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Waddington, C. H. The strategy of the genes. A 
discussion of some aspects of theoretical biology. 
With an appendix by H. Kacser. London: George 
Allen & Unwin, Ltd., (1957).

Definition:
“The study of mitotically and/or meiotically 
heritable changes in gene function that 
cannot be explained by changes in the 
DNA sequence.” (Riggs et al. 1996)

Epigenetics:
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Mechanisms mediating an epigenetic response

• PTGS – Post Transcriptional Gene Silencing

• TGS – Transcriptional Gene Silencing

Involving DNA-methylation, histone modification

and small regulatory RNA

Promotor                Gene

Transcribed RNA
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DNA Methylation

From:
Das 5. Element
Kuhlmann 2019
Biologie in unserer Zeit

Detection is possible by
Immunology

5 mC Antibody:
Histology
ChIP
ChIP-Seq

Chemistry
Bisulfite conversion
WGBS

Enzymes
MSRE qPCR
enzymatic conversion
Enzymatic Methyl-seq
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mod. after „Targets of RNA directed DNA methylation“ Matzke et al., 2007; Curr. Opp in Plant Biol

Heterochromatic
small RNAS
hc-siRNA (24mers)

Regulation of DNA Methylation

De novo

Maintenance

Demethylation
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Unterricht Biologie, 2014
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Example for transgenerational epigenetic effect in barley
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Terminal Drought

Terminal drought results in a loss of yield  

Drought during the phase affect    number of seeds    size of seeds
Mod. after Sreenivasulu & Schnurbusch 2012

Control       Drought
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Will the small RNAs contribute to drought stress 
induced change of the barley grain development?

miRNA                      siRNA                          hc-siRNA

?

Sreenivasulu, et al., 2010

Initial question:
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Importance of siRNA
during seed development:

24mers are mainly contributed
from the maternal site.

During seed development
24mers (heterochromatic
small RNAs) are important 
triggers for DNA methylation
in the embryo.
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Sequencing of small RNA in barley under terminal drought -
experimental approach:

Anthesis
Control

Terminal
drought
stress

4 days 4 days

Control  Stress

…to analyse the effect of the population of small RNAs
high throughput sequencing was performed on
barley caryopsis in duplicate. 
Results obtained for sRNA, siRNA, heterochromatic-siRNA and miRNA
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Sequencing of small RNA in barley under terminal drought 
sample preparation from caryopsis

x  x      x  x    => selected for sequencing

RNA             small RNA (mirVana)

43 59    74 120 ng/µl

tRNA

rRNA
28 S
18 S

Bioanalyser (Agilent)
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Sequencing of small RNA in barley under terminal drought

Sequencing was performed in collaboration with GeneXPro

and resulted in 18/ 15.4 million reads for the control caryopsis
11.3/ 8.6 million reads for the stressed caryopsis

Data analysis: GenXPro and CLC workbench
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Sequencing of small RNA in barley at terminal drought

siRNA 21nt Heterochromatic siRNA 24 ntmiRNA
18-24 nt

• 22 nt – leftover of degraded transcript of chloroplastic origin
• Class of 21mers/ siRNAs are not analysed yet. 

siRNA classes:

Control Stress



www.ipk-gatersleben.de#FuturePlants

sRNA
22 nt
degradation products
from chloroplastic
transcripts

microRNAS (miRNA)

• Encoded by miRNA genes
• Processed from hairpin
precursors by DICER function
• Size ~18-22 nt
• Presence of miR*
• Associated with
ARGONAUTE protein
• Supression of target
transcripts by cleavage
or blocking

mod. from Unterricht Biologie, 2014
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Sequencing of small RNA in barley at terminal drought
-

analysis of sequences matching to hairpin database (miRBASE):
Selection for miRNA Sequences
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 minor changes in singletons, but 
expression levels of several miRNAs are reduced during drought stress

16 miRNAs unique present under drought stress conditions.

Size of miR [nt]
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From  Zhang 2015 acc. to Hackenberg et al., 2015

Feature ID Small RNA - LengthSmall RNA - Name Small RNA - ResourceSmall RNA - Match typeSmall RNA - MismatchesExperiment - Range (original values)Experiment - IQR (original values)Experiment - Difference (original values)Experiment - Fold Change (original values)Control - miRControl annotated - Expression valuesControl - miRControl annotated - CountControl - MeansStress - miR Stress annotated - Expression valuesStress - miR Stress annotated - CountStress - Means

AAGAGGAGAAAGGTT 15 mmu-miR-7086-5p miRBASE2014 Exact 0 16 16 16 #DIV/0! 0 0 0 16 16 16
ACAAAACCTTCAGCTATCCATCG 23 tae-miR7757-5p miRBASE2014 Variant 2 15 15 15 #DIV/0! 0 0 0 15 15 15
ACCTGTTTGTCATTAAATTTCTT 23 tae-miR9652-5p miRBASE2014 Variant 2 20 20 20 #DIV/0! 0 0 0 20 20 20
AGGAATCTTGATGATGCTGCAT 22 ath-miR172e-3p//osa-miR172b//zma-miR172e//ptc-miR172d//ptc-miR172e//aqc-miR172b//tcc-miR172c//bdi-miR172b//gma-miR172i-3p//gma-miR172l//bna-miR172b//bna-miR172c//lus-miR172g//nta-miR172j//mdm-miR172i//mdm-miR172j//mdm-miR172k//cme-miR172d//ppe-miR172c//bra-miR172d-3p//ata-miR172c-3pmiRBASE2014 Variant 1 21 21 21 #DIV/0! 0 0 0 21 21 21
CAGGGATGGAGCAGAGCAAGG 21 ata-miR408-5p miRBASE2014 Exact 0 15 15 15 #DIV/0! 0 0 0 15 15 15
CCTGGGCAGCAACACCA 17 bdi-miR5059 miRBASE2014 Variant 1 16 16 16 #DIV/0! 0 0 0 16 16 16
GCTCACTCCTCTTTCTGTCAG 21 ata-miR156d-3p miRBASE2014 Exact 0 17 17 17 #DIV/0! 0 0 0 17 17 17
TCCACAGGCTTTCTTGAACTGTT 23 osa-miR396e-5p//zma-miR396c//zma-miR396d//sbi-miR396d//sbi-miR396e//far-miR396//bdi-miR396a-5p//bdi-miR396b-5p//ata-miR396a-5p//ata-miR396d-5p//ata-miR396b-5pmiRBASE2014 Variant 2 15 15 15 #DIV/0! 0 0 0 15 15 15
TCCACAGGCTTTCTTGAATT 20 osa-miR396e-5p//osa-miR396f-5p//zma-miR396c//zma-miR396d//sbi-miR396d//sbi-miR396e//far-miR396//bdi-miR396a-5p//bdi-miR396b-5p//ata-miR396a-5p//ata-miR396d-5p//ata-miR396b-5pmiRBASE2014 Variant 1 19 19 19 #DIV/0! 0 0 0 19 19 19
TCGCTTGGTGCAGATCGGGGC 21 osa-miR168a-5p//sbi-miR168//sof-miR168a//zma-miR168a-5p//zma-miR168b-5p//hvu-miR168-5p//bdi-miR168-5p//ssp-miR168a//ata-miR168-5pmiRBASE2014 Variant 1 15 15 15 #DIV/0! 0 0 0 15 15 15
TCGGACCAGGCTTAAATCCCT 21 osa-miR166k-3p//osa-miR166l-3p//sbi-miR166e//zma-miR166k-3p//zma-miR166j-3p//sbi-miR166g//zma-miR166n-3p//bdi-miR166h-3p//ata-miR5168-3pmiRBASE2014 Variant 1 15 15 15 #DIV/0! 0 0 0 15 15 15
TGGGGGCTCGAAGACGA 17 peu-miR2916 miRBASE2014 Variant 1 17 17 17 #DIV/0! 0 0 0 17 17 17
TTCACAGGCTTTCTTGAACTG 21 osa-miR396e-5p//zma-miR396c//zma-miR396d//sbi-miR396d//sbi-miR396e//far-miR396//bdi-miR396a-5p//bdi-miR396b-5p//ata-miR396a-5p//ata-miR396d-5p//ata-miR396b-5pmiRBASE2014 Variant 1 15 15 15 #DIV/0! 0 0 0 15 15 15
TTCACGTCGGGTTCA 15 ppt-miR894 miRBASE2014 Exact 0 18 18 18 #DIV/0! 0 0 0 18 18 18
TTTGGCACCTTGAAACTGG 19 hvu-miR5051 miRBASE2014 Exact 0 18 18 18 #DIV/0! 0 0 0 18 18 18
TTTGGTTTCCTCCAATATCTTA 22 mes-miR2275 miRBASE2014 Exact 0 21 21 21 #DIV/0! 0 0 0 21 21 21

Unique miRs present only during
drought stress

in comparison to published data

miR5051(abiotic/boron stress), miR172e (flowering time), miR396e (GRF), miR156 (heat, drought)

miR-analysis
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hc-siRNAS (heterochromatic siRNA 24mers)

mod. from Unterricht Biologie, 2014
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Sequencing of small RNAs in barley caryopsis under terminal drought

% change under drought stress
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General profile of 
small RNAs: high 
abundance of 
24mers 
in reproductive 
tissue, 
but relative 
reduction of 21 and 
24mers under 
drought conditions
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Identification of hc-small RNA

• Removal of miRNA sequences
(based on hairpin database)

• Selection of 24mers
(based on size)

• Mapping to genome

• Normalisation (reads/million)
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Sequencing of small RNA in barley under terminal drought -

selection of hc-small RNA

45% of all reads are 24mers and ~ 92% are putative heterochromatic small RNAs. 
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Majority of high abundant 24mers reads is unchanged 
under control and stress conditions
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51 heterochromatic siRNAs are exclusively detected
at terminal drought stress condition

Genes associated
with 24mer hits
(putative candidate genes):

CKX2.1
cytokinin oxidase/dehydrogenase
CCA1
Circadian Clock Associated 1
LKS2
Short internodes TKF

Stress   Control
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Putative target CKX2.1 Cytokinin oxidase
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Position of drought stress specific 24mers upstream of CKX2.1

CKX2.1

ProCKX2.1 CKX2.1

?
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Methylation quantified by MSRE in the region upstream of CKX2.1

CKX2.1

PCR proCKX 1   proCKX 2

HpaII HpaII

proCKX 1 proCKX 2

• DNA-methylation in CKX2.1 promotor region is elevated after drought stress
• => HvCKX2.1 is transcriptionally active during germination
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Methylation quantified by MSRE in the region upstream of CKX2.1

CKX2.1

PCR proCKX 1   proCKX 2

HpaII HpaII

proCKX 1 proCKX 2

CKX2.1 mRNA rel. to ACT mRNA  

12/24 h after im imbibition; N=3

• DNA-methylation in CKX2.1 promotor region is elevated after drought stress
• Transcription of CKX2.1 is reduced during imbibition.
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Germination speed of barley seeds
is increased after application of terminal drought stress on the mother plant

24 h                    48h                       72h                        96h
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Cytokinin level is elevated in seeds after drought stress applied to the motherplant

Coll. Kai Eggert, IPK, RG MP
N=4

Reduced expression of CKX2.1
might lead to elevated level of cytokinin
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2017



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

Peloric in Linaria vulgaris

CNR in Solanum lycopersicum

„famous“ phenotypes associated with epigenetics (changing pattern of DNA methylation) 

Dwarf1 in Oriza sativa

GUS (transgene Reporter ) in Arabidopsis thaliana
Paramutation (B)  in Zea mays

DFR in Petunia
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Unterricht Biologie, 2014

Take home message

Expression based on environment

DNA Methylation
is regulated via

De novo

Maintenance

Demethylation Small RNAs are
important regulators
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Thanks to

RG Heterosis

Thomas Altmann
Rhonda Meyer
Lothar Altschmid

…and former
RG Abiotic Stress Genomics
Korana Surdonja

AVATARS
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