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Successful collaboration 
with LG since 2015

The Australian Research Council Centre of Excellence in Plant Energy Biology (PEB) 
is focused on better understanding the way in which plants capture, convert and 
use energy in response to environmental change

Shortly about us and the project…

Pascual Perez

Photo: Ian Small and myself



Boosting yield by breeding hybrids and exploiting heterosis

By 2050 crop production needs to more than double to feed the growing human population  

Hybrids as a way to increase yield in wheat



Food security:
• Higher and more consistent yield
• More safety to secure global food 

supply

Environment:
• Higher energy efficiency
• Better use of available 

resources
• Better adaption to climate 

change

Plant breeding:
Higher flexibility in 
stacking multiple traits

Agriculture:
Better plant varieties

Excellence of
hybrids

Why should we grow hybrids?



The potential of hybrid breeding in wheat has been recognised 
since the 19th century!

E., H. “Hybrid” Wheat . Nature 34, 629 (1886). 

“Hybrid” Wheat drawing by Vilmorin the funder of Vilmorin & Cie,
A seed producing company with a long history in France that now 
belongs to Groupe Limagrain.   



Boosting the yield of cereals by breeding hybrids

Hybrid production requires a way to block self-pollination to exploit heterosis  

CMS in rapeseed Greg Brown, Mc Gill University

Mechanical emasculation 
of plants 

Chemical treatment 
of flowers 

Cytoplasmic male sterility 
(CMS)



Cytoplasmic male sterility (CMS)
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CMS-based hybrid seed production systems are used in rice, maize, sorghum and canola

Hybrid varieties are missing in wheat

Boosting seed yield with hybrids

x

Hybrid canola using the OGU-INRA CMS system

F1 hybrid line fully fertile

CMS line restorer line

https://www.graincentral.com/cropping/oilseeds/dont-think-twice-its-all-right-australias-canola-exports/

45% yield increase in hybrids compared to conventional lines!



T-CMS in bread wheat

Incomplete fertility restoration due to lack of a strong restorer gene 

Full sterility Partial fertility

Restorer gene

CMS line restored line

Hybrid system based on T. timopheevii cytoplasm (T-CMS)

T. timopheevii



Hybrid system based on T. timopheevii CMS (T-CMS):

• So far, 9 restorer genes have been described to be involved in fertility restoration in wheat:

Boosting the yield of wheat by breeding hybrids

Locus Chromosome Source Reference
Rf1 1A T. timopheevii Bahl and Maan (1973); Maan (1985)
Rf2 7D T. timopheevii Livers (1964); Bahl and Maan (1973)
Rf3 1B T. spelta var. duhamelianum Tahir & Tsunewaki (1969)
Rf4 6B T. aestivum Maan (1985)
Rf5 6D [(T. timopheevii x Ae. tauschii) x 'Canthatch'3]F2 Yen et al. (1969)
Rf6 6U Translocation line '2114' (T6AL.6AS-6U) Ma et al. (1995)
Rf7 7B T. timopheevii Sinha (2013): Bahl & Maan (1973)
Rf8 2DS T. aestivum 'PWR4099' Sinha et al. (2013)
Rf9 6A Shahinnia et al. 2020

• The restoration of fertility by single Rf gene is not complete - hope in stacking!
• Majority of cloned Rf genes belong to the family of the pentatricopeptide repeat (PPR) 

proteins. 



Family of the pentatricopeptide repeat proteins

PPR proteins are specific to Eukaryotes
and the family is highly expanded in plants PPRs are RNA binding proteins 

located in chloroplasts and mitochondria …

… where they regulate gene expression by splicing, 
editing, stabilizing or directly cleaving RNA. 

Modified from: Schmitz-Linneweber and Small. 2008. Trends in Plant Science. 13:P663-670



Family of the pentatricopeptide repeat proteins

Modified from: Cheng et al 2016. Plant J 85 (4): 532-547

P subfamily

PLS subfamily

PPR proteins are made of tandem 
repeats of 31-36 amino acids

PPR tracts bind RNA via modular recognition mechanism

PPR code

Based on: Gutmann et al. Mol Plant 2020.13(2):215-230 

https://ppr.plantenergy.uwa.edu.au/ppr/

Based on: Barkan et al. PLoS
Genet. 2012. 8(8):e1002910



Genome-wide distribution of genes encoding PPR proteins in wheat

Identification of PPRs in the IWGSC RefSeq v1.0 reference genome

 1686 pentatricopeptide repeat (PPR) genes/~700 P-class
 206 genes were identified as restorer-of-fertility-like (RFLs)

The International Wheat Genome Sequencing Consortium 
(IWGSC) et al. Science 2018;361:eaar7191



Expansion of RFL genes in wheat

• RFL genes are organised in clusters on chromosomes 1, 2 and 6
• RFL clusters show much higher gene density compared with other PPR genes 
• Rf1 and Rf3 map to the cluster on chr 1, Rf4 maps to the cluster on chr 6

Rf1 + Rf3

Rf4

RFL genes are located in high-density clusters  Mechanisms contributing to the plasticity of RFL genes

Modified from: IWGSC. Science 2018. 361:eaar7191 Modified from: Melonek et al 2016 Sci Reports 2016. 6:35152.



Structural diversity within RFL cluster in wheat pan-genome

Modified from: Walkowiak et al. Nature. 2020. 588(7837):277-283.

High RFL sequence diversity in wheat varieties seen in wheat pangenome 



Deciphering the molecular basis of CMS and fertility restoration in wheat

Part I. Cloning the sequences of Rf1 and Rf3 restorer genes 



Mapping genomic locations of the restorer genes

Pierrick Varenne

Rf1 and Rf3 map to a cluster on chr 1A and 1B



RFL capture approach:

Jorge Duarte

PPR capture approach to identify RFL genes in commercial wheat 
genotypes

Summary of RFL capture experiment

# restoration status Accession name

Number of orthologous 
groups with at least 

one RFL from the 
accession

Number of RFL ORFs > 
350 aa assigned to 
orthologous groups

1 weak Rf3  restorer Chinese Spring 205 161
2 maintainer Anapurna 202 156
3 maintainer Fielder 212 138
4 Rf1 R197 219 174
5 Rf1 R0932E 221 183
6 Rf3 R0946E 237 171
7 Rf3+Rf1 R0934F 215 174
8 Rf3 Primepi 215 162
9 Rf1 Triticum timopheevii 129 114

TOTAL: 397 (non-redundant) 1433

Jean-Philippe Pichon

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036



Mapping and anchoring the genomic regions carrying Rf1 and Rf3 in 
the IWGSC Refseqv1.0 genome

Selection of candidate RFL groups based on restoring status of analysed wheat accessions and location 
within the Rf1 interval

Rf1 + Rf3 Rf1 restorer

Chinese 
Spring

Anapur
na

R197 R0932E R0946E Primepi R0934F T. timopheevii

RFL1 988 no n.a. 0 0 1* 1 0 0 0 0
RFL56 804 no n.a. 0 0 1 1* 0 0 0 1
RFL59 813 no n.a. 0 0 1 2 0 0 0 1
RFL73 813 no n.a. 0 0 1 1 0 0 0 1
RFL74 813 no n.a. 0 0 1 1 0 0 1 0
RFL79 808 no yes (4) 0 0 1 1 0 0 1 1
RFL93 775 no no 0 0 1 1 0 0 0 0
RFL104 757 yes yes (4) 0 0 1 1 0 0 1 1
RFL129* 693 no no 0 0 1 1 0 0 1 0
RFL185* 524 yes yes (4) 0 0 1 1 0 0 1 1
RFL268* 382 yes yes (4) 0 0 1 1 0 0 1 1

Gene located 
within Rf1 
mapping 
interval 
(genetic 

mapping (nb 
of markers))

Rf1 restorer Rf3 restorer

Restoring genotype

MaintainerRFL gene
Protein 
size (aa)

Gene 
located 

within Rf1 
interval (in 

silico 
mapping 

with 

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036



Mapping and anchoring the genomic regions carrying Rf1 and Rf3 in 
the IWGSC RefSeq v1.0 genome

Genetic map of the Rf1 and Rf3 loci in wheat 

Rf1

Rf3

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036



Testing candidate Rf genes by stable transformation of wheat plants

RFL29 => Rf3         RFL79 => Rf1         Rf3 > Rf1

Fertility restoration rates 
based on T0 events Fertility restoration rates 

based on seed set

Laurent Beuf Jerome Martin



Rf gene expression in tapetum cells is sufficient to restore fertility 
of T-CMS plants

Testing expression driven by tapetum specific 
ZmMAC2 promoter



Deciphering the molecular basis of CMS and fertility restoration in wheat

Part II. Identification of CMS-inducing gene



orf256 is not the cause of sterility in T-CMS wheat

Cleavage of orf256 does not correlate with fertility restoration phenotype

Based on: Song and Hedgcoth. 1993. 37(2):203-9

Northern blot
Photo credit: Limagrain

Fielder Fielder*CMS RFL79



Orf279 as basis for sterility caused by T-CMS

RNAseq analysis

Immunological detection of 
Orf279

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036

Prediction of transmembrane 
domains



Rf1 and Rf3 bind to orf279 RNA at two different positions

RNA-binding assay
REMSA Kalia Bernath-Levin

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036

Prediction of Rf1 and Rf3 binding sites 
within orf279 RNA



RNAseq analysis

Rf1 and Rf3 induce cleavage of orf279 at two different positions

atp8 region orf279-unique region

5’- RACE analysis

Modified from: Melonek et al. Nature Communications. 2021.12(1):1036



Summary and conclusions:

• We have cloned the Rf1 and Rf3 restorer genes in wheat.  

• We have discovered that previously described orf256 is not the cause of T-CMS.

• Instead we have identified orf279 as the mitochondrial gene causing T-CMS in wheat.

• Both Rf1 and Rf3 bind to orf279 and induce its cleavage.

• Neither Rf1 nor Rf3 alone provide complete fertility restoration.

• We will investigate why T. timophevii is fully fertile. 

• We will clone further restorer genes.

Thien Tran Gilang Bintang Fajar Suhono

PhD students



International Rye Genome 
Sequencing Consortium

Tim Rabanus-Wallace
Nils Stein

Viktor Korzun

Bernd Hackauf

Emma Mace
David Jordan

Robert R Klein 

Hybrid sorghum project

Nils Stein
Martin Mascher

Annotation of the PPR family 
in the wheat reference genome

Curtis Pozniak
Sean Walkowiak

Hybrid wheat project

Pascual Perez
Laurent Beuf
Jean-Philippe Pichon
Jorge Duarte
Jacques Rouster
and the team

Tristan Coram

PPR and mTERF families 
in rye

Thank you to our collaborators!

Kellye Eversole
Rudi Appels

Photo credit: Limagrain



We are looking for collaborations!  

Our genomics approach will work in all crops for which enough 
sequence data can be obtained!

For more information please contact:
Dr Joanna Melonek joanna.melonek@uwa.edu.au
Professor Ian Small ian.small@uwa.edu.au

Or visit our website:
https://plantenergy.edu.au/opportunity/collaborate

We will advertise a PhD position later in the year! 
Contact us if interested!

Thank you for your attention!

mailto:joanna.melonek@uwa.edu.au
mailto:ian.small@uwa.edu.au
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