACCGGCAGTGCAATGACCGCCGGGAGCGGCGCGCTAGGCCGCGGC…

gRNA

CDA



www.ipk-gatersleben.de#FuturePlants Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)

Präzise Editierung: Base Editing

…GGCTCTTCGGCGCCGCTCCCGCCTCCCTATCCACCTCCTGUTGGTGGUUGTCACGTTACTGGCGGCCCTCGCCGCGCGATCCGGCGCCG…

…CCGAGAAGCCGCGGCGAGGGCGGAGGGATAGGTGGAGGACGACCACCGGCAGTGCAA|TGACCGCCGGGAGCGGCGCGCTAGGCCGCGGC…

…GGCTCTTCGGCGCCGCTCCCGCCTCCCTATCCACCTCCTGTTGGTGGTTGTCACGTTACTGGCGGCCCTCGCCGCGCGATCCGGCGCCG…

…CCGAGAAGCCGCGGCGAGGGCGGAGGGATAGGTGGAGGACAACCACCAACAGTGCAATGACCGCCGGGAGCGGCGCGCTAGGCCGCGGC…

Einzelstrangbruch, 
Base Editing

miss-match repair (MMR)/ 
base excision repair (BER) + DNA 
replication

Single Nucleotide Polymorphisms (SNPs) an definierten Positionen

nCas9

…GGCTCTTCGGCGCCGCTCCCGCCTCCCTATCCACCTCCTGCTGGTGGCCGTCACGTTACTGGCGGCCCTCGCCGCGCGATCCGGCGCCG…

…CCGAGAAGCCGCGGCGAGGGCGGAGGGATAGGTGGAGGACGACCACCGGCAGTGCAATGACCGCCGGGAGCGGCGCGCTAGGCCGCGGC…

gRNA

CDA
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Mutationen für die Resistenzzüchtung
Beispiel Virusresistenz
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Bymoviren in Gerste

Barley Yellow Mosaic Virus (BaYMV 1/2)
Barley Mild Mosaic Virus (BaMMV)

- ss(+)RNA-Virus
- Potyviridae, Bymovirus

- Übertragung durch Wurzelinfektion
mit Vektor Polymyxa graminis

Polymyxa graminis als Vektor
von BaYMV/ BaMMV infiziert
die Wurzeln

Virus verteilt sich in der 
Pflanze (Zell-zu-Zell, 
Langstreckentransport)

Symptome:
- Gelbe Mosaike auf den 

Blättern

Später:
- Reduzierte Winterhärte
- Blattnekrosen
- Ertragsverlust bis zu 50 %



www.ipk-gatersleben.de#FuturePlants Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)

Bekannte Resistenzgene

Gene und QTLs:

rym1-18 (meist rezessiv, Virusstamm-spezifisch)

Identifizierte Gene:

rym1, rym11: 
PROTEIN DISULFIDE ISOMERASE-LIKE 5-1 (PDIL5-1)

rym4, 5, 6, 10: 
EUKARYOTIC TRANSLATION INITIATION FACTOR 4E

Reviewed in Jiang et al., 2020 Theoretical and Applied Genetics
rym4, 5: Stein et al., 2005 The Plant Journal
rym11: Yang et al., 2014 PNAS
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PDIL5-1 

target 1:
5‘ UTR

target 2:
ATG

target 3 + 4:
Exon 3

HvPDIL5-1sus

HvPDIL5-1res

Yang et al., 2014 (PNAS)

Hoffie et al., in revision

1356 bp Deletion

Pre-Stop SNPs 
oder frameshifts

Non-synonymous SNP



www.ipk-gatersleben.de#FuturePlants Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)

Workflow

Selection of target motifs

• Target/off-target selection:
CRISPR-P, WU-CRISPR, 
DESKGEN, CRISPOR

• Test of gRNA 2-D structure:
mfold, RNAfold

Vector construction

pDNA

SpCas9
gRNA

RNP assembly

SpCas9

gRNA

Test of gene expression and
gRNA/Cas9 complex activity

• In vitro cleavage assay
• Protoplast transformation and Amplicon

sequencing
• Biolistic test of gRNA activity in leaves

Transfer of
endonuclease

to embryogenic
pollen

• DNA transfer by 
Agrobacterium

• Ballistic transfer
of DNA or RNPs 
on gold particles

Callus and plant formation 

DNA isolation Amplification PCR/RE, T7E1 or PCR/RNP Sanger sequencing
Mutant detection

WT P1-3

Genotypic and phenotypic analyses

Koeppel et al., 2019 International Journal of Molecular Sciences
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PDIL5-1 Primärmutanten Igri

Hoffie et al., in revision
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PDIL5-1 Primärmutanten Golden Promise

Hoffie et al., in revision
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PDIL5-1 M2 InDels

 1 

TACATCATCGACCCACCCCGACTGGCGTATCCGC     Golden Promise
TACATCATC----------------------CGC     GPTM1_P1_4
TACATCATCGACCCACCC-GACTGGCGTATCCGC     GPTM1_P16_12
TACATCATCGACCCACGCTAGTACTGCGCCGTATCCGC GPTM1_P16_20

4 

AGGACCTCGGAAAGGTCATCGAAGGTAC  Golden Promise
AGGACCTCGGAAAGGTC--CGAAGGTAC  GPTM4_P14_14
AGGACCTCGGAAAGGTCATACGAAGGTAC GPTM4_P21_10

GTATCCGCCTTCTCCTCGTCTCCCCGTCTTCGCCGTGGCCGTCCTCCGTTCGAGCCATGGATCCGGCTCTTCGGCGCC Golden Promise   
GTATCCGCCTTCTCCTCGTCTCCCCGTCTTCGCCGTGGCCGTCCTCCGTTCG---------------------GCGCC GPTM2_P22_4
GTATCCGCCTTCTCCCCGCCTCCCCGTCTTCGCCGTGGCCGTCCTCCGTTCGAGCCATGG-TCCGGCTCTTCGGCGCC GPTM2_P30_10 allele1
GT----------------------------------------------------------ATCCGGCTCTTCGGCGCC GPTM2_P30_10 allele2

 2 



Hoffie et al., in revision
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PDIL5-1_I79Y 4 

GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCATCGAAGGTAC   Golden Promise
GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCTACGAAGGTAC   GPTM4_P5_9
GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCTACGAAGGTAC   GPTM4_P5_11
GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCTACGAAGGTAC   GPTM4_P5_12
GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCTACGAAGGTAC   GPTM4_P5_18
GCAGCAAGAGCCTAGGAACTCTTTGGGAGGACCTCGGAAAGGTCTACGAAGGTAC   GPTM4_P5_19  

HvPDIL5-1 wild-type HvPDIL5-1 I79Y



Hoffie et al., in revision
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Resistenztests M2

Infektion

− Mechanische Inokulierung von M2 Sämlingen mit BaMMV

Phänotyp

– Bonitur der Symptome, ELISA Test

Genotyp

– Sequenzierung der Zielregion

Mosaik-Symptome nach 
mechanischer Inokulation mit 
BaMMV in Phytokammer 
Bild: Antje Habekuß, JKI



www.ipk-gatersleben.de#FuturePlants Leibniz Institute of Plant Genetics and Crop Plant Research (IPK)

Resistenztests M2

Nicht infiziert vs. infiziert

Hoffie et al., in revision

Plants Phenotype Genotype
Primary 

mutant (M1)
Progeny

(M2) tested
BaMMV-

free (ELISA)
T-DNA-free 

plants
Sequenced

plants
Non-

mutated
Heterozygous 

mutants
Homozygous 

mutants
T-DNA-free 

mutants
Target Motif 2
IG4TM2_P1 9 9 0 9 0 0 9 0
IG4TM2_P6 20 10 2 16 1 10 5 1
IG6TM2_P1 16 5 0 10 4 6 0 0
IG6TM2_P2 19 19 0 19 0 0 19 0
IG7TM2_P1 15 1 3 5 4 0 1 0

sum 79 44 5 59 9 16 34 1
wild-type

Igri 10 1 10 6 6 0 0 -

Plants Phenotype Genotype
Primary 

mutant (M1)
Progeny

(M2)
BaMMV-

free 
(ELISA)

T-DNA- free 
plants

Sequenced 
plants

Non-
mutated

Heterozygous 
mutants

Homozygous 
mutants

T-DNA-free 
mutants

Target Motif 1
GPTM1_P1 20 4 4 6 1 2 3 1
GPTM1_P7 19 0 3 3 0 3 0 1
GPTM1_P12 20 15 5 13 1 9 3 2
GPTM1_P16 17 15 2 9 0 5 4 2
GPTM1_P23 18 6 6 8 2 4 2 0
Target Motif 2
GPTM2_P9 20 18 2 19 4 12 3 1
GPTM2_P11 20 6 4 8 0 3 5 3
GPTM2_P22 18 16 2 15 0 9 6 1
GPTM2_P30 18 7 3 5 1 4 0 0
GPTM2_P50 19 5 3 7 7 0 0 0
Target Motif 4
GPTM4_P5 20 17 7 12 0 6 6 6
GPTM4_P11 19 17 4 9 1 8 0 1
GPTM4_P14 16 13 1 9 0 5 4 1
GPTM4_P21 12 9 1 8 0 5 3 1

sum 256 148 47 131 17 75 39 20
Wild-type

Golden 
Promise

11 3 11 5 5 0 0 -
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PDIL5-1 Ertragsparameter Igri
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Hoffie et al., in revision
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PDIL5-1 yield parameters Golden Promise

0

20

40

60

Golden_PromiseGP_unmu GPTM1_heterozGPTM1_homozGPTM2_heterozGPTM2_homozGPTM4_heterozGPTM4_homoz_DNPGPTM4_homoz_KO

mutation

T
G

W

0

100

200

300

400

500

Golden_PromiseGP_unmuGPTM1_heterozGPTM1_homozGPTM2_heterozGPTM2_homozGPTM4_heterozGPTM4_homoz_DNPGPTM4_homoz_KO

mutation

G
N

P

ab a ab ab ab b ab ab ab ab a ab ab ab b ab ab ab

* **

Hoffie et al., in revision
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Zusammenfassung
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Zusammenfassung

• Verschiedene Präzisionsstufen bei genetischen Veränderungen

• Verschiedene PDIL5-1-Allele erzeugt, die zu Virusresistenz führen

• Wissen über Gen(funktionen) erforderlich

• In-vitro-Kultur genotypenabhängig

• Monogene Resistenzen, Entkopplung von Eigenschaften, Pyramidisierung

• Besonders geeignet für Allele aus “exotischem” Zuchtmaterial oder Pflanzen mit
hoher Heterozygotie oder langer Generationszeit
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