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Digging into the transcriptome of a developing sorghum grain 
to find the culprits of protein content and low digestibility

Nancy TERRIER
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Sorghum in the context of climatic change

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

Greenhouse Gas emission / 100 grams of proteins

A need to revise our protein sources

Poore J, & Nemecek T ,Science, 2018

and

Context

Cereal proteins in human daily intake
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From Poutanen et al., Nutrition Reviews, 2022

Cereals are effective in producing protein
with low greenhouse gas emission

Présentateur
Commentaires de présentation
To avoid a vicous circle, this growing population has to limit its greenhouse gasses emission, and in particulat there is a need to revise the way we eat, and above all our souces of proteins. As you can see on this graph, animal protein are very expensive in greenhous gas emission whereas…Cereal proteins are not neglectible in the human diet, and can account for up to 50% of daily intake, depending on where you live.
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Sorghum in the context of climatic change

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

Greenhouse Gas emission / 100 grams of proteins

A need to revise our sources of proteins

Poore J, & Nemecek T ,Science, 2018

Cereals are effective in producing protein
with low greenhouse gas emission

and

Context

Sorghum proteins in human daily intake

From Poutanen et al., Nutrition Reviews, 2022

0 2 4 6 8 10 12 14 16 18

Rice and products

Wheat and products

Maize and products

Sorghum and products

Millet and products

Barley and products

Rye and products

Oats and products

4th most important cereal 
in terms of protein supply
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Main limits of sorghum regarding its use for feed and food

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

 Amino Acid disequilibrium

 Low digestibility (decreased with cooking)

Gulati et al., 2017
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Protein low digestibility: several factors

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

 Interaction between proteins and other compounds :
 Tannins
 Starch
 Cell wall components (see presentation of PhD student C. Costes, O87)

α-kafirins

External part of β,- δ- et γ-
kafirins, strongly linked by 
disulfide briges between
cysteins

Wu et al., 2013

 Storage structure of proteins :
 Reserve proteins (prolamin, called Kafirins) in protein bodies
 Appearance of additional disulfide bridges during grain 

development (see presentation of H. Mameri O114) and cooking
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Does solution exist to solve this problem ?

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

Diversity in sorghum

 For protein content in grains
(Rami et al., 1998; Figueiredo et al., 2010; Rhodes et al., 2017;Kimani et al., 2020)

 For digestibility
(Hicks et al., 2002; Cremer et al., 2014 ;  Impa et al., 2019; Duressa et al., 2020; Kardes et al., 2021; Diatta-Holgatte, 2022 )

Which actors are involved in protein body establishment and modification ?

Objectives

 Are there variabilities that could modify these protein structures and digestibility ?

Better understanding of the molecular and biochemical mechanisms leading to protein accumulation and 
their low digestibility 
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Transcriptomic analysis

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

 Macia genotype 
 10 developmental stages (Days After Anthesis+7 to DAF+40)
 3 biological replicates in 2 years (2017, 2018)

RNAseq = 60 samples

 Protein Digestibility (%)

 Starch (mg/grain)

 Protein (µg/grain)

Traits 

Kinetics of those traits 
during grain development

Module 
«blue»

Module 
«pink»

Module 
«yellow»

Gene network analysis

Poster of PhD student
Mamadou Sene (P69)

7 10 13 17 21 25 29 33 37 40
Days after anthesis
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Biochemical parameters during grain development

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023
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Kinetic parameters during grain development

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023
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Gene network analysis

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

 19 modules
 black, lightgreen, and blue ones contain the largest number of genes  
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«pink»
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«yellow»

WGCNA
Langfelder et al., 2008
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Gene co-expression network and kinetics

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

Starch, protein and digestibility kinetics are correlated with each other
Strong positive correlations observed between

 digestibility and the lightgreen module
 starch, protein, lightyellow and turquoise modules
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Lightyellow module linked with protein accumulation rate

α-kafirins
Opaque2 (bZip)
PBF (Dof)
NAC
bZip
Other TFs 
Other genes

 The majority (20) of genes coding for α-kafirin

Présentateur
Commentaires de présentation
Orthologs of maize  Op2 and PBF known to regulate protein body structure, protein and starch synthesis , endosperm development, etc (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)Other TFs (NAC, ZmABI19, NKD, etc)  whose maize orthologs regulate grain protein and starch accumulation, development and filling (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015)
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Light yellow module linked with protein accumulation rate

 The majority (20) of genes coding for α-kafirin

α-kafirins
Opaque2 (bZip)
PBF (Dof)
NAC
bZip
Other TFs 
Other genes

 Orthologs of maize TFs Op2 and PBF (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)

Op2 and PBF regulate protein body structure, protein and starch
synthesis , endosperm development

Zhang et al., 2015

O2=Opaque2, bZip

PBF=Prolamine-box binding factor, DOF
(DNA-binding with one finger)

OHP=Opaque heterodimerizing protein, bZip

O2

OHPO2PBF

PBF

OHPPBF

Présentateur
Commentaires de présentation
Orthologs of maize  Op2 and PBF known to regulate protein body structure, protein and starch synthesis , endosperm development, etc (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)Other TFs (NAC, ZmABI19, NKD, etc)  whose maize orthologs regulate grain protein and starch accumulation, development and filling (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015)
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Lightyellow module linked with protein accumulation rate

 The majority (20) of genes coding for α-kafirin
 Orthologs of maize Op2 and PBF (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)

α-kafirins
Opaque2 (bZip)
PBF (Dof)
NAC
bZip
Other TFs 
Other genes

 Other known TFs : bHLH, ZmABI19, NKD, etc (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015

Présentateur
Commentaires de présentation
Orthologs of maize  Op2 and PBF known to regulate protein body structure, protein and starch synthesis , endosperm development, etc (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)Other TFs (NAC, ZmABI19, NKD, etc)  whose maize orthologs regulate grain protein and starch accumulation, development and filling (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015)
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Lightyellow module linked with protein accumulation rate

 The majority (20) of genes coding for α-kafirin
 Orthologs of maize Op2 and PBF (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)

 Other known TFs : NAC, ZmABI19, NKD, etc (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015)

 Genes and TFs not yet identified

α-kafirins
Opaque2 (bZip)
PBF (Dof)
NAC
bZip
Other TFs 
Other genes

Présentateur
Commentaires de présentation
Orthologs of maize  Op2 and PBF known to regulate protein body structure, protein and starch synthesis , endosperm development, etc (Fenf et al., 2018; Gontarek et al., 2016; Zhang et al., 2015)Other TFs (NAC, ZmABI19, NKD, etc)  whose maize orthologs regulate grain protein and starch accumulation, development and filling (Yang et al., 2021; Zhang et al., 2019; Zhang et al., 2015)
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Take-home messages

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

Which actors are involved in protein body establishment and modification ?
Several putative actors identified. 

-some are orthologs of already known actors in other plants (good news !)
-some are new candidates 

Investigate other modules (digestibility), see P69

Validate their functions

35S::mCherry

ZmUBI::TF

Co-transfection

RNA extraction

RNASeq library

Identification of genes regulated by TF

RNAseq analysis
after TF over-expression 

-transient Over-Expression in protoplast

-stable transformation

Poster F. Richaud and C. Calatayud P19
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Perspectives

Sorghum protein content and digestibility
Terrier-Montpellier-June 2023

 Are there variabilities that could modify these protein structures and digestibility ?

European commercial and 
World-wide diversity
Protein/Digestibility

Jan.2022-June 2025

-GWAS
-genomic prediction
-phenomic selection

-animal growth, well-being
-meat quality
-proteomics
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Thanks !

Flavonoid biosynthesis in grape
Terrier-Copenhagen-dec 2022
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