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Sequencing, annotation, and 
pangenomics in wheat

Frédéric Choulet
GDEC, Clermont-Ferrand, France

AFBV webinar, May 10th 2022



1. Introduction
• Wheat/Triticeae
• Pangenomics
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Complex genome
o 15 Gb
o Hexaploid AA-BB-DD
o 85% TEs

o Ref cultivar: Chinese Spring

IWGSC 2018

Assembly (v1)
o 21 chromosomes (14.5 Gb)

Annotation (v1.1)
o 107k genes
o 4 million TEs



~1 Mb



➢ T. aestivum:
Chinese Spring + 17 accessions

o RQAs: Reference-Quality Assemblies of Triticeae genomes

Li et al., Mol Plant 2022



BreedWheat; Balfourier et al. 2018

o SNP genotyping of 4500 accessions representing world-wide diversity



o Pangenomics

➢ Tettelin et al. PNAS 2005
8 genomes of S. agalactiae

~80% (core)core

dispensable

=pangenome



Reference

accession#1

accession#2

CNVPAV

o Structural Variations (SVs)



➢ Koonin and Wolf NAR 2008
bacteria, archea (~700 genomes)
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=pangenome



o Pangenomics in plants

7 genomes of Glycine soja
dispensable: ~20% genes

54 genomes of Brachypodium distachyon

73% (core)

27% (dispensable)

34%

!

2017



o Pangenomics in plants

9 genomes of Brassica oleracea
dispensable: ~20% genes

67 genomes of Oryza sativa + rufipogon
~20% genes

26k

16k

2016



o Pangenomics in plants

503 maize accessions (RNASeq)
=> ~8700 novel transcripts

Dispensable vs core genes:
- shorter, fewer introns
- less expressed, fewer conditions
- evolve more rapidly
- enriched in functions related to adaptation, response to env



=> "PAV SNPs exhibit 
enriched associations 
with traits"

o Pangenomics in plants

2015



o Pangenomics in plants

725 genomes of Solanum cultivated + 3 wild species
core: 74% genes
"The most striking feature of the tomato pan-genome was its high core gene content 
(74.2%), as compared with those of Arabidopsis thaliana (70%), Brassica napus (62%), bread 
wheat (64%), rice (54%), wild soybean (49%) and Brachypodium distachyon (35%)"



o Pangenomics in plants

16 Australian wheat cultivars (Illumina reseq)
dispensable: ~35% of genes

• "12% of genes showed PAVs"
• "26% of the projected genes

were found in tandem 
duplications, indicating that
CNV is a strong contributor of 
genetic variation in wheat"

15 wheat genomes assembled



o Build and visualize pangenomes

Nguyen et al. NAR 2022



➢ Gautereau et al. Plos Comput. Biol. 2020

PPanGGOLiN

pangenome graph of 
~3000 Acinetobacter



o Practical Haplotype Graph

• for breeding programs
• based on a limited number of founder lines
• 0.01x skim-seq ->call SNPs with 5% errors

• 65 wheat lines, exome capture
• 0.01x -> imputations with 8% errors



2. Wheat genome sequencing, 
annotation, A-B-D comparative 
genomics
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Figures and captions 

 

Fig. 1. Structural, functional, and conserved synteny landscape of the 21 wheat chromosomes. (A) Circular 

diagram visualizing genomic features of wheat. The tracks towards the center of the circle display (a) Chromosome 

name and size (100 Mbp tick size, light grey bar = short arm, dark grey= long arm of the chromosome); (b) 

dimension of chromosomal segments R1, R2a, C, R2b, R3; (c) Kmer 20 frequencies distribution; (d) LTR-

retrotransposons density; (e) Pseudogenes density (0 to 130 genes per Mb); (f) Density of high confidence gene 

models (HC; 0 to 32 genes per Mb); (g) Density of recombination rate; (h) SNP density (39). Connecting lines in the 

center of the diagram highlight homeologous relationships of chromosomes (blue lines) and translocated regions 

(green lines). (B) Positioning of the centromere in the 2D pseudomolecule. Upper panel: Density of CENH3CHiP-

seq data along wheat chromosome (all chromosomes are shown in Fig. S2). Lower panel: Distribution and 

proportion of the total pseudomolecule sequence composed of TE of the Cereba/Quinta families. The bar below the 

lower panel indicates pseudomolecule scaffolds assigned to the short (black) or long (blue) arm based on CSS data 

• 107,891 genes

HC genes

LC genes 161k

107k

pseudogenes ~300k

o Predicting genes is still NOT routine

GDEC Clermont, France – Rimbert Leroy Choulet et al.

PGSB Munich, Germany – Spannagl Twardziok et al.

EI Norwich, UK – Swarbreck Venturini et al.

IWGSC RefSeq (Chinese Spring)







o Impact of annotation methods on knowledge

3B

Choulet et al. Science 2014

3B

IWGSC Science 2014

3B

Clavijo et al. Genom Biol 2017

chr3B BAC-by-BAC TGAC_v1 Chr. Survey Seq

7264 genes

(26% identical)->

5862 genes

➢ in 2017: 3 versions of Chinese Spring chr3B 

5728 genes

(12% identical)



11%
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15%

➢ 39k homeologous groups

o A-B-D Comparative Genomics
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D
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o Polyploidy + single gene duplications



3. A-B-D Comparative Analysis of TEs



o TE modeling with CLARI-TE and ClariTeRep

~5000 known wheat TEs

Classification

https://github.com/jdaron/CLARI-TE

~500 families

ClariTeRep

Daron et al. Genom Biol 2015
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➢ Near-complete TE turnover since A-B-D divergence

3D

3B

3A
genes

TEs



AA BB DD

0.0 Gb

1.0 Gb

1.5 Gb

0.5 Gb

…505 
families

o % TEs

➢ Abundant families are the same on A-B-D

➢ 0 family specific to 1 subgenome

➢ 76% of the fam. account for similar % 
on A-B-D (<2 fold-change)

Families



o TE trees

➢ Independent TE evolution in the diploids AA, BB, DD
➢ Some rare cases of TE amplif in the tetraploid AABB

Family#3

AA BB DD

AABB

3..6

AABBDD

common 
ancestor

0

2

1

~0.01

~0.5

Myrs



o TE content around genes

gene gene

➢ Enrichment/Underrepres. close to genes is 
conserved betw A-B-D

➢ Wide majority of TE families either 
enriched/underrepres. in gene promoters

2 kb

A

B

D



A-B-D last 
common ancestor

A

B

D

~ 3 Myrs
TE turnover

- Most families were active
- Equilibrium

-> Hypothesis of a structural role of 
TEs likely under selection pressure?

o TE dynamics

dA

dB

dD



4. Structural Variations in Triticum
using resequencing data

PhD Romain De Oliveira

Ref B
A

D



T. aestivum (Asia)

T. spelta

T. carthlicum

T. macha

T. durum

T. dicoccum

T. dicoccoides

T. aestivum (others)

45 accessions / 7 species

3B

-> sorted 3B DNA

Illumina reseq ~30x

850 Mb

De Oliveira et al. Front. Genet. 2020

A

D
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Ref B



AccessionX

Chinese Spring
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CNVs

De Oliveira et al. Front. Genet. 2020



De Oliveira et al. Front. Genet. 2020

~7000 genes

PAVs/CNVs: 20% 

new genes: 330

core=80%

T. aest ivum (Asia)

T. spelta

T. car thlicum

T. m acha

T. durum

T. dicoccum

T. dicoccoides

T. aest ivum (others)

• functions: related 
to stress response

• expressed in more 
specific conditions



o TE CNVs

multi-hits

Chinese Spring chr3B
~500 TE families

T. aest ivum (Asia)

T. spelta

T. car thlicum

T. m acha

T. durum

T. dicoccum

T. dicoccoides

T. aest ivum (others)



Chinese spring

Retrotransposons

DNA transposons

o TE CNVs

TE% = 84% in all 45 accessions

➢ No major difference of the number of TE copies for 
each superfamily



2

1

0

-1

-2

o TE CNVs

others

retrotransposons

DNA transposons

0 fam with log2ratio > 2
➢ At the family level: globally extremely conserved proportions

log2ratio(         )
depthChineseSp

depthAccX



o TE PAVs

1 ISBP every 3 kb

150 bps

ISBP

RESULTS for 45 Triticum accessions:
• from 7% to 19% TE-PAVs
• cumulated variable: 60% ISBPs

T. aest ivum (Asia)

T. spelta

T. car thlicum

T. m acha

T. durum

T. dicoccum

T. dicoccoides

T. aest ivum (others)



o TE PAVs – distribution of polymorphisms

chr3B



5. Genomic variability affecting TEs in 
wheat using assembled genomes

PhD Nathan Papon (2019-2022)

• Methodology for comparative genomics of complex 
genomes with Gbps of repeats

• Extent of genomic variability? 
• Active families? Amount of transposition events?
• Did polyploidization trigger a TE burst? 



DD

Aegilops 
tauschii

Triticum
dicoccoides

AABBAABBDD

Triticum
aestivum

AA

Triticum
urartu

Luo et al. 2017Ling et al. 2018IWGSC 2018 Avni et al. 2017

➢ Multiple RefSeq now available
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gene#1 2 3 4 5 6 7 8

Results:
➢ Variable regions represent (pairwise):

• inter-specific: 8-34% of the sequences
• intra-specific: 4-6% of the sequences

T.  aestivum
AABBDD

T. urartu
AA

conserved variable



Extent of variability due to recent insertions?
➢ ~5k–10k transposition events / subgenome (<1% of the genome)

➢ 238 active families

deletion

transposition

Impact of polyploidy?

3032
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3239
191
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228
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66

2515
27

168
106

A
A

B
B

D
D

T. aestivum
AABBDD

T. durum
AABB

Recent TE insertions

Top10 families

A B D

➢ none

RLC_famc1
DTC_famc2
RLG_famc2
RLG_famc1
RLG_famc7
RLG_famc5
RLG_famc3
RLG_famc4

RLG_famc11
RLG_famc10

➢ Equilibrium



6. Sequencing the Renan genome



G. Doussinault, J. Jahier, M. Bernard et al. (1980's 90's 00's)

1A 7A2A 3A 4A 5A 6A
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o Genome Assembly

21 chromosomes

ACGAG

❖ Nanopore

❖ Bionano

❖ HiC

❖ Illumina

Gmap

~12% ambiguous mapping

o Annotation of genes

107k HC genes
Chinese Spring

• denovo gene annotation would 
generate to many differences

• gene mapping from a reference is 
NOT satisfying
➢ Develop MAGATT



❑ MAGATT (Marker-Assisted Gene Annotation Transfer for Triticeae)

ISBPs (uniquely mappable)

Renan

Chinese Spring

target region

TEs

gene

mRNA, CDS, exons

➢ 98% of genes 
mapped accurately

➢ + 4400 Renan 
specific genes



❑ Introgressions

chr2A

Renan

chr2N

telomere 40 Mb

Chinese Spring

chr2A

telomere 35 Mb



Renan – chr7DV

Chinese Spring – chr7D telomere

telomere

30 Mb, ~500 genes

Chinese Spring – chr7D

Renan – chr7DV

99% 99% 97% 96% 97%98%

chr7D

➢ Introgressions: source of 
diversity in modern 
breeding lines

analyses in progress…



o Conclusions
• Wheat has reached the pangenomic area
• Annotation matters

o Perspectives
• Build a wheat pangenome based on 8-12 founder lines

▪ IWGSC/NSF proposal under review
▪ GDEC, IPS2

STRUCTURE

Balfourier et al. 2018
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