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Shifting the limits in wheat research
and breeding using a fully annotated
reference genome
International Wheat Genome Sequencing Consortium (IWGSC)*

INTRODUCTION:Wheat (TriticumaestivumL.)
is the most widely cultivated crop on Earth,
contributing about a fifth of the total calories
consumed by humans. Consequently, wheat
yields and production affect the global econ-
omy, and failed harvests can lead to social
unrest. Breeders continuously strive to develop
improved varieties by fine-tuning genetically
complex yield and end-use quality parameters
while maintaining stable yields and adapt-
ing the crop to regionally specific biotic and
abiotic stresses.

RATIONALE: Breeding efforts are limited by
insufficient knowledge and understanding of

wheat biology and the molecular basis of cen-
tral agronomic traits. To meet the demands of
human population growth, there is an urgent
need for wheat research and breeding to ac-
celerate genetic gain as well as to increase and
protect wheat yield and quality traits. In other
plant and animal species, access to a fully an-
notated and ordered genome sequence, includ-
ing regulatory sequences and genome-diversity
information, has promoted the development of
systematic and more time-efficient approaches
for the selection and understanding of im-
portant traits. Wheat has lagged behind, pri-
marily owing to the challenges of assembling
a genome that is more than five times as large

as the human genome, polyploid, and complex,
containing more than 85% repetitive DNA. To
provide a foundation for improvement through
molecular breeding, in 2005, the International
WheatGenomeSequencingConsortium set out
to deliver a high-quality annotated reference
genome sequence of bread wheat.

RESULTS: An annotated reference sequence
representing the hexaploid bread wheat ge-
nome in the form of 21 chromosome-like se-
quence assemblies has now been delivered,
giving access to 107,891 high-confidence genes,
including their genomic context of regulatory
sequences. This assembly enabled the discovery
of tissue- and developmental stage–related gene
coexpression networks using a transcriptome
atlas representing all stages of wheat develop-
ment. The dynamics of change in complex gene

families involvedinenviron-
mental adaptation andend-
usequalitywere revealedat
subgenome resolution and
contextualized to known
agronomic single-gene or
quantitative trait loci. As-

pects of the future value of the annotated as-
sembly for molecular breeding and research
were exemplarily illustrated by resolving the
genetic basis of a quantitative trait locus con-
ferring resistance to abiotic stress and insect
damage as well as by serving as the basis for
genome editing of the flowering-time trait.

CONCLUSION: This annotated reference se-
quence of wheat is a resource that can now
drive disruptive innovation in wheat improve-
ment, as this community resource establishes
the foundation for accelerating wheat research
and application through improved understanding
of wheat biology and genomics-assisted breeding.
Importantly, the bioinformatics capacity devel-
oped for model-organism genomes will facilitate
a better understanding of thewheat genome as
a result of the high-quality chromosome-based
genome assembly. By necessity, breeders work
with the genomeat thewhole chromosome level,
as each new cross involves the modification of
genome-wide gene networks that control the ex-
pression of complex traits such as yield. With
the annotated and ordered reference genome
sequence in place, researchers and breeders can
now easily access sequence-level information to
precisely define the necessary changes in the
genomes for breeding programs. This will be
realized through the implementationof newDNA
marker platforms and targeted breeding tech-
nologies, including genome editing.▪
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Wheat genome deciphered, assembled, and ordered. Seeds, or grains, are what counts with
respect to wheat yields (left panel), but all parts of the plant contribute to crop performance.With
complete access to the ordered sequence of all 21 wheat chromosomes, the context of regulatory
sequences, and the interaction network of expressed genes—all shown here as a circular plot (right
panel) with concentric tracks for diverse aspects of wheat genome composition—breeders and
researchers now have the ability to rewrite the story of wheat crop improvement. Details on value
ranges underlying the concentric heatmaps of the right panel are provided in the full article online.
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Impact of transposable elements on
genome structure and evolution in bread
wheat
Thomas Wicker1†, Heidrun Gundlach2†, Manuel Spannagl2, Cristobal Uauy3, Philippa Borrill3,
Ricardo H. Ramírez-González3, Romain De Oliveira4, International Wheat Genome Sequencing Consortium5,
Klaus F. X. Mayer2,6, Etienne Paux4 and Frédéric Choulet4*

Abstract

Background: Transposable elements (TEs) are major components of large plant genomes and main drivers of
genome evolution. The most recent assembly of hexaploid bread wheat recovered the highly repetitive TE space in
an almost complete chromosomal context and enabled a detailed view into the dynamics of TEs in the A, B, and D
subgenomes.

Results: The overall TE content is very similar between the A, B, and D subgenomes, although we find no evidence
for bursts of TE amplification after the polyploidization events. Despite the near-complete turnover of TEs since the
subgenome lineages diverged from a common ancestor, 76% of TE families are still present in similar proportions
in each subgenome. Moreover, spacing between syntenic genes is also conserved, even though syntenic TEs have
been replaced by new insertions over time, suggesting that distances between genes, but not sequences, are
under evolutionary constraints. The TE composition of the immediate gene vicinity differs from the core intergenic
regions. We find the same TE families to be enriched or depleted near genes in all three subgenomes. Evaluations
at the subfamily level of timed long terminal repeat-retrotransposon insertions highlight the independent evolution
of the diploid A, B, and D lineages before polyploidization and cases of concerted proliferation in the AB tetraploid.

Conclusions: Even though the intergenic space is changed by the TE turnover, an unexpected preservation is observed
between the A, B, and D subgenomes for features like TE family proportions, gene spacing, and TE enrichment near genes.

Keywords: Transposable elements, Wheat genome, Genome evolution, LTR retrotransposons, Polyploidy, Triticum aestivum

Background
Transposable elements (TEs) are ubiquitous components
of genomes and one of the major forces driving genome
evolution [1]. They are classified into two classes: retro-
transposons (class 1), transposing via reverse transcription
of their messenger RNA (mRNA), and DNA transposons
(class 2), representing all other types of elements [2]. TEs
are small genetic units with the ability to make copies of
themselves or move around in the genome. They do not
encode a function that would allow them to be maintained
by selection across generations; rather, their strategy relies

on their autonomous or non-autonomous amplification.
TEs are subject to rapid turnover, are the main contribu-
tors of intraspecific genomic diversity, and are the main
factor explaining genome size variations. Thus, TEs repre-
sent the dynamic reservoir of the genomes. They are epi-
genetically silenced [3], preventing them from long-term
massive amplification that could be detrimental. The dy-
namics of TEs in genomes remains unclear, and it was
supposed that they may escape silencing and experience
bursts of amplification followed by rapid silencing. Their
impact on gene expression has also been documented in
many species (for a review, see [4]). In addition, they play
a role at the structural level, as essential components of
centromeric chromatin in plants [3, 5]. Plant genomes are
generally dominated by a small number of highly repeated
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o IWGSC RefSeq v1.0 – Metrics

total size
completeness

superscaffold N50

14.5 Gb (21 pseudomolecules = 14.1 Gb)
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23 Mb
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JGI
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o IWGSC RefSeq v1.0

§ Annotation
• 107,891 genes
• 4 million TEs
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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 
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~1 Mb

§ TE modeling based on similarity with a TE library
§ Building a reference TE library:

- fully de novo
- curated by experts



105 TE fragments (RepeatMasker with TREP)
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105 TE fragments

32 TEs (manually curated)
+ nested insertions LTRs TIRs

Ø Manual curation: 
Absolutely necessary to have a high quality TE library



o TE modeling with CLARI-TE and ClariTeRep

3200 TEs

TREP (T. Wicker)

Choulet et al. Plant Cell 2010

Classification

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

~500 families
ClariTeRep

1700 TEs

+
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o TE modeling with CLARI-TE and ClariTeRep
https://github.com/jdaron/CLARI-TE
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Ø High level of synteny between A-B-D (gene-based)
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AA BB DD
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Ø Proportion of each 
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Ø 0 family specific to 1 subgenome

Ø 76% of the fam. account for similar % 
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o TE trees

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

Family#3

AA BB DD

AABB

~3

AABBDD

A-B-D 
ancestor

0

2

1

~0.01

~0.5

Myrs



A-B-D last 
common ancestor

A

B

D

~ 3 Myrs
TE turnover

- TE fam conserved betw A-B-D
è ancestrally present

- TE turnover BUT proportions 
remained similar 
è most families were active
è "equilibrium" between deletion / 
amplification

- Hypothesis:
Structural role of TEs likely 
under selection pressure?

o TE dynamics
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dB

dD

è Intergenic distances tend to be 
conserved!!! … genome architecture 
likely under evolutionary constraints



o TE content around genes

gene gene
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o Conclusions

o Nearly-complete TE turnover since A-B-D divergence

o Stability+++ (TE %, families, enrichment around genes…)

=> Hypothesis of a structural role of TEs likely under 
selection pressure



repeats in the contig (Figure S5). The first one is from 13 to
514 bp, the second is from 564 to 1052 bp and the third is
from 1101 to 1603 bp (Figure S6). ChIP analysis was also
performed, but the results did not support the hypothesis
that this tandem repeat sequence is associated with CENH3
in wheat. Its RFEs were 2.27 ! 0.41 and 1.35 ! 0.09,
almost the same level as the negative control 5.8S
(1.90 ! 0.17 and 2.74 ! 0.03), and significantly lower than
that of CRW (4.08 ! 0.12 and 5.81 ! 0.29) in two indepen-
dent experiments of ChIP PCR amplification. Finally, South-
ern hybridization indicated that polyploid wheat inherited
such a tandem repeat sequence from its diploid ancestors
(Figure S7). Thus, we propose that satellite tandem repeats
were originally present in the wheat centromere core
regions, but that they were likely to have been pushed

away by the insertion of Quinta and CRW TEs, and are no
longer associated with CENH3.

Gene content and synteny of the centromeric regions

in related grass genomes

Three genes were detected in the 1.14-Mb centromeric
sequence (Figure 1b). Two genes, gene01 (carried by
TaaCsp3BFH111F24) and gene03 (carried by TaaCsp3
BFH033D06), are orthologous and syntenic with rice chro-
mosome 1 and Brachypodium chromosome 2, and share
similarities with Os01g37800 and Bradi2g41180 (putative
ras-related protein, with 94 and 97% amino acid identities,
respectively), and with Os01g36860 and Bradi2g40760
(putative DEAD box ATP dependent RNA helicase, with 86
and 93% amino acid identities, respectively). An addi-

Figure 5. Estimated insertion time of retro-
transposons associated with wheat centro-
meres in A (Triticum boeoticum), B (hexaploid
Triticum aestivum) and D (Aegilops tauschii)
genomes.
Each dot represents an element for which the
insertion time could be estimated, i.e. showing
two complete long terminal repeats (estima-
tions >2.5 Myr are not represented). CRW,
Quinta and other families are represented in
yellow, blue and gray, respectively. The esti-
mated range of the first polyploidization event
is represented approximately with brackets.

(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Figure 6. Immuno co-localization of CENH3
and retrotransposons at the interphase stage.
(a) FITC signals conjugated with CENH3 anti-
body; (b) rodamin signals of CRWs; (c) merged
image of (a) and (b); (d) rodamin signals conju-
gated with CENH3 antibody; (e) FITC signals of
Quintas; (f) merged image of (d) and (e); (g)
FITC signals conjugated with CENH3 antibody;
(h) rodamin signals of Weg; (i) merged image
of (g) and (h).
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