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Résumé

De par sa taille (17 Gb), la complexité de son génome (allohexaploide) ainsi que la forte proportion
d’éléments répétés (>80%), I'étude du génome de blé tendre est une tache particuliérement
complexe et s’est souvent retrouvée confrontée aux limites technologies. Grace une approche de tri
de chromosomes, le chromosome 3B (995 Mb) a pu étre isolé et séquencé. Ces données ont
permis la construction d’'une pseudomolécule. Mes travaux de these se sont basés sur des données
de transcriptomique produites avec une approche RNA-Seq, afin d’'investiguer I'impact de la taille

de ce chromosome sur I'organisation de I'espace génique.

L’annotation du chromosome 3B a permis de mettre en évidence: 5326 genes et 1938
pseudogénes. L'analyse des librairies RNA-Seq pour 15 conditions de développement a permis de
mettre en évidence I'expression de 71 % des génes annotés, ainsi que 3 692 régions nouvellement
transcrites (NTR). Nous avons aussi pu détecter des transcrits alternatifs pour 61% des génes
exprimés (en moyenne 6 isoformes).Nous avons donc pu mettre en évidence une structuration de
'espace génique pour le chromosome 3B. En effet, la transcription est répartie sur tout le
chromosome, cependant les genes sont organisés selon un gradient de densité croissant sur I'axe
centromere-télomére. En nous basant sur le profil des données de recombinaison, nous avons
divisé le chromosome en 3 régions : R1, R2 et R3. La région R2 correspondant a la région centrale
du chromosome (647 Mb) ou le taux de recombinaison est trés faible voir absent. Les régions R1
(58 Mb) et R3 (69 Mb) correspondent respectivement aux parties distales du bras court et du bras
long du chromosome, ou le taux de recombinaison est le plus fort. Ces trois régions different par
leur niveau et leur spécificité d'expression, ainsi que par leur structure génique (nombre d'exons,
taille des introns ...). En effet, les genes ayant une expression tissu-spécifique, ainsi qu’un faible
nombre de transcrits alternatifs sont retrouvés dans les régions R1 et R3. Deux modeéles peuvent
expliquer le lien observé entre la structure des génes et leur niveau/spécificité d’expression : le

modele de la sélection pour I'économie et le modele dessin génomique.

En conclusion, ce travail a montré et ce, pour la premiére fois a I'échelle d’'un chromosome entier de
blé, I'impact de la taille du chromosome sur l'organisation; mettant en relation la structure des
genes, leur niveau d'expression, leur spécificité d’expression, ainsi que leur nature évolutive.
L'assemblage ainsi que lI'annotation de pseudomolécules des autres chromosomes permettra de
mettre en évidence si cette structure est conservée. Afin de mieux comprendre les mécanismes
cellulaires impligués dans la régulation de I'expression des génes, une étude du paysage

épigénomique a été engagée.

Mots clés : blé, espace génique, RNA-Seq, expression, structure du génome.






Abstract

Genome-wide studies of the bread wheat are a complicated task due to its large size (17 Gb), its
allohexaploidy and its high content in repeat sequences (>80%). Using a chromosome-specific
approach, the chromosome 3B (995 Mb) was successfully isolated and sequenced leading to the
assembly of one pseudomolecule. The work presented in this thesis investigated the impact of the
3B chromosome size on the gene space organization. Production of transcriptomic data was

achieved using RNA-Seq approach.

The chromosome 3B was annotated and we predicted 7 264 features, including 5 326 full genes
and 1 938 pseudogenes. We constructed RNA-Seq libraries for 15 developmental wheat conditions.
Using this data we detected expression of 71.4% of the predictions, and 3 692 novel transcribed
regions (NTR). We also detected alternative transcripts for 61% of the expressed genes, with 5.8
isoforms on average for one gene. Using these transcriptional data, we highlighted a partitioning of
the chromosome 3B gene space. Indeed, transcription was found all along the chromosome, but
genes were organized according to an increasing density gradient along the centromere-telomere
axis. Based on recombination profile, we segmented the chromosome in 3 major regions: R1, R2
and R3. The region R2 was identified with low or no recombination rate corresponding to the
centromeric and peri-centromeric regions (647 Mb). The regions R1 and R3 were associated with a
higher recombination rate, both localized on the distal part of the short arm (58 Mb) and the long
arm (69 Mb) respectively, where the recombination rate is higher. All three regions showed distinct
level and specificity of gene expression as well as unique gene structure (variation size, exon
number, intron size). Indeed, genes expressed in a specific condition and with a small number of
alternatives transcripts were localized on regions R1 and R3. We showed that two evolutionary
model could explain the link between gene structure and the level/specificity of expression :

“selection for economy” and “genome design”.

In conclusion, a transcriptomic studies was achieved along the 3B chromosome for the first time.
This study demonstrated a relationship between gene characteristics (structure, expression level,
expression specificity and evolution) and the chromosome 3B organization. Future pseudomolecule
assemblies will help us to assess the structural organization of these chromosomes. In order to
better understand the cellular mechanisms of gene expression, an epigenomic study of the 3B

chromosome was started.

Key words: wheat, gene space, RNA-Seq, expression, genome structure.
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Glossaire

Avant-propos

Aujourd’hui, le blé tendre (Triticum aestivum) est la céréale la plus cultivée dans le monde
avec 215 millions d’hectares, et représente la nourriture de base pour 30% de la population
mondiale. C’est la deuxiéme source majeur d’apport caloriques apres le riz (532 kcal par
personne et par jour, soit 20% des apports caloriques) (This week in Nature - Editorials,
2014).

Depuis 1960, les rendements du blé ont triplé, passant de 1,1 t/Ha (1961) a 3,1 t/Ha (2012)
(« FAOSTAT », 2014). Cette augmentation s'inscrit dans la période de la « Révolution
Verte », qui a permis d’améliorer et de produire des variétés de blé par le biais de
programmes de recherche innovants, ainsi que par l'application de nouvelles pratiques
culturales (irrigation, utilisation d’engrais azotés) (P. S. Baenziger, Russell, Graef, &
Campbell, 2006). Cependant, sur les dix derniéres années, le rendement du blé a stagné
avec une augmentation d’environ 0,9% par an (This week in Nature - Editorials, 2014). Ce
qui contraste avec l'augmentation de la consommation, due aux changements d’habitudes
alimentaires (augmentation de la consommation de la viande estimée a 70% d'’ici 2050),
ainsi qu’a l'augmentation de la taille de la population mondiale (en 2050, la taille de la
population est estimée a 9,6 milliards, soit 2,4 milliards de consommateurs supplémentaires).
Il faut aussi prendre en compte la taille des surfaces agricoles qui diminue, avec
l'urbanisation, la concurrence des surfaces de paturage ou bien de bois de chauffe, ainsi que

la production de biocarburant (Rice & Garcia, 2011).

A la vue des ces nouvelles données, I'agriculture mondiale se trouve face a un défi sans
précédant : (i) répondre a 'augmentation démographique ainsi qu'a de nouveaux besoins
alimentaires, (ii) cela dans un cadre d’une agriculture durable et responsable. La FAO estime
gu’il faudrait augmenter la production de blé de 2,4% par an, pour atteindre une
augmentation totale de 60% d’ici 2050. Tout en respectant une politique agricole, qui vise
une agriculture plus propre, par la réduction de l'utilisation des produits phytosanitaires. De
plus, les changements climatiques sont de plus en plus importants et impactent sur les

rendements.

On constate que la stagnation des rendements observée pour le blé n'est pas retrouvée
chez les autres céréales, dont le mais en particulier. Pour cela trois raisons principales : (i) le
fort investissement en recherche et développement, qui chez le mais est quatre fois
supérieur a celui fait sur le blé (This week in Nature - Editorials, 2014), (ii) I'adoption rapide

des nouvelles technologies pour les programmes d’amélioration variétale, (iii) l'utilisation de
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semences hybrides (Whitford et al., 2013). Un point clé impliqué dans ces trois raisons :

'absence d’'une séquence de référence pour le blé hexaploide.

En effet, une grande partie des génomes des céréales les plus cultivées ont déja été
séquencés, comme par exemple : le mais, le riz ou bien le sorgho. Cependant, malgré son
importance socio-économique, le blé résiste quant au décryptage de son génome, du fait de
sa taille et de sa complexité. Ce qui fait de son génome un excellent modéle pour les

especes a génome complexe.

C’est dans ce cadre que s'inscrit mon sujet de thése, en proposant pour la premiere fois une
analyse compléte de l'organisation structurale et fonctionnelle de I'espace génique pour un

chromosome de blé.
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: Acide Désoxyribonucliéique

: ADN complémentaire

: ADN génomique

. Acide Ribonucléique

: ARN non codant

: ARN ribosimique

: ARN de transfert

: Bacterial Aritifical Chromosome

: Coding Sequence

: Comparative Genomic Hybridization
: Copy Number Variation

: Chinese Spring

: Expressed Sequenced Tag

: Elément Transposable

: Food and Agriculture Organization of the United Nation
: Giga base

: Gene Ontology

: International Wheat Genome Sequencing Consortium
: kilo base

: long intergenic non coding RNA

: long non coding RNA

: Méga base

: méthylation de la Cytosine

: micro RNA

: Maodification Post-Transcriptionnelle
: Minimum Tilling Path

: Next Generation Sequencing

: nucléotide

: Open Reading Frame

: Presence Absence of Variation

: paire de base

: Polymerase Chain Reaction

: picogramme

: Promoteur Spécifique de I'Expression
: RNA Sequencing

: Serial Analysis of Gene Expression
: small interfering RNA

: Single Nucleotide Polymorphism

: Transcription Start Site

: Whole Chromosome Shotgun

: Whole Genome Duplication

: Whole Genome Shotgun

: Yeast Artificial Chromosome
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170 Figure 1 : Histogramme représentant
la taille de génomes monoploides.
La taille est calculée par la division de
valeur de 2C par le niveau de ploidie
pour 5173 espéces. Les valeurs ont
été représentée par tranches de 1 pg
(allant de 1 pg a 87-88 pg). L'accolade
représente les especes qui ont des
génomes de grande taille (1C >35 pg).
Les trois espéces représentées sont
(de gauche a droite): Pinus ayacahuite
1Cx DNA amount (pg) . ..
(gymnosperme), Viscum  minimum
(eudicotylédone), Fritillaria japonica
(monocotylédone).(Kelly et  Leitch
2011).
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Figure 2 : Représentation de la diversité de la taille des génomes chez les Angiospermes.
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1 Structure et organisation des génomes végetaux

1.1 Les variations de taille des génomes chez les plantes

La taille des génomes de plantes varie de quelques Mb (ex : 63 Mb chez le genre Genlisea
(Greilhuber et al., 2006)) a plusieurs dizaines de Gb (ex: Paris japonica : 148 852 Mb
(Pellicer, Fay, & Leitch, 2010)). Traditionnellement, la taille d'un génome est rapportée a sa
« valeur C » qui représente le contenu en ADN pour une cellule haploide. Elle est mesurée
en picogrammes (pg) avec la relation suivante: 1pg représente 978 Mb
(http://www.genomesize.com/). A partir des valeurs issues de la base de données « Plant
DNA C-values data base » (http://data.kew.org/cvalues/), qui recense les valeurs C connues
des génomes de plantes, on constate que la valeur C varie d'un facteur 80 (Figure 1).
Toutefois, cette valeur n'est pas corrélée au nombre de genes codant une protéine. Ce
phénoméne est appelé le « paradoxe de la valeur C» (Pagel & Johnstone, 1992).
L'explication réside dans le fait que la taille du génome nucléaire est fonction de la fraction
non génique du génome. En effet, il a été mis en évidence que la rapidité du changement de
taille des génomes est due a l'activité des éléments transposables (ET) (Tenaillon, Hollister,
& Gaut, 2010).

Les génomes de plantes ont été classés en cing groupes en fonction de leur taille : tres
petits, petits, moyens, grands et trés grands, a partir de I'estimation des valeurs C pour 1%
des génomes de plantes (I. J. Leitch, Soltis, Soltis, & Bennett, 2005). Les trés petits
génomes et les petits génomes sont ceux avec une valeur C inférieure ou égale a 1,4 pg et
inférieure ou égale a 3,5 pg respectivement, les génomes de taille moyenne sont compris
entre 3,5 et 14 pg, les génomes de grande taille ont une valeur C supérieure ou égale a
14 pg et inférieure & 35 pg. Enfin, les génomes avec une valeur C supérieure ou égale a
35 pg sont considérés comme des génomes de tres grande taille (I. J. Leitch et al., 2005). La
majorité des plantes dont la taille du génome a été estimée ont un petit génome (Kelly &
Leitch, 2011). Cependant, on retrouve des plantes a grand génome dans plusieurs clades,
les Liliales (monocotylédones), les Santalales (dicotylédones), et les Ophioglossales
(fougéres), ce qui indique que l'expansion de la taille des génomes se serait produite
indépendamment dans plusieurs lignées au cours de l'histoire évolutive (I. J. Leitch et al.,
2005).

Chez les Angiospermes (division des Magnoliophyta), la taille des génomes est fortement
variable (Figure 2) (Soltis, Soltis, Bennett, & Leitch, 2003). La moitié des espéces ont un

génome de taille inférieure ou égale a 3,5 pg (3 423 Mb). En revanche, les génomes de
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grande taille (C = 14 pg) ont une distribution beaucoup plus réduite, et sont retrouvés
uniquement chez quelques monocotylédones, Ranunculades, Caryophyllales et Santales
(Soltis et al., 2003). L'étude des génomes complexes permet I'‘étude des mécanismes
moléculaires et des forces évolutives favorisant ou contrecarrant I'expansion des génomes.
Elle permet ainsi de mieux comprendre comment et pourquoi la plupart des génomes sont
contraints en taille (Kelly & Leitch, 2011).

1.2 Origine des variations de tailles : polyploidisation et éléments
transposable s

1.2.1 Polyploidisation

La polyploidie était initialement considérée comme « une entrave au succés de I'évolution
des plantes » (Stebbins, 1971). Aujourd'hui, elle est considérée comme une force majeure
de I'évolution chez les plantes, affectant la taille des génomes, mais surtout la diversification
et la spéciation (Adams & Wendel, 2005; Madlung, 2013; S P Otto & Whitton, 2000; Soltis et
al.,, 2009) (Figure 3). Chez les especes a génome polyploide, le caryotype n'est pas
composé de paires de chromosomes homologues (diploide 2x) mais de plusieurs
exemplaires de chacun des chromosomes (exemples : banane : 3x; canne a sucre : 8x).
Cette redondance permet la divergence moléculaire et fonctionnelle d'une des copies de
genes dupliqués, favorisant ainsi la plasticité du génome (Bento, Gustafson, Viegas, & Silva,
2011). Ce phénomeéne est beaucoup plus fréquent chez les plantes que chez les animaux.
En effet, chez les plantes a fleurs, ce phénoméne se produit a une fréquence de 1 sur
100 000 (Comai, 2005) alors que sa prévalence est beaucoup plus faible chez les animaux
avec seulement 200 exemples de polyploidies rapportés chez les insectes et les vertébrés
(S P Otto & Whitton, 2000). Chez les mammiféres et les oiseaux, les changements d'état de
ploidie peuvent étre fatales, notamment a I'état embryonnaire (exemple : chromosomes

sexuels sur-numéraires) (Sarah P Otto, 2007).

Chez les plantes a fleurs, plus de 70% des espeéces sont des polyploides (Graham Moore,
2002), a la différence des gymnospermes ou un faible pourcentage des espéces sont
polyploides (A. R. Leitch & Leitch, 2012). De nombreuses especes végétales cultivées ont
un génome polyploide, comme le blé, le café, la banane, la pomme de terre, la canne a
sucre, le tabac (A. R. Leitch & Leitch, 2008). L'événement de polyploidisation est,
généralement, rapidement suivi de modifications épigénétiques, de la perte massive de
copies de genes dupliqués et de réarrangements structuraux, dues au fait que la redondance

ainsi acquise qui ne va pas étre sélectionnée (Comai, 2005).
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Il existe deux types de polyploidie : autopolyploidie et allopolyploidie. L'autopolyploidie se

réfere a la multiplication de chromosomes génétiquement identiques d'une espéce, et résulte
d'anomalies méiotiques ou d’hybridation intra spécifique, alors que I'allopolyploidie entraine
la multiplication d'un lot de chromosomes par I'hybridation de deux espéces différentes
(Comai, 2005; Weiss-Schneeweiss, Emadzade, Jang, & Schneeweiss, 2013). Dans ce cas,
les sous-génomes issus des deux parents sont qualifiés d'homéologues (S P Otto & Whitton,
2000) (Figure 4).

Trois avantages majeurs de |'état polyploide ont été recensés (Comai, 2005). Les deux
premiers : la vigueur hybride et la redondance des génes, sont liés a la duplication des
génes. Le troisieme est la reproduction asexuée, afin de perturber certains systémes d’auto-
incompatibilité. Des désavantages ont aussi été décrits, comme par exemple les effets
perturbateurs de I'élargissement nucléaire et cellulaire, ainsi que les problemes rencontrés

en mitose et méiose, entrainant la formation de cellules aneuploides (Comai, 2005).

1.2.2 Les éléments transposables

Si la polyploidie joue un réle majeur dans I'évolution de la structure et de la taille des
génomes chez les plantes, les éléments transposables sont les principaux acteurs de
I'expansion des génomes, d'ou le « paradoxe de la valeur C» énoncé précédemment
(Kidwell, 2002). Les éléments transposables ont été découverts dans le milieu des années
1940 par Barbara McClintock chez le mais. lls représentent plus de 70% de certains
génomes végétaux et sont mobiles dans un génome (Wessler, 2006). Chez les eucaryotes,
les ET sont divisés en deux classes en fonction de leur mode de transposition. Les ET dits
de classe I, sont ceux qui transposent via un intermédiaire ARN, alors que les ET qui
transposent via un intermédiaire ADN sont qualifiés de ET de classe Il. Dans chaque classe,
il existe des éléments autonomes (qui codent pour des protéines nécessaires a la
transposition) et non autonomes qui ont besoin d'un partenaire autonome au sein du méme
génome pour étre mobilisés. Chez les éléments de classe |, on distingue les
rétrotransposons a LTR (gypsy, copia) et ceux sans LTR (LINE, SINE). Les rétrotransposons
a LTR représentent généralement les ET les plus abondants dans les génomes de plantes
(Bennetzen & Wang, 2014; Wessler, 2006) (Figure 5). Chez les Angiospermes, les génomes
de grande taille dérivent de l'amplification massive d'un petit nombre de familles de
rétrotransposons a LTR (Bennetzen & Wang, 2014). Ceux-ci auraient tendance a s'insérer
dans les rétrotransposons a LTR déja présents (Bennetzen, 2002). A la différence de la
compaction du génome, qui se produit par délétion de fragments d’ADN via, notamment, la

recombinaison homologue inégale entre paires de LTR (d’'un méme élément ou entre deux
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29 diploide 39 040 36% WGS
8 diploide 32670 29,7% BAC
5 diploide 33602 14% BAC
5 diploide 32255 21,4% BAC
10 diploide 22 285 39,5% BAC/WGS
8 diploide 28 269 32,2% WGS
9 diploide 24 746 51,9% WGS
17 diploide 16 036 shotgun/BAC
7 diploide 26 682 14,8% WGS
7 diploide 34 809 22% WGS
20 diploide 66 153 59% WGS
13 diploide 37 505 61% BAC
6 diploide 42 399 34,28% BAC/WGS
11 haploide doublé 36 542 ~50% WGS
17 diploide 57 386 42,4% WGS
8 diploide 45 108 BAC/WGS
12 diploide 35679 35% BAC
19 diploide 45778 42%
10 diploide 34 496 61% WGS
12 diploide 34727 63,2% BAC/WGS
12 diploide 39031 62,2% WGS
10 diploide 28 798 25,7% WGS
19 diploide 30434 41,4% WGS
10 diploide 32540 85% BAC

Tableau 1 : Tableau récapitulatif non exhaustif des génomes de plantes séquencés.
D’apres http://chibba.agtec.uga.edu/duplication/
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éléments de la méme famille) et donne naissance aux solo-LTR (Devos, Brown, &
Bennetzen, 2002). La variation de la taille des génomes de plante est donc due a la balance

entre accumulation et perte des ET.

La distribution de certaines familles d’ET le long des chromosomes peut étre trés hétérogéne
avec une tendance générale a l'accumulation des ET dans les régions centromeériques
comme décrit chez le sorgho et A. thalinana (Arabidopsis Genome Initiative, 2000; Paterson
et al., 2009a) (Figure 6). Ainsi, si le contenu en gene reste similaire entre les espéces, le
pourcentage de ET varie significativement et une corrélation forte existe entre la taille des
génomes de plantes et leur contenu en LTR-rétrotransposons (Tenaillon et al., 2010) (Figure
7).

1.3 Ladistribution des génes dans l'espace génique

1.3.1 Variation de la densité de génes

L'espace génique est définit comme la distribution des genes le long des chromosomes
(Barakat, Carels, & Bernardi, 1997). En 2004, I'espace génique est redéfinit en référence a la
portion de 'ADN codant des génes actifs et ainsi qu’a la distribution des génes actifs dans un
génome (Scott Jackson, Barbara Hass Jacobus, & Janice Pagel, 2004). Plus généralement,
'espace génique se rapporte a de grandes régions riches en génes, séparées par de

grandes régions pauvres en genes (Varshney, Hoisington, & Tyagi, 2006).

Chez les plantes, le contenu en genes est relativement constant: entre 16 036 chez
Chlamydomonas reinhardtii (algue verte ; (Merchant et al., 2007)) et 66 153 chez Glycine
max (soja ; (Schmutz et al., 2010)), soit une variation d'un facteur de 4,12 (Lee, Tang, Wang,
& Paterson, 2012) alors que leur génome représentent respectivement 121 Mb et 1,1 Gb
(Tableau 1).

Par ailleurs, l'ordre des genes (ou colinéarité) est conservé entre les génomes apparentés (G
Moore, Devos, Wang, & Gale, 1995). Toutefois, les genes ne sont pas distribués
aléatoirement et une structuration de I'espace génique a été décrite en fonction de la taille
des génomes (D’Hont et al., 2012; International Brachypodium Initiative, 2010; International
Rice Genome Sequencing Project, 2005; Paterson et al., 2009a; Schnable et al., 2009). Pour
les génomes de taille inférieure a 500 Mb environ, la distribution des genes a tendance a
étre uniforme. C'est le cas pour les génomes de C. reinhardtii (121 Mb; (Merchant et al.,
2007), A. thaliana (125 Mb; (Arabidopsis Genome Initiative, 2000), B. distachyon (272 Mb ;
(International Brachypodium Initiative, 2010)) et du riz (389 Mb ; (International Rice Genome
Sequencing Project, 2005)). En revanche, chez le mais (2,3 Gb ; (Schnable et al., 2009)), le
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sorgho (730 Mb ; (Paterson et al., 2009a)), ou encore l'orge (5,1 Gb ; (International Barley
Genome Sequencing Consortium et al., 2012)), une augmentation de la densité de génes
dans les parties distales des chromosomes a été mise en évidence. Par exemple la densité
en génes des chromosomes de riz varie entre 14 et 16 genes par Mb alors qu'elle varie de

0,5 a 5 génes par Mb chez le mais (Figure 8).

1.3.2 L'organisation en insulas et genes co-exprimeés

Au dela du gradient de densité en genes observé le long des chromosomes chez les
génomes de grande taille, a une échelle plus fine, une tendance au regroupement des génes
en ilots a été décrit chez plusieurs especes (Par exemple : le blé : Devos et al. 2005; Choulet
et al. 2010; Rustenholz et al. 2011 ; le coton : (W. Guo et al., 2008)). Chez le coton, le critere
choisi pour définir des filots de génes est une distance intergénique inférieure a 5 kb. Chez le
blé, c’est la valeur médiane des distances intergéniques qui a été choisie comme seuil. Plus
récemment, une approche statistique pour définir les Tlots a été proposée (Gottlieb et al.,
2013). En se basant sur un échantillon de séquences de BAC d'Ae. tauschii, les auteurs ont
définit I'hypothése nulle suivante : les génes sont répartis aléatoirement sur les
chromosomes suivant une distribution uniforme, apparentée a une loi de Poisson, supposant
gue les génes sont localisés indépendamment les uns des autres. Le pendant de cette
hypothese est que la densité des distances intergéniques suit une distribution exponentielle.
Cette étude a montré que pour les génomes compacts, comme ceux du riz et de
B. distachyon, il n'y a pas de différence significative entre les densités de génes observées
et celles proposées par le model exponentiel, alors que cette différence est significative pour
les génomes plus grands du sorgho et d'Ae.tauschii (Figure 9). La dénomination

« d'insulae » (insula) a ainsi été proposée pour décrire un cluster de genes proches.

Précédemment, nous avons montré que la taille des génomes était fortement impactée par
les ET. En effet, les génomes qui ont peu de régions denses en genes ont un faible
pourcentage de rétroéléments, comme celui du riz (35% ; (International Rice Genome
Sequencing Project, 2005)) ou de B. distachyon (21.4% ; (International Brachypodium
Initiative, 2010)), a la différence de celui du sorgho (61% ; (Paterson et al., 2009b)), du mais
(>75% ; (Schnable et al., 2009)) ou d'Ae. tauschii (65,9% ; (Jia et al., 2013)).

Les génes retrouvés en insula sont généralement aussi retrouvés co-exprimés. Chez A.
thaliana 10% des genes sont co-exprimés, avec une partie important sont des génes
dupliqués (Zhan, Horrocks, & Lukens, 2006). Cependant la duplication seule des génes ne
suffit pas a expliquer le pourcentage de genes retrouves co-exprimés. Les auteurs indiquent

gue les génes qui ne partagent pas d’homologie et qui sont transcrits simultanément,
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partagent des fonctions, et sont retrouvés proches a une fréquence deux fois supérieur a
l'attendue. Dans cette étude, il est suggéré qu’il y a deux niveaux de régulation des génes
chez A.thaliana (Zhan et al., 2006). Un niveau de régulation local, ou les éléments de
régulation dupliqués en tandem ou bien qui partagent des éléments de régulation,
contribuent a un fort niveau d’expression similaire pour un petit nombre de génes voisins.
Puis, a une échelle plus globale, de larges régions impliquant un état chromatinien ouvert ou
fermé, et qui donc différent entre les conditions expérimentales, ce qui peut expliquer le
faible niveau de co-expression entre les grands groupes de génes. Ce qui implique que les
plantes vont pouvoir s’adapter aux changements d’environnement extrémes (comme par

exemple la sécheresse) (Zhan et al., 2006).

1.3.3 La duplication des genes

La duplication des génes est un mécanisme important de I'évolution et de I'adaptation des
plantes a leur environnement. Plusieurs mécanismes peuvent étre impliqués dans les

duplications de génes (Magadum, Banerjee, Murugan, Gangapur, & Ravikesavan, 2013) :

() les « cossing-overs » inégaux, qui conduisent a la formation de séquences répétées en
tandem & partir de deux chromosomes homologues ou deux chromatides sceurs.

(ii) la rétrotransposition d'un transcrit.

(iii) la transposition duplicative : via la recombinaison homologue non allélique (NAHR) a
partir de deux séquences homologues de deux chromosomes non homologues ou la
réparation des cassures double brin via le mécanisme de « Synthetis Dependent Strand
Annealing » (SDSA) (non homologous end joining, NHEJ). Cette voie a été suggérée suite a
une étude sur le génome humain, montrant que dans certains cas il n'y avait pas
d’'implication d’'une séquence répétée d’ADN ou bien de grandes parties de séquences
homologues au niveau des points de cassures (Linardopoulou et al., 2005). La différence
entre ces deux procédés réside dans [l'utilisation de la séquence homologue durant la
réparation de la cassure double brin.

(iv) la polyploidisation.

Et les conséquences de la duplication d’'un géne sont multiples: une copie d'un gene
nouvellement dupliqué peut soit: conserver sa fonction, soit devenir non fonctionnelle
(=pseudogénisation), soit étre sélectionnée pour l'acquisition d'une nouvelle fonction (néo-
ou sous-fonctionnalisation) (Magadum et al., 2013; Rensing, 2014). La néo-fonctionnalisation
correspondant a I'acquisition d’'une nouvelle fonction a partir de la duplication d'un géne. La
sous-fonctionalisation correspondant a la conservation par un gene dupliqué d’une fonction

ou bien d’'un composant commun a la fonction originel (Comai, 2005).
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Les genes dupliqués en tandem représentent entre 10 et 20% du contenu en genes dans les
génomes du riz et A. thaliana (Rizzon, Ponger, & Gaut, 2006). Par ailleurs, une corrélation
entre proportion de genes dupliqués en tandem et taux de recombinaison méiotique a été
décrite, suggérant un rdle majeur des mécanismes de recombinaison homologues dans la
duplication de genes (Rizzon et al., 2006). D’'un point de vu fonctionnel, il a été montré que
les genes dupliqués en tandem les plus fréquemment maintenus dupliqués au cours de
I'évolution étaient impliqués dans des fonctions extracellulaires et de réponses aux stress
(Rizzon et al., 2006). Chez le soja (Glycine max), dont le génome a subit deux évenements
de polyploidisation différents (13 et 59 millions d’années), 75% des génes ont été retrouvés
présents en plus de une copie (Roulin et al., 2012). L'analyse de données RNA-Seq issues
de 7 tissus, a permis de montrer que pour un sous set de 18 000 génes, 50% des
paralogues ont une expression différentielle et sont donc sous-fonctionnalisés. L'analyse de
I'ontologie de ces géenes montre que seulement une petite proportion des genes dupliqués

issus de WGD ont été néo-fonctionnalisés (Roulin et al., 2012).

En ce qui concerne les génes dupliqués en tandem par un mécanisme de duplication, chez
le riz et A. thaliana, il a été montré qu’il y avait une corrélation positive entre la densité de

genes dupliqués en tandem et le taux de recombinaison (Rizzon et al., 2006).

2 La notion de gene et ses évolutions

2.1 Evolution de la notion de géne

Etymologiguement, le mot géne vient du grec genesis (« naissance ») ou genos (« origine »).
C’est en 1909 que le terme de gene a été utilisé pour la premiere fois par le biologiste danois
W. Johannsen, qui s’est basé sur le concept développé par G. Mendel en 1866. En effet
avec ses travaux, G. Mendel avait montré que le phénotype était transmis de maniére
discréte a la descendance. En d'autres termes, que le phénotype est causé par le génotype.
On commence a attribuer un géne a un locus dans les années 1910, avec les travaux de
T.H Morgan sur la Drosophile avec la ségrégation de mutations, ou il définit le modele
suivant : les genes sont organisés de maniere linéaire et la capacité de « cross-over » est
proportionnelle & la distance qui sépare les génes (Morgan, Sturtevant, Muller, & Bridges,
1915).

Du point de vue structural, le géne est défini comme une portion du génome composée
d’introns et d’exons, produisant un ARN messager (noté ARNm) polyadénylé, pouvant coder

une protéine, ou bien étre transcrit en ARN non codant. Crick en 1958 propose l'analyse
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suivante : le flux de l'information de I'expression d'un gene provient d'un acide nucléique pour
former une protéine. Cette analyse forme le « dogme central » qui décrit un systeme
expliquant comment linformation stockée dans une séquence d'ADN est transférée du
génome en une protéine fonctionnelle. Mais est-ce que tout se résume a la simple équation :
un géne = une protéine ? La réponse a cette question est fournit en 1977 avec la mise en
évidence de I'épissage alternatif par Berget et ses collaborateurs, qui décrit qu'un géne peut
donner plusieurs transcrits (Berget, Moore, & Sharp, 1977). La découverte de I'épissage a
complexifié le concept de gene, qui est définit alors comme pouvant donner naissance a un
groupe de transcrits partageant un set d'exons dont un au moins est commun a tous les

transcrits.

En 1986, une nouvelle découverte va encore remettre en question le dogme central
précédemment décrit. Chez le trypanosome, l'insertion de 4 bases U dans le transcrit cox2
présent dans les mitochondries permet de rétablir le cadre de lecture initialement absent du
gene (Benne et al., 1986). L'information initialement portée par 'ARN devient donc différente
de celle présente dans le génome. D’autres phénoménes d’insertions ont été décrits par la
suite. Chez les kinétoplastidés (protistes), l'insertion de U peut représenter 55% des
séquences d’ARNm produites (Stuart, 1991). Ces modifications de la séquence de TARNm
gui ne sont pas retrouvées dans la séquence ADN correspondante sont appelées : édition
des ARN ou « RNA editing ». C'est une modification post-transcriptionnelle de 'ARN qui
change le contenu de l'information génétique. En effet, ce mécanisme entraine la substitution
d’'une base U (présente dans la séquence ARN), a la place d’'une base C dans la séquence
ADN correspondante, entrainant le changement de I'acide aminé de I’ARN mature (Figure
10A) (Covello & Gray, 1989; Takenaka, Zehrmann, Verbitskiy, Hartel, & Brennicke, 2013).
Chez les angiospermes, ce phénomeéne a été mis en évidence pour la premiére fois en 1989
dans la mitochondrie avec des différentes de séquences entre I'ADN et 'ARN (Covello &
Gray, 1989). Aujourd’hui, le phénoméne d'édition des ARN n’a pas encore été mis en

évidence dans les ARN cytoplasmiques (Takenaka et al., 2013) (Figure 10B).

Cependant, tous les genes ne codent pas une protéine, comme par exemple les grands ARN
non codant (sens ou anti-sens). En effet, si ces ARN peuvent étre transcrits, ils ne codent
pas de protéine. Cependant, des exceptions existent, il a été décrit certains loci peuvent étre
transcrits en grand ARN non codant ou bien coder de multiple petits peptides. Ces génes
sont généralement impliqués dans la régulation de I'expression de génes codant des

protéines (Kageyama, Kondo, & Hashimoto, 2011).
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Un autre phénoméne a aussi participé a la complexification du concept de géne : I'épissage
en trans (« trans-splicing »). Il consiste au rattachement de molécules d'ARNm transcrites a

partir de loci éloignés dans le génome (Blumenthal, 2005) (Figure 11).

Si I'on résume, la définition commune d'un gene portant sur I'habilité a déterminer un
caractére particulier d'un organisme, ainsi que son héritabilité, a évolué. Le consortium
« Sequence Ontology Consortium » définit aujourd'hui un gene comme «une région
repérable de la séquence génomique correspondant a une unité héritée, transcrite, et
associée a des régions régulatrices et/ou d'autres séquences fonctionnelles. ». Toutefois,
cette définition est discutable pour plusieurs raisons. La premiére concerne les unités de
régulation du géne (nécessaires pour la transcription d’'un géne), plus particulierement celles
situées a longue distance. D'un point de vue de biologie moléculaire, les éléments de
régulation peuvent étre intégrés a la définition du gene sous la forme suivante : une
séquence d'acide nucléique entiere qui est nécessaire pour la synthese d'un polypeptide
fonctionnel ou dun ARN (Lodish et al., 2000). Le second point réside dans le
chevauchement des génes. En effet, un géne peut étre retrouvé inclue dans l'intron d'un
autre géne ou bien un gene peut chevaucher un autre gene dans le méme sens sans pour

autant partager d'exon ou d'éléments régulateurs.

Ainsi, avec les problemes posés par la précédente définition d'un géne et 'augmentation des
connaissances acquises grace au séquencage et 'annotation de nombreux génomes, une
nouvelle définition est proposée, afin de refonder la définition du géne en prenant en compte
cing criteres (Gerstein et al., 2007) : (i) la nouvelle définition doit étre compatible avec
l'ancienne, car un géne déja définit doit pouvoir étre retrouvé avec la nouvelle définition, (ii)
elle doit étre indépendante de l'organisme considéré, c'est-a-dire compatible avec les
procaryotes et les eucaryotes, (iii) elle doit étre le reflet d'une idée et non I'énumération de
plusieurs mécanismes ou particularités, (iv) elle doit étre simple & énoncer, et a mettre en
ceuvre pour répondre facilement a une question comme par exemple : « combien y'a t il de
génes dans le génome du blé ? », (v) enfin elle doit étre compatible avec les autres
nomenclatures biologiques déja définies qui utilisent le concept de géne, comme par
exemple le régulome : qui représente I'ensemble des interactions de régulation dans un
organisme. Suivant ces considérations, (i) un géne est une séquence génomique qui codent
pour des molécules fonctionnelles (ARN ou protéines), (i) dans le cas ou les produits
fonctionnels partageraient des régions géniques, ce serait l'union de toutes les séquences
chevauchantes codant pour le géne qui serait prise en compte, (iii) et cette union doit étre

cohérente mais ne signifie pas que tous les produits partagent une sous séquence
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commune. Pour résumer: «un géne est l'union de séquences génomiques codant un

ensemble cohérent de produits fonctionnels potentiellement chevauchants » (Figure 12).

Pour définir un gene, il est possible de considérer I'aspect génétique au sens propre du
terme, ou le géne représente une unité porteuse d'une information génétique transmise a la
descendance et déterminant un caractére phénotypique. Le gene peut aussi étre considéré
du point de vue strictement moléculaire dans lequel le gene est un fragment d'ADN qui code

un ARN pouvant ou non étre traduit en protéine.

2.2 Epissage alternatif

2.2.1 Mécanismes

L'épissage alternatif est un processus qui consiste a produire deux ou plusieurs ARNm
différents, appelés isoformes, a partir d'un méme géne. Ce phénoméne se produit par
l'utilisation alternative des sites d'épissage en 5' et 3' dans le spliceosome (Roy, Haupt, &
Griffiths, 2013). Ce processus correspond a une série d'évenements de conformation,
interrompus par des épisodes chimiques de séparation des jonctions intron/exon, et du
regroupement des exons entre eux. Ce mécanisme est contrdlé par des facteurs d'épissage
de I'ARN pré-messager au moment de la formation du spliceosome. Parmi ces facteurs, on
peut trouver une classe de protéines particuliéres : les protéines riches en acides-aminés
sérine et arginine (SR), qui possédent un ou deux domaines de fixation a I'ARN ainsi qu'un
domaine d'interaction protéine/protéine. La sélection des facteurs d'épissage employés par
chaque spliceosome dépend de la concentration de ces facteurs dans chaque type cellulaire
et de la régulation des éléments présents pour chaque ARN pré-messager. Suite a un
évenement d'épissage alternatif, deux solutions sont possibles pour le produit qui en résulte :
(i) la régulation du niveau de transcrits, par la production d'une isoforme instable, qui pourra
étre dégradée par la voie « non-sens mediated decay », un microARN ou une autre voie de
dégradation, (ii) la production d'un transcrit fonctionnel, qui conduira a la production d'une
isoforme de protéine qui differe au niveau de la localisation subcellulaire, de la stabilité ou

bien de la fonction, de la forme constitutive du géne (Barbazuk, Fu, & McGinnis, 2008).

Sept types majeurs d'épissage alternatif ont été décrits: saut d'exon, rétention d'intron,
épissage en 5', épissage en 3', promoteur et premier exon alternatif, exclusion alternative
mutuelle d'exon, site de poly-adénylation et exon terminal alternatif (Reddy, 2007; Syed,
Kalyna, Marquez, Barta, & Brown, 2012) (Figure 13). Les phénoménes d'épissage alternatif
sont plus abondants chez les grands eucaryotes que chez les petits, et le pourcentage de

géenes ainsi que d'exons qui subissent un épissage alternatif est plus fort chez les vertébrés
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que chez les invertébrés (Frankish, Mudge, Thomas, & Harrow, 2012). Chez I'homme, des
études ont montré que plus de 80% des génes subissent des évenements d'épissages
alternatifs (Barbazuk et al., 2008). Chez les plantes, le pourcentage est plus faible et
représente environ 60% des génes (Barbazuk et al., 2008). Deux études ont montré qu'il n'y
a pas de différence dans les séquences consensus des sites d'épissage 5' et 3' entre les
animaux et les plantes, cependant, des différences ont été observées au niveau des introns
en ce qui concerne la séquence des points de branchement de la boule d’épissage, la taille,
ainsi que la composition en nucléotides (Reddy, 2007; Iwata & Gotoh, 2011). Différences ont
aussi été décrites au niveau des évenements initiaux de I'étape d'épissage impliquent une
reconnaissance d’'un site d’épissage unique pour les plantes (Reddy, 2007). Cependant,
chez les plantes, la présence de séquences riches en uridine aux alentours du site
d'épissage en 3' a été mise en évidence comme un facteur important pour I'efficacité de

I'épissage alternatif.

Les sites d'épissage sont de courtes séquences nucléotidiqgues entourant la frontiére intron-
exon, et sont cruciaux pour I'épissage de I'ARN pré-messager. Pour la reconnaissance des
sites d'épissage, les courtes séquences consensus pour les sites donneur et accepteur sont
nécessaires mais ne sont pas suffisantes. Des études sur des génomes d'animaux ont
montré que d'autres séquences, exoniques et introniques, régulatrices en cis ou trans,
influencent la sélection des sites d'épissage constitutifs et alternatifs (Reddy, 2007). Deux
modeles sont ainsi définis pour expliquer la reconnaissance des sites d'épissage: la
préférence de I'exon et la préférence de lintron. Le modele préférence de I'exon implique
gue la machinerie assemble les exons par la reconnaissance en premier des sites
d'épissage aux alentours des exons. A l'inverse c'est la séquence régulatrice intronique du
site d'épissage qui est reconnue par la machinerie pour le modéle intron (Berget, 1995).
Concernant le génome de 'homme ainsi que ceux d'autres vertébrés ou les genes sont
composeés de petits exons séparés de grands introns, c'est le modele préférence de I'exon
qui est favorisé (Reddy, 2007). Chez les plantes, les exons ont un fort pourcentage de bases
GC, et aucune séquence spécifique aux exons impliquée dans la reconnaissance ou la
régulation au niveau du site d'épissage n'a encore été identifiée. De plus, les génes des
plantes sont connus pour avoir de courtes séquences introniques (~150 pb), a la différences
des génomes animaux, ou la taille des introns est en moyenne de 5 kb (Sakharkar, Chow, &
Kangueane, 2004; Wendel et al., 2002). Le modele préférence de lintron est le plus adapté
pour les génomes des organismes ayant des genes avec de petits introns (comme les
génomes des plantes). Cette hypothése est soutenue par le fait que la forme de rétention

d'intron est prédominante dans les génomes de plantes (Syed et al., 2012).
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2.2.2 Implications biologiques

Chez Arabidopsis et le riz, les événements d’épissage alternatifs ont été analysés a partir
d'alignement de séquences EST et d'ADNc. Les résultats montrent que, 22% et 21% des
géenes subissent au moins un évenement d’épissage alternatif respectivement chez ces deux
espéeces (B.-B. Wang & Brendel, 2006). Alors que la forme de saut d'exon est la forme
majoritairement retrouvée dans le génome humain avec 58% des événements d'épissage,
chez Arabidopsis et le riz c'est la forme de rétention d'intron qui est majoritaire avec 56% et
54% des événements respectivement. La forme « saut d'exon » ne représente que 10% des
évenements en moyenne pour ces deux génomes. Dans cette étude, les auteurs ont aussi
analysé la conservation des événements d'épissage entre Arabidopsis et le riz. Les résultats
montrent que 40% des génes homologues entre les deux espéces sont épissés. Toutefois,
l'utilisation de séquences EST et ADNc présentes dans les bases de données limite la
capacité a identifier tous les événements, notamment les isoformes rarement et/ou peu
produites par la cellule. A partir de donnée issues de séquencage d’ARNm, les événements
d'épissage alternatif ont été aussi investigués chez d'autres génomes de plantes, comme le
concombre (S. Guo et al., 2010), la vigne (Zenoni et al., 2010), et Brachypodium (Walters,
Lum, Sablok, & Min, 2013). Toutes ces études ont montré que en moyenne plus de 60% des

génes contenant des introns pouvaient étre épisses.

Afin de démontrer l'implication biologique des transcrits issus d'évenement d’épissage

alternatif, six observations ont été rapportées (Reddy, 2007) :

1/ Si les isoformes sont le fruit d'erreurs du processus d'épissage, alors tous les
genes possédants au moins un intron pourraient entrainer la production d'un transcrit
alternatif. Cependant, I'épissage alternatif est prédominant dans certaines familles de génes
alors que dans d'autres familles, ou la taille et le nombre d'intron est similaire, il n'y a pas de

production de transcrits alternatifs.

2/ Dans beaucoup de cas, les évenements d'épissage se produisent dans des
familles de génes qui codent des protéines multi-domaines. Les isoformes qui en résultent
différes dans l'organisation des domaines et sont, par conséquent, susceptibles d'avoir des

fonctions différentes.

3/ Chez les plantes, il a été montré que I'épissage alternatif est régulé de maniére
tissu-spécifique, a des stades de développement précis et en réponse a des conditions de
stress (Shi, Xiong, Stevenson, Lu, & Zhu, 2002; Yoshimura, Yabuta, Ishikawa, & Shigeoka,
2002).
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4/ La position des introns alternatifs est conservée entre les genes de plantes
distantes au niveau évolutif (Arabidopsis et riz par exemple) (lida & Go, 2006; Masayuki
Isshiki, Tsumoto, & Shimamoto, 2006; B.-B. Wang & Brendel, 2006).

5/ Les isoformes avec des introns sont recrutées pour la traduction.

6/ Beaucoup d'ARNm issus du processus rétention d'intron ne sont pas éliminées par

les mécanismes de contrble de I'ARN dans le cytoplasme.

Un exemple type de caractére connu pour étre contrdlé par I'épissage alternatif est la
production d'amylose chez le riz, les riz cultivés ayant un taux d'amylose plus faible que celui
des especes sauvages. Cette différence s'explique par une mutation dans un site d'épissage
en 5' du gene Waxy, affectant I'épissage alternatif de 'ARN pré-messager (M Isshiki et al.,
1998).

Alors que la rétention d'intron est la forme d'épissage alternatif la plus fréquente chez les
eucaryotes inférieurs, la prévalence de la forme « saut d'exon » augmente graduellement
avec la complexité des organismes eucaryotes (Keren, Lev-Maor, & Ast, 2010). En
revanche, chez les plantes, la forme rétention d'intron reste majoritaire, a l'inverse de la
forme « saut d'exon » qui reste rare (Syed et al., 2012). Ces informations suggerent que,
contrairement aux vertébrés, chez les plantes I'épissage alternatif n'a pas été un mécanisme
aussi majeur dans l'évolution du potentiel codant. L'importance des duplications de génes,
notamment via la polyploidie, pourrait étre une explication de cette différence. Afin d'étudier
la « viabilité » des transcrits issus d'épissage alternatif, la proportion des événements au sein
des régions codantes a été observée (Filichkin et al., 2010). Chez Arabidopsis, des données
obtenues par RNA-Seq montrent que ~78% des événements d'épissages impliquent la
formation d'un codon stop prématuré, ce qui fait des ces isoformes une cible privilégiée de la
voie de dégradation « non-sense mediated mMRNA decay » (NMD) (Filichkin et al., 2010;
Marquez, Brown, Simpson, Barta, & Kalyna, 2012; Soergel, Lareau, & Brenner, 2006).

2.3 Les pseudogénes

2.3.1 Définition et classification des pseudogenes

Les génes ne sont pas les seules entités transcrites dans un organisme. Les pseudogénes
(notés W) ont été mis en évidence en 1977 chez le Xénope avec la découverte d’'une version
tronquée du gene codant pour 'ARNr 5S et présentant une forte homologie avec le géne
actif dans l'organisme (Jacq, Miller, & Brownlee, 1977). Par la suite, ils ont été identifiés

aussi bien chez les procaryotes que chez les eucaryotes. Les pseudogenes sont
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traditionnellement définis comme des séquences génomiques qui ressemblent aux
séquences de génes codant une protéine, mais qui ne sont pas fonctionnelles (Zheng &
Gerstein, 2007). Cela pour plusieurs raisons : l'absence de promoteurs, la présence de
mutation non-sens, un décalage du cadre de lecture, la perte de site d'épissage ou toutes
autres mutations délétéres (Balakirev & Ayala, 2003; W. Li, Yang, & Wang, 2013; Pei et al.,
2012; Zheng & Gerstein, 2007). La frontiere entre les genes et pseudogenes est, en réalite,
difficile a définir, et des études ont montré que certains pseudogénes (d'un point de vue
structural) ont une fonction, souvent impliquée dans la régulation de I'expression du gene
parent (Zheng & Gerstein, 2007). Ainsi, pour prendre en considération cette complexité, les
pseudogenes sont définis comme une séquence génomique qui provient d'un géne parent

fonctionnel mais qui n'a pas la méme fonction que le géne parent (Zheng & Gerstein, 2007).

Les pseudogenes peuvent étre issus de la dégradation d'un géne codant une protéine,
présent en copie unigue ou dupliqué au sein du génome, ou de la rétro-transposition d'un
ARNm (W. Li et al., 2013 ; Balakirev & Ayala, 2003). Ainsi, on distingue (Figure 14) :

» les pseudogénes unitaires qui résultent de I'accumulation de mutations dans un géne

en copie unique.

» les pseudogénes dupligués qui dérivent de duplications de génes parents

fonctionnels, mais dont une des copies est inactive.

» les rétro-pseudogénes qui proviennent de la réverse transcription d'un ARNm (non

apparenté a un élément transposable) et de l'intégration de I'ADNc dans le génome.

A la différence des rétro-pseudogenes, les pseudogénes dupliqués peuvent avoir maintenu

les séquences régulatrices en amont, issues de leurs parents.

En ce qui concerne lorigine des pseudogénes, une différence a été observée sur la
fréquence de production des pseudogenes pour différents génes (Pei et al., 2012). Les
genes de ménage, qui sont fortement exprimés dans les cellules germinales et qui
participent au métabolisme basal, ont tendance a générer un grand nombre de pseudogénes
dans les génomes. Une explication simple serait que ces genes fortement exprimés ont
davantage de chance d'étre rétro-transposés. De plus, le taux de GC affecte le taux de
mutation (Bustamante, Nielsen, & Hartl, 2002). Ainsi, I'apparition de pseudogénes serait
fonction du taux de GC du gene. Un autre facteur a prendre en compte est la taille des
genes. Il a été montré que la taille des genes impacte sur le type de pseudogéene produit, les
genes de grande taille sont associés a des pseudogenes unitaires et dupliqués, alors que les

genes de petite taille sont associés aux rétro-pseudogenes. Dans le génome humain, les
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D : certains pseudogénes vont acquérir la capacité de coder des petits peptides ou bien des protéines, souvent
avec de nouvelles fonctions.
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génes parents des rétro-pseudogenes sont largement exprimés, fortement conservés, de

petite taille, et avec un pourcentage en GC faible (Gongalves, Duret, & Mouchiroud, 2000).

2.3.2 ldentification des pseudogénes

Si on se référe a la définition d’'un pseudogéne, sa séquence doit avoir un fort taux d'identité
avec celle du gene parent, sans nécessairement avoir une structure fonctionnelle
(intron/exon/cadre de lecture). L'identification des pseudogenes est une étape importante
dans l'annotation d'un génome, et malheureusement un grand nombre de pseudogénes
peuvent étre confondus avec leur parent fonctionnel. Pour les pseudogénes unitaires,
l'identification est basée sur la comparaison de séquence avec un orthologue présent chez
d'autres génomes apparentés. Avec l'augmentation des données d'expression de gene via le
séquencage, l'identification des pseudogénes ne cesse de croitre (Pei et al.,, 2012).
Toutefois, une des limites est de pouvoir distinguer I'expression du pseudogene et de celle
de la copie parente. C'est notamment le cas des pseudogenes dupliqués récemment et

n‘ayant que trés peu divergé du géne parent.

Chez Arabidopsis et le riz, 3719 et 7902 pseudogénes ont été mis en évidence
respectivement, représentant 11% et 22% des genes/pseudogénes annotés (Zou et al.,
2009). L'analyse de I'expression de ces pseudogénes a montré que le niveau est en plus
faible proportion que les genes fonctionnels et qu'ils résultent majoritairement de duplications

récentes.

2.3.3 Pseudogenes: transcription et fonction

Les pseudogénes peuvent réguler I'expression du gene parent (Figure 15). Pour cela, quatre
modes d'action ont été mis en évidence. Tout d'abord, certains pseudogénes peuvent étre
des transcrits anti-sens comme par exemple : pseudo-NOS (nitric oxyde synthase) décrit en
1999 chez l'escargot (Korneev, Park, & O’Shea, 1999). Pseudo-NOS contient une région
anti-sens de I'ARNm issu du parent nNOS et peut donc éteindre I'expression de nNOS via la
formation d'’ARN double-brin (Zheng & Gerstein, 2007). Les pseudogénes peuvent aussi étre
ciblés par des miRNA et réguler I'expression du géne parent par compétition de la fixation
des miRNA entre gene et pseudogéne. Le troisieme mode d'action est la production de
siRNA par lintermédiaire d'un ARN double-brin & partir d'un pseudogéne réverse transcrit,
entrainant la formation d'une structure secondaire en épingle a cheveux qui va générer des
siRNA. Ces derniers seront capables de réguler I'expression du gene parent par ARN
interférence. Ce phénomene a été montré chez les plantes, notamment chez le riz (X. Guo,
Zhang, Gerstein, & Zheng, 2009) et A.thaliana (Kasschau et al., 2007). Enfin, certains
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Figure 16 : Fraction des séquences d'’ADN qui ne codent pas pour une protéine, par génome haploide
dans différentes espéces.

En ordonnée est représenté le ratio du nombre total de bases composant les loci ne codant par pour des
protéines, par rapport au nombre total de bases d'ADNg par génome pour chaque espéece (i.e. le
pourcentage d'ADN non codant). En noir sont représentés les 4 plus grands génomes procaryotes ainsi
gue deux génomes bactériens bien caractérisés. Les organismes unicellulaires sont représentés en gris.
En bleu clair, ce sont les organismes unicellulaire ou pluricellulaire en fonction du cycle de vie. En bleu
foncé, on retrouve les organismes pluricellulaires de base. Les plantes sont représentées en vert. En
violet ce sont les nématodes, les arthropodes sont en oranges, les chordates en jaunes et les vertébrés
en rouges. Le nom de chaque espéce est représenté en bas de chaque barre. D'aprés (Taft, Pheasant, et
Mattick 2007).
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Figure 17 : Schéma de la formation des ARNNc et de leurs intéractions (Eucaryotes).

Les ARNNc sont impliqués dans les mécanismes de maturation et de traduction des ARNm. Les snoRNA
(petits ARN nucléolaires) sont impliqués dans la maturation des snRNA (petits ARN nucléaires) ainsi que
dans I'épissage alternatif des ARNm. Les ARNr entrent en action lors de la traduction des ARNm, ainsi
que les ARNt. D'aprés (Collins 2011).
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pseudogénes peuvent étre transcrits et traduits en une protéine tronquée. Par exemple chez
’homme, le pseudogene Cx43 (Connexind3) code une protéine de 43 kDa dans des cellules
tumorales, qui est capable d’inhiber la croissance cellulaire (Kandouz, Bier, Carystinos,
Alaoui-Jamali, & Batist, 2004).

2.4 Les ARN non codant

Le terme d'’ARN non codant (noté ARNnNc) est employé pour définir les ARN qui ne codent
pas une protéine. Cependant, ils peuvent posséder une activité catalytique qui leur est
propre. Certains sont impliqués dans des complexes nucléoprotéiques (les ribosomes
notamment), comme par exemple les miRNA qui font partie intégrante du complexe RISC
(« RNA-induced silencing complex ») (Gurtan & Sharp, 2013). Dans les génomes des
mammiferes, des analyses transcriptomiques ont montré que deux tiers de 'ADN génomique
était transcrit, ce qui contraste avec le pourcentage estimé a moins de 2% des génes
codants des protéines (Djebali et al., 2012). Par ailleurs, le degré de complexité entre les
espéces a une plus forte corrélation avec la proportion des transcrits non codants, qu'avec
les transcrits codants des protéines, méme en prenant en compte la diversité des protéines
issues d'épissage alternatif et modifiées par les mécanismes de régulation post-
transcriptionnelle (Taft, Pheasant, & Mattick, 2007) (Figure 16). Cela suggere que les
mécanismes de régulation impliquant des ARN ont un rdle important dans I'évolution de la

complexité du développement chez les eucaryotes.

La proportion des ARNNnc excede celle des génes codants des protéines dans les génomes
eucaryotes. On distingue les ARNnc dit constitutifs, c'est a dire ceux impliqués dans des
mécanismes conservés comme la traduction (ARNr, ARNt), I'épissage ou la maturation des
ARN (snRNA, snoRNA), et les ARNnc qui sont impligués dans des phénomeénes de

régulation, généralement moins conservés entre les espéces (Figure 17).

Ces ARNNc sont moins bien caractérisés car plus difficiles a mettre en évidence. Cependant,
le développement récent de protocoles de séquencage massifs d'ADNc a accru
considérablement notre capacité a les identifier dans les génomes. Une grande proportion
des ARNnNc transcrits ont une taille supérieure a 200 pb. Ces ARN sont souvent
polyadénylés mais sont dépourvus d'ORF (« open reading frame », cadre de lecture ouvert)
et sont regroupés sous le terme de « long non coding RNA » ou grands ARN non codants
(notés IncRNA) (Fatica & Bozzoni, 2014). Les génes codant des IncRNA partagent des
caractéristiques semblables aux génes codants des protéines: profils de modification
d’histone similaires, signaux d’épissage et tailles des introns et des exons similaires (Ulitsky

& Bartel, 2013). lls ont donc une composition proche de celle des ARNm mais ne servent
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Figure 18 : Inactivation du chromosome X.

(A) Le IncRNA Xist est trranscrit a partir du
locus Xic situé sur le chrososome X inactif
(Xi). L'ARN Xist recouvre entierement le
chromosome et entraine I'extinction de
I'expression des genes portés par le
chromosome via des modifications
épigénétiques des histones et de I'ADN.

(B) Le locus Xist et son INCRNA.

(C) Intéractions du IncRNA et des
protéines lors de linitiation de l'inactivation
du chromosome X.

D'aprés (J. T. Lee 2012).

§55581 551 _J 5481 J 54l J5S50L JasiE [P HASL 300531 _I008
X

Tableau 2 : Principales caractéristiques et fonctions des ARNnc. D'aprés (Dogini et al. 2014)

Classe Taille Fonction s
rRNA ~1,9kb Essentiel pour la synthése des protéines.
Long XIST RNA ~17 kb Inactivation du chromosome X.
ncRNA Autres INcCRNA Impligué dans des modifications épigénétiques, processus
> 200 nt post-transcriptionnels, modulation de la structure de la
chromatine, etc ...
miRNAs 18-21 nt Reégulation des génes.
SiRNA 21 nt Régulation des génes, défense contre les virus et activité de
transposon.
rasiRNA 24-27 nt Orientation de [I'hétérochromatine dans la formation du
Small centromére.
ncRNA SNORNA 60-300 nt Méthylation et pseudo uridylation d'autres ARN
SNRNA 100-300 nt Impliqué dans le complexe du spliceosome.
pPiRNA 26-30 nt Régulation de [l'activitté des transposons et de ['état

chromatinien.
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pas de base a la synthese de protéines (Tableau 2). Cependant, a la différence des ARNm,
les IncRNA présentent un biais de composition en nombre d'exons (en faveur de deux
exons) (Harrow et al., 2012). Chez 'homme, une analyse de I'expression dans 6 types
cellulaires différents a montré que les IncRNA sont généralement moins exprimés que les
génes codant des protéines et sont davantage exprimés spécifiquement (Derrien et al.,
2012). Cette spécificité est corrélée a la présence accrue d'éléments transposables au

voisinage du promoteur des INcCRNA (Kelley et Rinn 2012).

Quoigu'encore peu décrit dans la littérature, un réle biologique majeur a parfois été démontré
pour certains ARNnc comme notamment ['inactivation d'un des chromosomes X chez les
femmes, processus nécessaire au maintien de I'équilibre du niveau d'expression des géenes
portés par ce chromosome. Le locus responsable de linitiation de cette inactivation est
transcrit en deux ARNNc appelés Xist (« X-inactive specific transcript ») et Tsix qui contrdlent
la répression de I'expression de I'ensemble des génes d'un des deux chromosomes X (K. C.
Wang & Chang, 2011) (Figure 18).

Chez les plantes, plusieurs INCRNA ont déja été décrits, majoritairement chez A. thaliana,
comme par exemple COOLAIR qui est impliqué dans la vernalisation (Heo, Lee, & Sung,
2013). Au total, chez A. thaliana 2 708 lincRNA ont été identifiés (J. Liu et al., 2012). Plus
récemment chez le mais, un set robuste de INcCRNA a été généré en se basant sur des
données RNA-Seq de 30 tissus, ainsi que des EST (L. Li et al., 2014). Parmi les 20 163
INcRNA mis en évidence, 18 459 ont été identifiés comme des précurseurs de petits ARN et
les 1 704 restants ont été définis comme un set INCRNA. En se basant sur plus d'un milliard
de lectures RNA-Seq issus de 13 tissus de mais, I'analyse des données a montré que 50%
de IncRNA précédemment identifiés sont exprimés spécifiquement dans un tissu, alors que
seulement 10% sont exprimés dans au moins cing tissus (L. Li et al., 2014). Ces valeurs
contrastent avec celles des genes codant des protéines pour lesquels 8% sont exprimés
dans un tissu uniquement et 74% dans au moins cing tissus. En terme de niveau
d'expression, 80% des INncRNA ont un FPKM inférieur a 5 dans chaque tissu testé, suggérant
un niveau d'expression globalement faible des IncRNA (L. Li et al., 2014). C'est une des
raisons qui explique qu'ils n'ont été mis en évidence que récemment, conjointement a

'augmentation des débits de séquencage.

3 Les outils d'analyse des genes

Les avancées technologiques et méthodologiques, ainsi que les outils statistiques

permettent a I'heure actuelle d'étudier les génomes a une échelle de précision jamais
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Figure 19 : Différence entre prédiction et annotation d'un géne.

Le schéma représente I'annotation d'un gene ainsi que les évidences biologiques. Entre parenthése ce
sont les noms communément employés pour les programmes. En bleu est représentée I'annotation du
géne avec les régions 5' et 3' UTR suggérées par les évidences biologiques (orange). La prédiction du
géne qui est réalisée par SNAP (en vert) est incorrecte car il manque les exons en 5' ainsi que le site
d'initiation de la traduction, et comme beaucoup de prédicteurs de genes, il n'inclut pas les régions

UTR. D'aprés (Yandell et Ence 2012).
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atteinte jusqu’ici. Cela grace aux outils dannotation des génes ainsi que de
transcriptomique, qui permettent d’analyser les génes tant au niveau de leur structure (taille,

nombre d’exon, etc), que de leur fonction.

3.1 Annotation de I'espace génique

L'annotation structurale des genes dans la séquence génomique consiste a identifier la
présence de génes et a prédire leur structure codante (pour les génes codant des protéines).
Une précision peut étre apportée quant a la distinction a faire pour les termes « prédiction »
et « annotation » de génes (Yandell & Ence, 2012) (Figure 19). Les outils de prédiction de
génes recherchent la séquence codante du géne (CDS) et ne recherchent pas les régions
UTR régulatrices ou les variants d'épissage. La prédiction de génes est donc un terme
trompeur, et le terme suivant pourrait étre utilisé : « prédiction canonique des CDS ». Au
contraire, I'annotation des genes inclus les régions UTRs, ainsi que les isoformes issues de

I'épissage alternatif.

Les pipelines d'annotation des génomes ont comme objectif de combiner automatiquement
les informations issues des prédictions ab initio et des recherches de similarité, avec des
banques de séquences de transcrits et de protéines, pour modéliser la structure du géne
(Figure 20). De nombreux pipelines sont déja disponibles pour I'annotation des génomes de
plantes, comme par exemple : Megante (Numa & Itoh, 2014), RiceGAAs (Sakata et al.,
2002), DAWG-PAWSs (« DAWGPAWS - http://dawgpaws.sourceforge.net/ », s. d.). Pour le
génome du blé, le pipeline TriAnnot a été développé dans I'Unité (Leroy et al., 2012). Cet
outil prédit les positions des séquences codantes (CDS) et leurs fonctions potentielles,
détermine l'aspect fonctionnel ou non (pseudogéne) des genes prédits et attribue un seuil de
confiance quant a leur structure. Les données de séquencage de transcriptome sont aussi
couramment utilisées aujourd'hui pour améliorer les prédictions de structure des génes
(Schatz, Witkowski, & McCombie, 2012).

3.2 Outils d’analyse de I'expression des genes

De nombreuses méthodes ont été développées pour étudier les profils d'expression des
genes dans un tissu ou une cellule. Par exemple le Northern blot, la PCR aprés transcription
inverse (RT-PCR), le séquencage d'EST (« expressed sequence tags »), le SAGE (« serial
analysis of gene expression ») et les puces a ADN (plateforme Fluidigm (Frederickson,
2002), Affymetrix (« Whole Transcriptome | Expression Analysis | Affymetrix » 2014),

Nimblegen (http://www.nimblegen.com/support/dna-microarray-support.html)). L’analyse des
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Tableau 3 : Comparaison de trois méthodes d’analyse du transcriptome.
D’aprés (Z. Wang, Gerstein, et Snyder 2009).

Technology

Technology specifications

Principle

Resolution

Throughput

Relizance an genomic sequence

Backgraund noise

Application

Simultaneausly map transcribed regions and gene expression
Dynamic range to quantify gene expression level
Ability to distinguish different isoforms

Ability to distinguish allelic expression

Practical issues

Required amount of RNA

Cost for mapping transcriptomes of large genomes

Tiling microarray

cDMNA or EST sequencing RNA-Seq

Hybridization Sanger sequencing High-throughput sequencing
Fromseveralto 100bp  Single base Single base
High Low High

Yes No In some cases
High Low Low

Yes Limited for gene expression  Yes
Uptoafew-hundredfold Mot practical =8,000-fald
Limited Yes Yes

Limited Yoy Yes

High High Low

High High Relatively low
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profils d’expression par l'utilisation des puces a ADN reste une bonne alternative a une
approche par séquencage. En 2011, 520 000 expériences utilisant des puces a ADN ont été

recenseé sur le site GEO (« Gene Expression Omnibus ») (Malone & Oliver, 2011).

Cependant, ces méthodes présentent des limites, soit dans leur capacité a détecter de
nouveaux transcrits, soit a quantifier I'expression ou encore, a étudier le transcriptome dans
sa globalité. Effectivement, ce sont des méthodes dites « figées », du fait de I'utilisation de
sondes/amorces, qui implique la connaissance d'une séquence de référence. De plus, la
mesure du niveau d’expression par l'utilisation de puce a ADN peut aussi étre entachée par
du bruit de fond, du a une hybridation non spécifigue d’ADNc, partiellement complémentaire

des sondes.

3.3 Le RNA-Seq : un outil haut débit pour I'analyse du transcriptome

La méthode récente basée sur le séquencage haut débit, appelée RNA-Seq pour « RNA
sequencing » , a permis de lever les multiples verrous mentionnés dans le paragraphe
précédent. Le RNA-Seq consiste a isoler les ARNm d’une cellule ou d’un tissu, puis de les
fragmenter pour ensuite les réverse complémenter afin d’obtenir des fragments d’ADNc, qui
seront par la suite séquencés (Figure 21) (Ozsolak & Milos, 2011). Deux approches sont

possibles pour le traitement des lectures: I'assemblage de novo ou bien l'alignement

(« mapping »).

Le RNA-Seq est une approche particulierement efficace pour étudier des organismes pour
lesquels aucun génome de référence n'est disponible. Dans la mesure ou c'est une
approche qui permet de générer un transcriptome de référence moyennant une étape
d'assemblage de novo des lectures. Le RNA-Seq présente aussi I'avantage de fournir des
mesures précises du niveau d’expression des genes ainsi que de chacun des transcrits
alternatifs. Par ailleurs, le polymorphisme nucléotidique entre génes dupliqués (notamment
chez les polyploides) peut étre pris en compte pour mesurer I'expression spécifique d'une

copie. Enfin, il permet de mettre en évidence de nouvelles régions transcrites non annotées.

La premiére étude basée sur le RNA-Seq a été publiée en 2006 (Bainbridge et al., 2006) (sur
cellules humaines cancéreuses). En 2009, une étude a été publiee montrant le RNA-Seq
comme un outil révolutionnaire pour les analyses de transcriptomique, en termes de
résolution de détection des transcrits, d'applications pour la détection de transcrits et de
'expression allele spécifique, de quantité de matériel biologique utilisé et aussi de codt
(Tableau 3) (Z. Wang, Gerstein, & Snyder, 2009). Le nombre de lectures générées est un

parameétre crucial qui définit la précision avec laquelle il est possible d'étudier le niveau
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Package

BFAST

Input

Reference Genome or
reference transcriptome

SHRIMP

Sequence reads

Stampy

Catego

Unspliced seed
aligners

Uses
Read Mapping

Expression quantification of a known set of transcripts with reads from low quality
data or of species with high mutation rates that may contain indels at high
frequency SNP discovery in expressed transcripts Long reads (e.g. from Roche
454)

Bowtie

Burrows-Wheeler

BWA

transformed reference

SOAP2

genome or transcriptome

BWT short read
aligners

Alignment to an existing transcriptome for quantification. Some spliced-read
aligners build on top of these fast aligners to map unspliced reads or read
segments.

MapSplice

Burrows-Wheeler

SpliceMap

transformed reference

Scripture

genome or transcriptome

Aligned reads to a

Cufflinks

reference genome

Exon first spliced
aligners

Genome-guided
transcript
reconstruction
methods

The sensitivity, speed and relatively low resources required by these aligners
makes them ideal for genome guided transcript reconstruction and expression

TopHat quantification methods.
Transcript reconstruction

Transcript reconstruction, expression quantification. Ideal to find novel, previously
unannotated transcripts.
Transcript reconstruction, gene/transcript expression quantification and differential
analysis of expression alternative splicing.

Velvet (OASES)

Sequence reads

Whole-genome
assemblers

Reconstructing genomes from short-read data at high coverage. These methods
can be used in principle for transcriptomes but they are not optimized to do so.

Trans- ABySS

Sequence reads

Transcriptome
assembler

Reconstructing transcripts including alternative isoforms. This method is optimized
to reconstruct a transcriptome without using a known genome reference.

Transcript quantification

Alexa-Seq Reference or Gene Find differentilly included exons.
ERANGE reconstructed guantification Quantify gene expression.
Cufflinks Reference or Transcript Quantify transcript expression, differential isoform expression and alternative
MISO reconstructed quantification splicing analysis.
Cuffdiff Reference or Find differentially expressed or spliced genes
reconstructed
DegSeq Differential
EdgeR Pre-computed fragment . ! . .
Expression Find differentially expressed genes
DESeq counts for each gene and
Myrna Sequence reads

Tableau 4 : Liste non exhaustive des outils d’analyse de données RNA-Seq.
D’apres (Garber et al. 2011)

RNA fragmentation

. COMA fragrmentation

Figure 22: Influence de Ila
5 préparation des librairies sur la
/ couverture des transcrits.
La fragmentation de I'ADNc
(bleu) entraine un biais en
faveur de l'extrémité 3' du
transcrit. La fragmentation de
'ARN (rouge) entraine une
couverture plus important au
niveau du corps du transcrit,
mais une déplétion au niveau
des extrémités 5' et 3'. L'axe y
représente la couverture
moyenne des lectures pour
5000 ORF de levure. D'aprées
| (Z. Wang, Gerstein, et Snyder
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d'expression de lI'ensemble des génes. Il a été montré que 30 et 20 millions de lectures sont
suffisantes pour couvrir, respectivement, le transcriptome d'un individu et d'une cellule, a
partir d’'une étude sur différents phylums (Annélides, Arthropodes, Chordés, Cnidaires,
Cténophores et Mollusques) (Francis et al., 2013). Cette étude précise aussi qu'au dela de
60 millions de lectures, seulement un trés faible nombre de nouveaux génes peut étre mis en
évidence, alors gu’il y a une forte accumulation d’erreurs de séquencage pour les géenes

fortement exprimés (Francis et al., 2013).

Le RNA-Seq et l'hybridation sur puces a ADN restent néanmoins des techniques
complémentaires. Une comparaison de la performance entre les deux technologies en
termes de quantification du niveau d'expression des genes, en faisant un focus sur plusieurs
aspects comme la reproductibilité, la précision, les variabilités biologiques et techniques,
ainsi que les problemes techniques et statistiques de l'analyse a montré que : malgré une
forte correspondance entre les niveaux d'expression mesurés dans les deux approches, tous
les autres paramétres plaident en faveur du RNA-Seq (meilleures reproductibilité et précision
notamment) (Kogenaru, Qing, Guo, & Wang, 2012). La quantification du niveau d'expression
des genes faiblement exprimés est particulierement mieux appréhendée avec le RNA-Seq
(Zhao, Fung-Leung, Bittner, Ngo, & Liu, 2014 ; Y. Guo et al., 2013). Cette approche
comporte néanmoins de nombreux défis. Le premier repose sur la construction d'une banque
de fragments d'ADNc non biaisée. En effet, lors de la construction de la librairie RNA-Seq, la
fragmentation de 'ADNc entraine un biais en faveur de la partie 3' des transcrits alors que la
fragmentation de I'ARNm favorise une meilleur couverture du corps des transcrits, mais une
déplétion au niveau des extrémités 5' et 3' (Z. Wang et al., 2009) (Figure 22). De plus,
I'amplification des ADNc avant séquengage peut entrainer des bien pour la quantification de
I'expression des genes. Le second défi réside dans l'analyse bioinformatique des données.
Bien qu'il existe des centaines d'outils d'analyse de données RNA-Seq (Garber, Grabherr,
Guttman, & Trapnell, 2011) (Tableau 4), leur mise en ceuvre n'est pas encore devenue une
routine pour tous les laboratoires. Un inconvénient majeur est le volume des données
numérigues genérées, qui pose des problemes de stockage informatique et de puissance de

calcul.

L’approche RNA-Seq a été utilisée pour analyser de nombreux transcriptomes de plantes,
comme par exemple : la péche (L. Wang et al., 2013), A. thaliana (Giorgi, Fabbro, & Licausi,
2013), le mais (Hansey et al., 2012), le prunus (Martinez-Gémez, Crisosto, Bonghi, & Rubio,
2011), la vigne (Zenoni et al., 2010), B. distachyon (International & Initiative, 2010).
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Figure 23 : Méthodes d'alignement des lectures issues de RNA-Seq, sur une séquence de référence.
Les cours noire et grise représentent l'origine des différentes lecture (a) : Approche « Exon-First » ou
les lectures non épissées sont alignées en premier. Puis les lectures qui n‘ont pas été alignées lors du
premier tour sont alignées au niveau des jonctions d'épissage. (b) Approche « Seed-Extend », chaque
lecture est divisée en k-mer, ces derniers sont alignés sur la séquence de référence, puis I'alignement
est étendu en prenant en compte les trous formés par les sites d'épissage. D'aprés (Garber et al.
2011).
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3.3.1 Analyse des lectures issues du séquencage

La premiere étape de la partie de bioanalyse des données RNA-Seq consiste a vérifier la
qualité des lectures issues de séquencage. Avec la technologie Illumina, les lectures ont une
taille généralement comprise entre 75 & 300 nucléotides en fonction de la technologie de
séquencage utilisée. Chaque nucléotide est associé a un signal colorimétrique transformé en
score de qualité (noté Q) correspondant a une probabilité d'erreur de séquencgage (Ewing &
Green, 1998). Généralement, la valeur seuil pour Q est fixée a 30, représentant une
probabilité d'erreur de 1/1000. Pour des données issues de séquencgage lllumina, les erreurs
de séquencage ne sont pas distribuées aléatoirement sur les lectures, et augmentent dans
les extrémités 5' et 3' (B. Liu et al., 2012).

L’approche standard pour faire face aux nucléotides de mauvaise qualité est d'éliminer les
régions/nucléotides de mauvaise qualité (« trimming »). Il existe plusieurs outils pour réaliser
cette étape: FASTX quality trimmer, PRINSEQ, Trimmomatic, ConDe Tri (« FASTX-
Toolkit »; Lohse et al.,, 2012; Schmieder & Edwards, 2011; Smeds & Kinstner, 2011). La
comparaison de différents outils de «trimming », ainsi que les seuils de Q, pour des
analyses RNA-Seq (assemblage de novo, génotypage) montre que linterprétation des
données peut étre influencée par la combinaison du seuil de Q ainsi que de l'outil de
« trimming » utilisés (Del Fabbro, Scalabrin, Morgante, & Giorgi, 2013). De plus, si
généralement des seuils assez drastiques de Q (ex: Q=20) sont utilisés, des valeurs de
score Phred de 2 ou 5 sont plus optimales pour la plupart des analyses de données
(Macmanes, 2014). Une autre approche est de ne pas réaliser cette étape, car les lectures
de mauvaise qualité ne seront pas alignées si des parametres non permissifs sont utilisés

pour I'alignement des lectures.

Lorsqu'une séquence de référence est disponible, un grand nombre d'outil est disponible
pour I'alignement des lectures (Garber et al., 2011). L'alignement des lectures RNA-Seq, a la
différence de I'alignement de lectures d’ADNg, nécessite des outils adaptés pour la gestion
des trous formés par les introns. Pour cela des outils, dits « spliced-aligners » ont été
développés, et sont séparés en deux catégories: « exon-first » et « seed-and extend »
(Figure 23). Ces deux méthodes se distinguent par la gestion de l'alignement des lectures
aux jonctions intron/exon. Dans la méthode « seed-and-extend », les lectures sont
découpées en courtes régions (« seed ») puis, ces régions sont alignées sur le génome.
Alors qu’avec la méthode « exon-first », I'alignement se fait en deux étapes. Dans un premier
temps les lectures sont alignées sans recherche des sites d'épissage, puis les lectures non

alignées sont utilisées pour identifier précisement les jonctions intron/exon. Les études
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portant sur la comparaison des outils et des approches ont montré que l'efficacité des outils
bioinformatiques est fonction du taux d'erreur de séquengcage, du nombre de lectures
produites, du temps d'analyse et de la complexité du génome étudié (Hatem, Bozdag,
Toland, & Catalyirek, 2013; Soneson & Delorenzi, 2013).

3.3.2 Calcul du niveau d'expression/normalisation des d onnées et expression
différentielle

La quantification du niveau d’expression des genes nécessite une étape de reconstruction
des transcrits. Des outils tels que Cufflinks (identifie le nombre minimal d'isoformes ;
(Trapnell et al., 2010)) ou bien Scripture (identifie toutes les isoformes ; (Guttman et al.,

2010)) permettent de réaliser cette étape.

Le niveau d’expression est fonction du nombre de lectures alignées et nécessite une étape
clé de normalisation qui tient compte a la fois de la fragmentation des ARNm ou ADNCc lors la
construction de la banque, de la taille des ARNm, et du nombre de lectures produites
(Garber et al., 2011, p. 2). Les indices RPKM/FPKM (« Reads/Fragments Per Kilobase of
transcript per Million mapped reads ») constituent une méthode de normalisation de
'expression des transcrits, en prenant en compte le nombre de lectures générées
respectivement a partir d'une (« single ends ») ou des deux extrémités (« paired-ends ») de
chaque fragment d'ADNc pour un transcrit, ainsi que le taille du transcrit (Mortazavi,
Williams, Mccue, Schaeffer, & Wold, 2008). Certaines lectures s'alignent a plusieurs endroits
sur le génome, affectant ainsi la quantification de I'expression. Les outils comme Cufflinks et
MISO (Katz, Wang, Airoldi, & Burge, 2010) permettent de gérer cette incertitude par la
construction d'une fonction de vraisemblance qui modélise le processus de séquencage et
identifie les estimations de I'abondance des isoformes (Trapnell et al., 2010). L'expression
d'un géne est définie par la somme de I'expression de ses isoformes. Cependant, le calcul
de l'expression des différentes isoformes est une étape critique. Deux méthodes sont
utilisées : la méthode « intersection d'exons » qui compte les lectures qui s'alignent sur les
exons constitutifs (Bullard, Purdom, Hansen, & Dudoit, 2010), et la méthode « union
d'exons » qui compte toutes les lectures qui s'alignent sur chaque exon, pour toutes les
isoformes d'un gene (Griffith et al., 2010; Mortazavi et al., 2008).La méthode « union
d'exons » semble surestimer l'expression des genes avec épissage alternatif alors que la
méthode « intersection d'exons » réduit la puissance d'analyse d'expression différentielle
(Garber et al., 2011).

L’expression des génes n'est pas uniforme pour toutes les conditions ou tissus d'une

analyse RNA-Seq, et afin de détecter les changements d’expression des génes entre les
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Tableau 5 : Différentes espéeces de blé (genres Aegilops, Amblyopyrum et Triticum).
D'aprés (Feldman et Levy 2012)

Ploidy level Species Genome
Diploids Amblyopyrum muticum (=Ae. mutica) TT SS
(2n=2x=14) Aegilops speltoides Ae. bicornis ShSb SISI SISI SsSs DD
Ag. Longissima Ae. sharonensis Ae. Searsii CC UU MM NN
Ae. tauschii AmAm AA
(=Ae. squarrosa) Ae. caudata
Ae. umbellulata Ae comosa
Ae. uniaristata Triticum monococcum
T. urartu
Tetraploids Ae. biuncialis Ae. eniculata(=Ae. ovata) UUMM
(2n =4x=28) Ae. neglecta (=Ae. triaristata 4x) MMUU
Ae, columnaris Ae. triuncialis Ae. kotschyi Ae.
peregrina UUMM
(=Ae. variabilis) Ae. cylindrica UUMM UUCC; CCUU SSuUU
Ae. crassa 4x Ae. Ventricosa SSuUuU
T. turgidum T. timopheevii DDCC DDMM DDNN
BBAA GGAA
Hexaploids Ae. recta (=Ae. triaristata 6x) UUMMNN
(2n =6x=42) Ae. vavilovii Ae. crassa 6x Ae. juvenalis DDMMSS DDDDMM DDMMUU

Triticum urartu (AA)

T. aestivum T, zhukovskyi

BBAADD GGAAAMAM

Triticum aestivumn (AABBDD)

7

Aegilops tauschii (DD)

Aegilops speltoides (BB)

Figure 24 : Schéma des deux évenements de polyploidisation qui ont conduit a la formation du blé
hexaploide.
D'aprés (B. S. Gill et al. 2004).
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conditions étudiées, il faut passer par une étape d'analyse d’expression différentielle. Les
méthodes de calcul se divisent en deux catégories: les modeles paramétriques et les
modéles non paramétriques. Les approches paramétriques se basent sur une distribution
des probabilitéts connues comme par exemple les lois Binomiale, de Poisson ou bien
Binomiale Négative, alors que les approches non paramétriques n’ont pas d’apriori sur la
distribution des données. Le choix de la méthode de normalisation va donc avoir un impacte

sur la détection des génes différentiellement exprimés.

En conclusion, le RNA-Seq est une approche trés puissante pour I'analyse du transcriptome.
Elle permet de détecter des niveaux d'expression méme tres faibles. De plus, les transcrits
mis en évidence peuvent étre utilisés pour l'annotation structurale des genes. Cependant,
elle comporte de nombreux défis, notamment concernant les approches statistiques. La
construction des banques est une étape qui impacte les conclusions tirées de I'analyse, et la

normalisation influence considérablement les résultats d'expression différentielle.

4 Le génome du blé tendre

4.1 Origine du génome hexaploide

Le blé tendre Triticum aestivum L. est une plante monocotylédone de la famille des Poaceae
(graminées). C'est la deuxieme source de calories pour I'Homme apres le riz (FAOstat). Sa
domestication remonterait a prés de 9000 ans au proche Orient (Shewry, 2009). Au dela du
blé tendre, le groupe des blés appartenant aux genres Aegilops et Triticum est constitué de
13 especes diploides et 18 espéces allopolyploides (Feldman & Levy, 2012) (Tableau 5). Ce
groupe constitue un modeéle d'étude de I'évolution des génomes polyploides (Feldman &
Levy, 2012).

Le blé tendre est une espece allohexaploide issue de deux événements récents
d'hybridation. Le premier événement s'est produit il y a environ 500 000 ans (B. S. Gill et al.,
2004) entre deux espéces dont les plus proches représentants actuels sont Triticum urartu
(génome AA) et Aegilops speltoides (génome SS), donneur du génome B. Le tétraploide
issu de cet événement est Triticum dicoccoides, ancétre du blé dur Triticum turgidurum
(AABB, 2n=14). Il y a environ 10 000 ans, une seconde hybridation avec Aegilops tauschii
(génome DD), a donné naissance au blé tendre (Figure 24). Son génome regroupe donc 3
sous-génomes homéologues diploides a 7 paires de chromosomes chacun. La divergence
des génomes A, B et D a été estimée entre 2,5 et 4,5 millions d'années (Shaoxing Huang et
al., 2002). Ainsi, les chromosomes homéologues partagent un contenu en genes tres

similaire avec un niveau d'identité élevé d'en moyenne 97% (International Wheat Genome
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Sequencing Consortium, 2014). Toutefois, le contenu en éléments transposables, qui
composent la majeure partie du génome et qui, pour la plupart, ne sont pas soumis a
pression de sélection, a été largement réarrangé au cours des 2,5-4,5 millions d'années. Par
exemple, la comparaison de trois régions homéologues porteuses du locus Ha (contrélant la
dureté du grain) a montré une absence compléte de conservation des séquences

intergéniques (Chantret et al., 2005).

La taille des sous-génomes AA, BB et DD est proche. Le contenu en ADN de T. urartu,
Ae. tauschii et Ae. speltoides a été estimée a 6,02, 5,17 et 5,81 pg, respectivement, ce qui
représente une taille moyenne de 5,5 Gb avec la relation 1 pg=978 Mb (Eilam et al., 2007).
Le génome du blé tendre compte environ 17 Gb, ce qui représente plus de 7 fois la taille du
génome du mais (2,3 Gb). Dans ce génome de grande taille, seulement 2 a 3% de la
séquence est codante, et 80 a 90% sont des séquences dérivées d'éléments transposables.
Bien que le blé soit hexaploide, il se comporte comme un diploide en méiose, du fait de
'absence d'appariement entre chromosomes homoéologues (par exemple: les
chromosomes 1A et 1B). Ce phénomene est contrélé par un locus qui empéche la formation
de bivalents entre les chromosomes homéologues : le locus Phl. Ce locus est situé sur le
chromosome 5B, ainsi que sur ses homéologues 5A et 5D mais n'est pas actif sur ces
derniers (Griffiths et al., 2006). Si ce locus est inactivé, il y a formation de multivalents entre
les chromosomes homéologues pendant la premiere division de méiose et appariement de
chromosomes au sein d’hybrides de blé (Vega & Feldman, 1998). Le rdle de Phl serait
d’induire une modification de la structure des chromosomes de maniére synchronisée entre
les deux homologues pour permettre leur reconnaissance, leur appariement, la formation
des crossing-overs et ainsi leur ségrégation correcte (Martinez-Perez, Shaw, & Moore,
2001).

4.2 Stratégies de séquencage du génome

4.2.1 Impact de la taille du génome sur la stratégie d’assemblage

L’augmentation du nombre de génomes de plantes séquencés suit le rythme de
'augmentation des débits des technologies de séquencage (Michael & Jackson, 2013). Les
technologies actuelles permettent de séquencer des milliards de bases par jour pour un colt
faible (Zhou et al., 2010). Toutefois, si la production de lectures n'est généralement plus le
facteur limitant, I'assemblage des données reste un probléme. Plus les lectures sont courtes,
plus l'assemblage donnera des contigs de petite taille. Ainsi, I'assemblage des lectures
produites pour des génomes de grande taille (>1 Gb) via des approches génome-entier

(« whole genome shotgun ») aboutit & des millions de contigs de petite taille, plutdt qu'a une
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séquence unique par chromosome. Comme mentionné dans le paragraphe 1.1, les génomes
de plantes sont parfois cent fois plus grands que les génomes des mammiféres, poissons ou
oiseaux actuellement séquencés. De plus, ces génomes sont souvent polyploides et parfois
hétérozygotes. Par ailleurs, la présence de grandes familles de génes répétés, I'abondance
de pseudogénes et de séquences issues de duplications récentes, I'activité des transposons,
ainsi que des insertions multiples de génomes mitochondriaux et chloroplastiques dans le
génome nucléaire démultiplient les problémes liés a lI'assemblage de novo (Schatz et al.,
2012). Pour toutes ces raisons, le séquencage et 'assemblage de novo des génomes de
plantes entrainent des résultats fragmentés. Le pendant de cette fragmentation, est que plus
l'assemblage d'un génome est fragmenté, plus I'utilisation de la séquence pour répondre a

des questions biologiques sera limitée.

Produire une séquence de référence d'un génome ne se limite donc pas a produire
suffisamment de lectures, mais bien a établir une stratégie la plus adaptée a I'obtention
d'une séquence assemblée utile. Le modéle de Lander-Waterman (Lander & Waterman,
1988) offre une prédiction analytique de la couverture de séquencage minimum requise pour
assembler de grands contigs. En utilisant ce modeéle, une couverture minimum de 15X est
nécessaire pour assembler des lectures de 100 pb en grands contigs pour les génomes de
’homme et de la sourie (Gnerre et al., 2011). Cependant, la couverture est a optimiser en
fonction de la taille du génome, du niveau de ploidie, du taux de séquences répétées, et du
taux d'erreurs de séquencage. Pour les génomes complexes (>1 Gb), une couverture de

100X est recommandée si les lectures sont courtes (100 pb) (Gnerre et al., 2011).

4.2.2 Trouver la meilleure stratégie pour simplifier | ‘assemblage

Le premier génome séquencé a été celui d’A. thaliana en 2000 (Arabidopsis Genome
Initiative, 2000). Depuis, un grand nombre de génomes de plante a été séquencé (Michael &
Jackson, 2013). Comme par exemple : le riz (Goff et al., 2002), le peuplier (Tuskan et al.,
2006), la papaye (Ming et al., 2008), le sorgho (Paterson et al., 2009b), le soja (Schmutz et
al.,, 2010), la pomme de terre (Xu et al., 2011), l'orge (International Barley Genome
Sequencing Consortium et al., 2012), la tomate (The Tomato Genome Consortium, 2012) et

plus récemment la banane (D’Hont et al., 2012).
On peut distinguer deux approches majeures pour le séquencage de ces génomes :

1/ le séquengage via la production d'une banque de grands fragments ordonnés

(c'est a dire une carte physique; a partir de BAC, YAC).
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2/ le séquengage via la production d'une librairie de fragments issus du génome
complet (WGS), c'est-a-dire sans étape de sous-clonage de fragments de grande taille. Les
débits tres élevés des nouvelles technologies de séquencage (NGS) ont rendu possible la
production, & moindre codt, d'un nombre de lectures suffisamment élevé pour atteindre des
niveaux de couverture satisfaisants (>20X) pour n'importe quel génome. C'est la raison pour
laguelle les projets de séquencage de ces derniéres années se sont affranchis de I'étape de
création d'une carte physique, colteuse en temps et en argent. Cette méthode peut aussi

étre adaptée au séquencgage d’'un chromosome (WCS).

Les technologies de séquencgage offrent la possibilité de séquencer différents types de
librairies dites « mate pair », « paired end » et « single-end », avec une taille variable de plus
de 100 pb (jusqu’a 300 pb avec la technologie MiSeq). Une des promesses des technologies
de séquencage troisieme génération est de générer des lectures de grande taille comme par
exemple la technologie développée par la société Pacific Bioscience et celle en cours de

mise au point par la société Oxford Nanopore Technology.

Les premiers génomes séquencés ont été ceux d'Arabidopsis (150 Mb) (Arabidopsis
Genome Initiative, 2000) et du riz (400 Mb) (Goff et al., 2002). Pour ces deux génomes, c'est
I'approche par séquencage de BAC qui a été utilisée. Les BAC qui ont été sélectionnés a
partir d'une carte physique, représentent le plus court chemin pour couvrir I'ensemble du
génome (MTP; Minimum Tilling Path : clones couvrant une région/contig avec le minimum de
redondance), et le séquencage a été réalisé avec la technologie Sanger. La démonstration
de [l'utilisation de l'approche de séquencage WGS a été faite avec le séquencage des
génomes de la souris (Mouse Genome Sequencing Consortium et al., 2002) et de I'homme
(Venter et al., 2001), et ce en montrant qu'il n'était pas nécessaire d'utiliser une carte
physique, ce qui a stimulé I'engouement pour cette approche pour une grande partie des
génomes de plantes (Feuillet, Leach, Rogers, Schnable, & Eversole, 2011). Cependant en
comparant les approches WGS et BAC par BAC pour le génome de la souris, I'étude a
montré que 5% de la séquence du génome (267 Mb) étaient assemblés de fagon incorrecte
ou manquaient dans l'approche WGS (Church et al., 2009). Et a I'exception du mais et du
riz, 'approche par WGS a été utilisée pour tous les génomes de plantes par exemple :
Sorghum bicolor (Paterson et al., 2009b), Vitis vinifera (Jaillon et al., 2007), B. distachyon
(International Brachypodium Initiative, 2010), Glycine max (Schmutz et al., 2010), Populus

trichocarpa (Tuskan et al., 2006), Cucumis sativus (Sanwen Huang et al., 2009).

Le challenge pour le séguencage des génomes complexes réside dans le contournement de
deux caractéristiques réduisant l'efficacité de lI'assemblage : la fraction répétée du génome

(notamment les éléments transposables et les séquences satellites) et le niveau de ploidie.
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La stratégie BAC par BAC permet de s'affranchir du caractére répété d'une séquence car
une répétition a I'échelle du génome complet peut étre une séquence unique au sein d'un
BAC. Une autre possibilité pour réduire la complexité des génomes est le tri des
chromosomes par cytométrie en flux. C’est la stratégie qui a été retenue pour produire une
séquence de référence du génome du blé hexaploide par le Consortium International du

Séquencage du Génome du Blé (« IWGSC », www.wheatgenome.orq).

4.2.3 Assemblage, « scaffolding » et ancrage des séquen  ces le long des
chromosomes

L'assemblage d’'un génome consiste généralement en une multitude de contig (séquences
contiglies) et de scaffolds (groupes de contigs séparés par une distance connue) couvrant
environ 90% ou plus de la taille du génome en question (Chain et al., 2009).
Traditionnellement, les contigs sont construits a partir de lecture « paired-end », ayant une
distance inférieure a 3 kb entre les deux extrémités de chaque fragment. Pour construire les
scaffolds, ce sont les lectures « mate paire » qui sont utilisées, avec une distance supérieure
a 3 kb. Cette étape est appelée scaffolding, et permet d’ordonner et d’orienter les contigs
précédemment construits. Généralement, ['étape d'assemblage suit un processus
hiérarchique, en comparant les lectures pour former un graphique ou chemin d'assemblage
des lectures qui se chevauchent sur des k-mer. Les k-mer sont des motifs (ou mots) d'une
longueur k observés plus d'une fois dans une séquence génomique. Le but est de créer le
chemin le plus simple pour former des contigs. Traditionnellement, 'assemblage des lectures
de séquencage passe par la construction de structure de graphe, les plus courant étant le
graphe de Bruijn (Figure 25), et « overlap—layout—consensus » (OLC) (Henson, Tischler, &
Ning, 2012). La qualité de l'assemblage est le reflet de la contiglité (I'inverse de la
fragmentation), qui peut étre estimée par de nombreux critéres. Les valeurs statistiques les
plus couramment utilisées sont la N50 et la « N50 length » des contigs et des scaffolds.
Considérant un set de contigs/scaffolds issu d'un assemblage de génome, la « N50 length »
correspond a la taille pour laquelle les contigs/scaffolds plus grands que cette taille
représentent 50% de la séquence assemblée. La N50 définit le nombre de contigs/scaffolds
gui ont une taille supérieure ou égale a la « N50 length ». Plus la « N50 length » est grande,
plus la contiguité de l'assemblage est élevée (Yandell & Ence, 2012). Yandell (2012)
propose qu'un assemblage puisse étre utilisé pour une annotation, si la « N50 length » d'un
scaffold est équivalente a la taille d'un géne. Si la « N50 length » des scaffolds correspond a
la taille médiane des génes, alors 50% de ces génes sont assemblés en un seul scaffold et

50% sont fragmentés dans I'assemblage.
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4.2.4 Application au génome du blé

Le blé est la derniere céréale majeure pour laquelle aucune séquence de référence complete
est disponible (Feuillet et al., 2011). Afin de fournir cette ressource manquante, plusieurs

approches utilisant différentes stratégies ont été mises en place.

Les génomes de T. urartu et Ae. tauschii ont été séquencés en 2013 via une approche
génome entier (« Whole Genome Shotgun », WGS) sur une plateforme lllumina (Jia et al.,
2013; Ling et al., 2013). L'assemblage du génome de T. urartu a généré 81 689 scaffolds
d’'une taille supérieure a 2 kb, représentant 4,66 Gb au total. Les éléments transposables
représentent 67% des séquences assemblées, dont les trois quarts sont des
rétrotransposons a LTR. La méme stratégie de séquencgage a été utilisée pour Ae. tauschii
(Jia et al., 2013), a partir de 45 banques de fragments d'ADN allant de 0,2 a 20 kb
séquencés par les deux extrémités. L'assemblage a généré 6 995 685 scaffolds
représentants 4,23 Gb. De plus, ils ont montré que 66% du génome est composé d'éléments
transposables regroupés en 410 familles différentes parmi lesquelles ont en retrouve 20
majoritaires qui a elles seules représentent plus de 50% du génome. Cependant, ce
pourcentage est sous-estimé, par rapport aux 80% attendu, la raison vient de la stratégie de
séquencage utilisée. Une approche similaire a été utilisée pour le séquencage du blé
hexaploide. Ainsi, en 2012, prés de 100 Gb de lectures Roche/454 ont été produites a partir
de I'ADN du génome entier de la variété Chinese Spring (qui est la variété de référence
internationale), représentant une couverture de 5X (Brenchley et al., 2012). Cependant, cette
ressource ne correspond pas a une séquence de référence. Les lectures ont été assemblées
par similarité avec les séquences de génes orthologues, ce qui ne reflete pas le génome

dans son ensemble.

Afin de produire une séquence de haute qualité a la communauté scientifique et aux
sélectionneurs, le Consortium IWGSC a été créé en 2005. La stratégie établie par le
Consortium est fondée sur la réduction de la complexité du génome hexaploide via le tri de
chromosome par cytométrie de flux (Kubalakova et al., 2005). La vision du Consortium
IWGSC est de ne pas aborder le génome dans son intégralité, mais bien de réduire sa
complexité via, tout d'abord, le tri de chromosome, puis, la construction de banques BAC et
I'établissement de cartes physiques pour les différents chromosomes. La stratégie pour
'assemblage d'une séquence de haute qualité passe donc par le séquencage des BAC
ordonnés le long des chromosomes, avec comme chromosome témoin le chromosome 3B
(Choulet et al., 2014). Toutefois, sans attendre la fin de la construction des cartes physiques

de tous les chromosomes, le Consortium a décidé de profiter de l'augmentation des débits
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de séquencage (des plateformes lllumina notamment) pour produire une ressource de
qualité intermédiaire : un assemblage « shotgun » de chacun des bras de chromosomes
tries en cytométrie de flux. L'idée était ici d'établir un assemblage, certes fragmenté, mais
assignable a chacun des chromosomes. Cette ressource a été nommeée « Chromosome
Survey Sequences » (CSS). Chaque bras de chromosome (hormis le 3B trié entier) a été
séquencé avec la technologie lllumina & une couverture de 30X a 234X (paired-ends
2x100 pb). Les lectures ont été assemblées en contigs représentant 10,2 Gb au total avec
une valeur N50 de 2,2 kb en moyenne. Le contenu en éléments transposable des séquences

a ainsi été estimé a 77% (International Wheat Genome Sequencing Consortium, 2014).

4.3 Composition et organisation du génome

4.3.1 Estimation du nombre de génes

Le contenu en génes du génome de blé reste aujourd’'hui une estimation du fait de I'absence
d'une séquence de référence, et peut se faire soit sur la base de la conservation des géenes
entre les especes (Devos et al., 2005; Keller & Feuillet, 2000), soit a partir d'extrapolations
de l'annotation de l'assemblage de séquencage de BAC. A partir d'échantillons de
séquences produites a I'échelle du génome complet, en 2005, Rabinowicz a estimé le
nombre de génes par sous-génome a 98 640, soit au total 295 900 géenes (Rabinowicz et al.,
2005). A l'opposé, sur la base de I'annotation de 19 400 extrémités de BAC du chromosome
3B, il a été estimé que les séquences codantes représentaient 1,2% du génome, et que le
génome B portait 36 000 génes (Paux et al., 2008). L'échantillonnage et I'annotation

semblent donc avoir influencé considérablement les estimations.

L'annotation des séquences de 109 BAC par K. Devos a dressé une estimation du nombre
de génes entre 195000 et 288 000 pour I'ensemble du génome de blé (http://www.nsf.
gov/awardsearch/showAward.do?AwardNumber=0501814). Toutefois, les criteres de
séparation génes/pseudogenes n'‘ayant pas été appliqués, cela pourrait expliquer le nombre
élevé de genes retrouvé pour chaque génome diploide (55 000 a 111 000). Plus récemment,
le séquencage de 13 régions de grandes tailles (>1 Mb en moyenne) réparties le long du
chromosome 3B a permis de mettre en évidence 148 génes et 51 pseudogenes,
représentant une densité de 104 genes par kb. En se basant sur cette densité, et en
corrigeant les biais identifiés, le nombre de genes du chromosome 3B a été estimé a 8 400,
soit un total de 50 000 génes par génome diploide (Choulet et al. 2010). En 2011, Massa et
ses collaborateurs publient une étude portant sur la dynamique de I'espace génique pendant
I'évolution des génomes de Ae. tauschii, B. distachyon, O. sativa et S. bicolor. Pour cela, ils

ont séquencés 9 régions du génome de Ae. tauschii, représentant 9,7 Mb. Grace a ces

35






Introduction

données, ils ont estimé le nombre total de génes a 36 371, par extrapolation des 90 génes
annotés dans les régions séquencées (Massa et al., 2011). Les auteurs indiquent que le
nombre de génes est comparable a celui estimé en moyenne pour chaque génome a partir
de séquences partielles de blé hexaploide (données non publiées, Bennetzen JL, San
Miguel P, Devos KM). Plus récemment, l'analyse de Il'espace génique pour des
chromosomes 3A et 5A, a partir de données de séquencage de BAC et d’extrémités de BAC,
a permis d’estimer le nombre de genes entre 5 088 et 9 571 pour les chromosomes 3A et 5A

respectivement (Hernandez et al., 2012; Sehgal et al., 2012; Vitulo et al., 2011).

Pour les génomes diploides, I'acces a une séquence de référence a permis d’annoter les
génes codants des protéines. Pour T. urartu, 34 879 génes codants des protéines ont été
identifiés, d'une taille moyenne de 3 207 pb et composés de 4,7 exons en moyenne (Ling et
al., 2013). La comparaison avec les valeurs estimées précédemment pour le génome A du
blé tendre (E. D. Akhunov, Akhunova, & Dvofék, 2005) montre une augmentation du nombre
de genes identifiés de 6800, soit 24% de plus. Pour Ae. tauschii, les auteurs ont mis en

évidence 34 498 genes codant des protéines (Jia et al., 2013).

L’approche par séquencage du génome entier du blé hexaploide a permis d’identifier le
contenu en géne par similarité avec leurs orthologues (Brenchley et al., 2012). Les lectures
ont été alignées sur un set de génes de référence issu des annotations des génomes
d'espéces apparentées (B. distachyon, O. sativa, S. bicolor et les ADNc de l'orge). Les
lectures présentant une similarité avec le méme géne de référence ont ensuite été
assemblées de novo, afin d'obtenir les séquences des copies distinctes provenant des trois
sous-génomes homéologues (méthode appelée « assemblage par groupes d'orthologues »).
Une séquence ainsi assemblée est ensuite choisie comme représentante de chaque groupe
d'orthologues (appelé OGR, « orthologous group representative »; (Spannagl, Martis, Pfeifer,
Nussbaumer, & Mayer, 2013). Au total, 86 944 séquences orthologues ont été regroupées
en 20 496 familles de géenes. Afin d'estimer le nombre de genes, les auteurs se sont basés
sur la taille moyenne des familles de génes (s=1,46) et le taux de rétention observé (r=2,5-

2,7). Les auteurs estiment ce nombre entre 93 900 et 96 300.

L'approche de I''WGSC par tri de chromosome a permis l'annotation de 976 962 loci
géniques potentiels avec 1 265 548 variants d'épissage. Au total 133 090 loci présentent une
homologie avec des génes de plantes apparentées (124 201 génes retrouvés dans les
séquences génomiques assemblées, et 8 889 transcrits non ancrés) (International Wheat
Genome Sequencing Consortium, 2014). Ces loci ont été catégorisés comme étant de
confiance élevée (HCS, « High Confidence Set ») et divisés en quatre classes (HCS1 a

HCS4) en fonction du pourcentage de la taille du gene homologue similaire au gene prédit.
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A l'aide d'une carte génétique a haute densité (12 966 SNPs) et en intégrant les données de
synténie avec les espéces apparentées, il a été possible d'ordonner virtuellement 75 249
génes (approche appelée « GenomeZipper » ; (Spannagl et al., 2013)). Apres estimation du
nombre de pseudogénes, le nombre de génes codant une protéine a été estimé a 106 000
au sein du génome hexaploide. A l'aide des données RNA-Seq, il a été montré que 46% des
genes HCS avaient au moins deux transcrits et en moyenne 2,6 transcrits par locus, soit
environ 300 000 transcrits codant une protéine a I'échelle du génome. Les sous génomes A,
B et D portent respectivement 40 253 (33%), 44 523 (35%) et 39 425 (32%) génes. Les
différences observées entre sous génomes refléteraient les différences accumulées entre

ancétres diploides, c'est-a-dire avant les événements de polyploidisation.

Bien que de telles ressources soient utiles pour du développement de marqueurs SNP
notamment, les informations de séquences sont trés fragmentées et l'information de
localisation chromosomique de tous les génes le long des chromosomes est, soit

indisponible, soit biaisée par la relation de synténie.

4.3.2 Organisation de I'espace génique chez le blé:

Chez le blé l'organisation des transposons en longs stretchs de séquences entraine la
formation de régions riches ou pauvres en génes, ainsi que la formation de clusters de
génes. Pour le chromosome 3B, il a été estimé que 75% des génes sont regroupés en flots,
c'est-a-dire que ces genes ont une distance intergénique significativement plus petite
(Eduard D Akhunov et al., 2003; Choulet et al., 2010; Devos et al., 2002; Rustenholz et al.,
2010). A partir de l'analyse de données de cartographie d'EST dans les bins de délétion sur
les 21 chromosomes de blé tendre, une corrélation entre la densité de génes et le taux de
recombinaison le long des chromosomes a été mise en évidence (Eduard D Akhunov et al.,
2003). Les régions proximales ont un faible taux de recombinaison, sont enrichies en
éléments anciens, ont une faible densité de genes, et contrastent avec les régions distales,
qui ont un fort taux de recombinaison, sont enrichies en éléments plus jeunes et ou la
densité en gene est plus forte (Eduard D Akhunov et al., 2003). Ces travaux montrent aussi
gue la densité de genes par bin augmente avec la distance par rapport au centromére
(Figure 26). La notion de régions riches en génes chez le blé avait déja été mise en évidence
(K. S. Gill, Gill, & Endo, 1993). Dans son étude, Akhunov (2003) montre que pour 21% des
EST analysés, il y a un locus dupliqué sur un autre chromosome, et ces duplications sont
accumulées dans les régions distales des chromosomes. Il montre aussi que la « chance »
de survie du locus dupliqué portant un polymorphisme est différente dans les régions a faible

ou fort taux de recombinaison. En effet, les loci issus de duplication vont étre plus facilement
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éliminés dans les régions a faible taux de polymorphisme, ce qui peut expliquer leur
accumulation dans les régions a fort taux de polymorphisme, et par conséquent dans les
parties distales des chromosomes. L'analyse des cartes physiques et des séquences des
extrémités de BAC des chromosomes 1AS, 1BS, 1BL a confirmé I'existence de la distribution
non uniforme des genes. (Breen et al., 2013; Lucas et al., 2013; Paux et al., 2008). En plus
de ces trois bras de chromosomes, des données de séquencage ont été publiées pour les
chromosomes 4A (856 Mb), 5A (857,8 Mb), et pour le bras 3AS (Hernandez et al., 2012,
Vitulo et al., 2011, Sehgal et al. 2012). La densité a été estimée, allant de 1 géne pour 105 a
162 kb pour les chromosomes 1B et 5A. Enfin pour le chromosome 1BS, les auteurs ont

montré qu’il y a un gradient de densité d’'un facteur deux sur I'axe centromére-télomere.

5 Les objectifs de la these

Le chromosome 3B est le plus grand des 21 chromosomes du blé tendre, avec une taille
estimée en cytologie a 995 Mb. En 2004, ce chromosome fut le premier chromosome pour
lequel une banque BAC a été construite (Safar et al. Plant J 2004), et, en 2008, pour lequel
une carte physique a été établie (Paux et al., 2008) puis finalement optimisée (Rustenholz
2011). Cette carte couvre 97% (961 Mb) du chromosome et est composéee de 1 669 contigs
de BAC. Au sein du laboratoire, une puce a ADN Nimblegen a été mise au point a partir de
40 349 séquences unigenes de blé tendre présentes dans les bases de données, avec pour
but d’étudier l'organisation de I'espace génique du chromosome 3B par I'hybridation des
BAC composant le MTP (Rustenholz 2010 et 2011). Par cette approche, 2924 loci exprimés
ont pu étre cartographiés sur le chromosome 3B, confirmant I'existence d’'un gradient de
densité des genes croissant le long de l'axe centromére-télomére. Cette analyse a
également suggéré que 70% des géenes sont organisés en ilots (plusieurs génes présents
sur le méme BAC), et que les génes du méme filot tendent a partager un profil d’expression

et/ou une fonction similaire.

Mon projet de thése s’inscrit dans la continuité de ces travaux, ainsi que dans le cadre du
projet de séquencage du chromosome 3B (ANR-France Agrimer 3BSEQ). Ce projet avait
pour finalité de séquencer les 8 452 BAC couvrant ce chromosome afin de produire la
premiere séquence de référence d'un chromosome de blé, de caractériser son espace
génique en exploitant des données de séquencage RNA-Seq, et en étudiant sa composition,
son organisation, son évolution a une résolution jamais atteinte auparavant pour un génome
complexe. Ce projet a abouti a la construction d'une séquence unique de 774 Mb (appelée
« pseudomolécule »). La pseudomolécule est composée de 1358 scaffolds ordonnés sur la
base d'une carte génétique et représentant 93% des séquences assemblées pour

chromosome. Ce projet est le fer de lance du Consortium IWGSC et a ouvert la voie a
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l'obtention d'une séquence de référence du génome hexaploide complet. Mon sujet de these
s’inscrit donc dans ce contexte d’émergence de nouvelles ressources génomiques, qui
constituent des avancées majeures permettant de lever les verrous qui, jusque-la, ont limité
notre capacité a étudier finement I'organisation et I'expression de I'espace génique chez le
blé polyploide. Les objectifs de ma thése sont les suivants :

(1) La construction d'une carte transcriptionnelle du chromosome 3B.

(2) La caractérisation de l'espace génique et de son expression a I'échelle du génome

entier grace aux assemblages des 21 chromosomes.
Les questions scientifiques posées concernent :

(1) Les relations entre la structure du génome, I'organisation et I'expression des génes.
(2) La caractérisation des régions transcrites potentiellement non-codantes (« novel

transcribed regions »).
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Résultats

Dans un premier temps, le travail de ma thése a consisté a étudier 'espace génique dans sa
globalité a I'échelle du chromosome 3B sur la base de la pseudomolécule. Pour cela, jai
construit des librairies RNA-Seq pour 15 conditions de développement du blé. Les transcrits
issus d’'une premiére analyse ont été utilisés comme évidences biologiques dans le pipeline
pour I'annotation des génes de la pseudomolécule. Nous avons montré que les résultats
obtenu sur l'organisation structurale et fonctionnelle des génes, sont corrélés avec le profil
de recombinaison. Ces résultats ont aussi été couplés a ceux obtenus avec l'analyse de
I'évolution des génes ainsi que l'annotation les éléments transposables et ont été publiés

dans la revue Science (Choulet et al., 2014).
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results in a highly redundant 17Gb hedaplcid
gerome with three homeologous sats of saven
chromosoimes (1A to 74, 18 to 78, and 1D to 7D),
each carrying highly similar gene copies. More
over, most of the genome was snapad by the
amplification of transposable slements (TEs)
that indude highly repeated families and se
quences (2). This high redundancy has compli-
cated the assembly of a complete and properly
ordered reference sequence of the bread wheat
genome. A fully sequenced genome enables sd-
enlisls and bresders Lo have access Lo a complele
gene set, with the gene order along each chro-
mosome, and to identify candidate genes be-
tween mar<ers assodated with important traits.
It &lso enables the identification of recent dupli-
cates, which may be involved in species-spedfic
evolution (3), and tradngof their evolutionaryh s-
tory. Beforeobtaining afull genome serjuence the
whest gene space has been investi gated through
various genome and transcriptome survey se-
quencing approaches and through microarray
hytridizations (4-7). Recently, wholegenome shat-
@un sequandng of cult var Chinese Spring using
Rochefd4 technology and synteny<driven as-
semblyyidded -95000 ganemodds [NSO=09 kb
(8)]. Furthermare, the gene space of the diplcid
wild relatives Ae tauschii (DD) and T, urartu
(AA) has also been assembled and led to describe
43,150 and 34,87 genes, respectively (9, 10). Al-
theugh these sequences are useful templates
for marker dasign and comparativeanayses, as
a result of assembly limitations of shart-read-
hased sequencing (11, 12), they aretill very fragr
mented, and a large fraction of the genes are
unanchared to chromosomes. The maize [/
mays) and potato (Sdanum tubercsurm) sequenc
ing projects, bath representing spedes with highly

repatitive ganomes, wire adle o avaid overfrag-
mentation by combining multiple sequendng
technologies and through theuse of DNA librariss
with a diversity of insert sizes (13, 14),

The I nternational Wheat Gencme Sequenc-
ing Consortium (IWGSC) road map focuses
on physically mapp ng and obtaining a high-
quality reference sequence of each of the 21
individual wheat chromosomes rather than ap-
praaching the hexaploid genome as a whole.
This strategy relies on flow-sorting individual
chromosores andfor chromosome arms from
dtelosomic lines of the cultivar Chinese Spring
ta construct bacterial artificial chromosome
{BAC) libraries {15). The largest chromosome
is 3B (~1Gh}. It was the first chromosome for
which a BAC library was constructad (16) and
a physical map achieved (17). A pilot sequenc-
ing study on 13 contigs (2) suggested that genes
tend to be mainly dustered into smell islands,
the presence of a twofold gene density inarease
from the centromere toward the tdomeres, and
a high proporticn of nonsyatenic genes inter-
spersedd within a consarved anceslral grass gene
backbone. It provided a proof of prindple for
this strategy and opened the way for produdng
arderencesequenceof the large and polyploidy
wheat genome.

Sequencing and construction
of a pseudomalecule

We used a hybrid seguending and BAC pocling
strategy to sequence 8452 BAC donss from the
minimal tiling path (MTP} that was cstablished
during the construction of the chromosome 3B
physical map (4, 18), After the integration of
BAC-end sequences, manual curation of the scaf-
folding, gap filling, and correction of potential
sequencing errors (18), we obtained a final as-
sembly of 2808 scaffolds representing 833 Mb
with a N50 of 892 kb (i.e, hdf of he dhromo-
some sequence is assemoled in scaffolds larger
than 892 kbj. We estimated that about 5% of
the chromosome sequence was not present in
the MTP BAC-based assembly through compar-
ison with the 546922 contigs assembled from
whole-chromosome shotgun sequending of flow-
sorted 3B DNA (19). This suggests that the size
0 chromosome 3B Is neerly 886 Mbo—that is,
about 11% smaller than originaly predicted
{16, 20). We built a pseudomolecule of chromo-
some 3B by ordering 1358 scaffolds alorg the
chromosome using an ardered set of 2594 an-
chor angenudedtide polymarphism iSNP) mark-
ers. The pseucomolecule represents 774.4 Mb
(93% of the complete sequence), with a scaf-
fold N50 of 949 kb (table S1). The order of
markers was determined by linkage analysis
of a recombinant inbred line (RIL) population
derived from a cross between T. aestivum cul-
tivars Chinese Spring (reference sequence) and
Renan (a French dite cultivar) and refined by
integrating linkage disaquilibrium data from
two pandsand physical BAC contig information
{18). This seruence correspends to an annotation-
drected improved high-quality draft {21) st
uatad between the high-quality finished rice
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genome sequence and the improved draft maize
genome (13).

Anratation of genes, transcribed loci,
and transposable elements

Gene modding led to the prediction of 7264
cading lod on the 3B pseudumolecule (Table 1),
induding 5326 with a functional structure and
1938 (2% likely corresponding to pseudogenes.
An acditional 251gene modds and 1838 psaLdo-
genes were annotated in unanchored scaffolds
RNA-Seq data revealed that 714% of the pre-
didted genes/pseudogenes are transaribed and
led to the identification of 3692 unannotated
transaribod [oci that may encode functional non-
coding RNAs or unknown proteins, heresfter
referred to as novel transcribed regions (NTRs)
(Table 1). In addition, F1highly conserved non-
coding RNA genes involved in RMA maturation
and protein synthesis were also predicted {Takle
1. Chromosome 3B appears to contain a high
number of small nucear RNA genes (U1 to UB)
induding nine J1snRNAs (small nudear RNAS),
seven of which are tandemly duplicated. As a
comparison, there are 14 ULsnRNAs in the en-
tire Arabidopsi s thali ana gename (www.plantadb.
arg). Theh gher number of UTsnRNAs may reflect
a higher levd of duplication in the wheat ge-
nome We found 53288 complate and 181,058
truncated copies of TEs, bdengingto 465 TE famr
ilies and representing 85% (640 Mb) of the 3B
pseudomolecule, through a simi ariby-search ap-
croach. Further denovo repest detedtion (18) iden-
tifled 36% putatively new TES.

Weestimated the putativelocation of the cen-
trameric region ky plotting the density of the
long terminal repeat retratrangposons ILTR-RTs)
CRW {centromeric retrotransposons of whest]
and Quinta along the pseudomolacule. These
LTR-RTs arc recognized by the certromere
specific histone CenH3 and thus are centromare:
functional sequences {22). Two major peaks
coverirga region of 122 Mk (265 to 387 Mb) (fig.
Sl)—which incudss 1 Mb previously showin as
interacting with histone CenH3 (22} and en-
mmpassing the centromere of the ortholo-
gous rice chromosome 1(23)—were identified.
This region was defined as the centromeric-
pericantromeric region of chromosome 3B. A
strong correlation has been ohserved between
the size of the centromeres and the chromo-
somes In grasses (24), and itis likely that large
chromosomes have centromeres larger than
10 Mb. This may be aritical to ensure the struc-
tural rigidity of the pericentromeric regions
nesded for kinetochore co-orientetion (25). Marker
assignation to ether the short or the long arm
indicated thepresenceof a break point between
3494 and 350.0 Mb :hat might bethe position
af the core centromere.

Variability in recombingtion rate and
gene density along the chromosome
We found 787 arossover (CO) events on chro-
mosome 3B in the Chinese Spring x Renar popu-
laton, with on average 26 COs per chromosome
per rdividua, which is simi ar to maize [2.7 to
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3.4 (26)]. Cistribution of meotic recombination
rates revealed extreme variations aleng the chro-
mosome. Whereas the average recombination
rate is 0.16 cM/Mb, ectual values rangefrom 0
to 2.30 cM/Mb {per 10-Mb window; iFig. 1A},
Seamentetion enalysis (18) revealed partitioning
wilh Lhe lwo dislal regions of 68 Mb (regon R1)
and 59 Mb (region R3) on the short and lang
armes, respectivaly, showing recombination rates
of 0.60 dv/Mb and 0.96 cM;Mb on average, and
a large proximal region of 648 Mb (region R2)
spanning the centromere with an average recom-
bination rate of 0.05 d/Mb (Table 2 and Fig.

14). This provides insight into the actua phys-
ical slze of the highly recombinogenic regions
previoLsly detected at the end of the whest chro-
mosomes (27, 28). When a narrower window of
1Mb was used, variations ranged from 0 to 12
AM/ME (Fig 1A), a range smilar to that obsarved
i maize [0.8 o 1L5 tM/Mb (26)] and sorghum
[0 to 10 aM/Mb [29)]. All crossover events oc-
aurred in only 13% of the chromosomes in odr
population of 305 individuals The larcest region
totally deprived of recombination corrasponds
to 150 Mb and includes the putative 122-Mb
centromeric-pericentromeric region. This was

Table L General features of the 3B pseudomolecule. LINEs, long interspersed nuclear elements;
SINEs, short interspersed nuclear elements; rRNA, ribosomal RNA; snoRNA, small nucleolar RNA;

TIRs, terminal inverted repeats,

Pseudomolecule sequence

Length (bps) 774,434,471
G+C content 46.16%

Protein-coding genes All Full genes Pseudogenes
No. of genes 7264 5326 1938

Average size (bps)

of coding sequences

10957807 1187T821 840 T710

(T standard deviation)

Average number of exons

(T standard deviation) 42T44 44T46 36T38
Gene density (kb™) 107 145 400
No. of expressed genes 5185 4125 1060
No. of genes with 3185 2596 589
alternative splicing
% genes with 61 63 56
alternative splicing
Average no. 5.8 538 58
isoforms/expressed gene
NTRs 3692
Noncoding RNA genes
tRNA 589
55 rRNA 85
Others (snRNA, snoRNA) n7
Total 791
Transposable elements (TEs)
Class | Copia 156%
Gypsy 46.9%
Unclassified
LTR-retrotransposons 3.5%
LINEs 12%
SINEs 0.01%
Total class | 67.1%
Class Il CACTA 16.4%
Harbinger 0.19%
Mariner 0.19%
Mutator 043%
hAT 0.02%
Unclassified class Il
with TIRs 0.22%
Unclassified class Il 0.10%
Helitron 0.01%
Total class II 176%
Unclassified repeats 0.81%
Total TEs 85.5%
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confirmed by the linkage disequilibrium (LD)
pattern (fig. S2). Twenty-two regions showed a
recombination ratio hicher than 16 cM/Mb—ie,
>10 times the average for this chromosome—and
thus may contain recombination hot spots (Fig.
1A}, However, no significant corrdlgtion was cb-
served batween the racombination rate and gene
content, coding DNA, or TE content of these
regions,

The 7264 genes arenol evenly disributed, and
genedensityis nareasing on both armsalong the
cntromaretdomere axs, cordating with the
distance to the centromere (r = 0.9, P <22 x
0%, R? =061 (Fig 18). Usinga I0Mbwincow, the
average gene density estimateis 9 T 5genes/Mb,
rangrgfrom 13in the contromaric-paricontromaric
region up to 279 at the most telomeri c end of the
shortarm, a pattern commonly obeerved in grass
genomes, Variation of the gane density in wheat
chromosome 3B is higher than for chromosomes
in the more compact rice genome {301; lower
Lhan in sorghurm, where genes are mastly found
in the tdomeric regions (31); and in the same

A 204

15 A
1.0 4
0.5 4

range & in maize, which also contains a high
percentage of TEs (13). Segmentation analysis
revesled five major regions with contrasted gene
densitics (Fig. 1B) and a fourfold gradiont of the
gene density—i.e., twice as many as suggested
by the pilot study on chromosome 3B (2). The
distal seoments exhi biting the hichest gene den-
sity (19 genes per Mb) correspond nearly tothe
highly recombinogenic Rland R3 regions (Fig.
14). The R2 region was subdivided inlo three
sEgments, with the lowest gene density (5 genes
per Mb) in a 234-Mb segment encompassing
the centromeric-pericentromeric region. As pre-
viously suggested (2, 4], there is no larga regon
comoletely davoid of coding sequence (maxdmum
of 37 Ma). We confirmad that the intargonic
distances (IGDs) are extremely variatle (aver-
age 104 T 190 kb) end that a majority (73%) of
the genes are organized in small islands, or in-
sulag (32). This suggests that most of the inter-
genic regions are under sdective constraint
prevented from TE inserlion. Indeed, only 29%
of the IGDs are larger than 104 kb, but they
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Fig. L Structural and functional partitioning of wheat chromosome 3B. Distribution and seg-
mentation analysis of (A) meiotic recombination rate (cM/Mb in sliding window of 10 Mb in black
and 1Mb in red); (B) gene density (CDS/ 10 Mb); (C) exgression breadth; (D) average number of
alternative spliced transcripts per expressed gene; and (E) TE content along the 3B pseudomo-
lecule. Distal regions of the chromasome R1and R3 are represented in red. In (C), the centromeric/
pericentromeric region is in black. The borders of these regions are indicated in Mb. Sliding window

size: 10 Mb: step: 1 Mb.
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account for 81% of the chromosome size, dem-
anstrating that TE-mediated genome expan-
son likely occurred within a limited number of
Intergenic rogions.

Relationships between gene expression,
function, and chromosome location

Of all annctated geneson chromosame 3B, 714%
areexpressed in at lesst one of the 15 conditions
andlyzed [five organs al three devdopmentsl
stages each (table S2)], 33%in dl conditions, and
% in one only (fig. S3). On average, genes are
expressad in 10.8 of 15 conditions (consideringall
predictions), and expressed ganes aretransaribed
into 58 alternative transaipts, or isoforms. Both
the expression breadth and the avirage numbo
of isoforms are distributed unevenly along the
chromasome, with a dlear decresse of the two
parameters toward the tdomeres (Fig. 1 C and
D). Segmentation revealed distal segments with
boundaries similar to that of regions R1land R3
and with genes expresed in fewer conditions
than in the proxima region: 8.7 versus 117,
respactively (P <2.2 x 107, Welch t test) (Table
2). Similarly, the average number of alternative
trensaripts is hicher in the proximal (6.5} thanin
the distal (4.3) regions (P <22 x 105, Welch &
test) (Table 2),

Gene onfology (GO) term enrichrent was es-
tmated for the R1 RZ, and R3 regons (18)
(tables S3to S5). The distal regions are enriched
in many GO categories, some being reated to
=dzptation {response to ahiotic stimulus or re-
sponse to stress). Well-known examples of genes
redated to adaptation arethoseinvolved in resist-
ance 1o pathogens. Chromosome 3B carries 171
genes putatively assodated with disease resist-
ance (18), and their distribution is highly biased,
with 135 (79%) of them lecated in the distal re-
gions (whereas these reg ons contain just 33%of
the gene sef). Such uneven distribution and the
corrdation with the distribution of crossovers
ugges: that meiotic recombination ads asamain
driver for aregting variability in distal regions of
chramasome 38,

To Investigate whether such partitioning is a
common pattern of large plant genomes, we
analyzed the distribution of the gene expression
bresdth in maize and barley, which bath exhibit
large genome size (>1 Gb) and increased re-
combination rates at chromosomal edremities
(33, 34). In barley, segmentation analysis of the
seven chromosomes based on recombination
data identified the same pattern as on chromo-
some 3B, with two highly recombinogenic distal
regions and a large nonrecombinogenic region.
Using expression data of eight conditions (34),
we also observec that thetwo high-recombination
distal regans carry genes axpressad in fewer aon-
ditionsthan thosecarried by thelowrerormbination
prodmal regons (59 versus 67 P =22 x D5,
Weln ttest) {fig. S4A). Using GO terms, we fourd
a significant. enrichment. of these regions in the
Gategories “cd| death” and "defense response”
which support previous findings that barley dis-
2a5¢ resistance genes are dustered in the distal
regions (34} In conlras, in maize dthough we
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observed partitioning of the recombination
rate, no gene-expression partitioning was de-
tected using RNA-Seq data of 18 canditions
{35). Overall, the opression breadth is 3.2 and
1271n high- and low-recombination regions,
respectivay, with chromosome spedific patterns
{fig. S4B}, Nevertheless, high-recombination re-
gions are alse enricned in GO categories “cdl
death” and “defense responseto fungus and bade
ria,” suggesting that such genes are consistently
found in distal recormbincgenic regions in large
plant geromes. These results sugges: that the
pertitioning observed on wheat chromosome 38
Is consarved in the Triticeaeand may not reflect
ageneral pattern of largegenomes. Alternatively,
It s possible that the adtive rearrangaments ob-
served ir the maize genome have modified this
vellern. Addilional evidencewill comeonceolhe
large plant genomes (>1Gh) aresecuenced and
analyzed.

Uneven d stribulion of
transposable elements

LTR-RTs represent 66% of the chromosome 38
serjuence (oypsy, 474 copia, 16%; undassified,
3% (Table 1), which is slightly lower than the
~7%h of LTR-RT identified in the whole maize
genome (36). Only 4% (3 out of 85) of the LTR-
RT families were fourd in singe copies, com-
pared with 41% in maize (36) and 48% in the
rice genome(37). Sxtean percent of the saquence
15 composed of dass |1 DNA transposons that
mostly correspond to CACTA dements (Table J),
compared with 32% in the maize ganome (13).
Only six families account for 50% of the wheat
chromosome 3B TE fraction, a5 previously sug
gested from partial sequenca analysss (2, 38)
and from cbsorvations in othar large conomes
[36). Howeaver, in contragt to the maize genome
In which most of the intact éaments are founc
In 1to X copies (36), the maority ¢f the TE fam
llies annotated on chromosome 3B have a higher
number of copies (10 to 1000 coples). Estimates
Insertion dates for the most abundant LTR-RT
families showed a major peak at L5 million years
(My) but also quite spedfic patterns of TE adiv-
Ity for each family (fig. S5). Our data support the
nypothesis (2, 38) that most of the transposable
dements thet shaped the B genome were in-
sarted before polyploidization [0.5 million years
ago (Ma)] and have been less adtive since then.
Didribution of reeilly insted danals re
verled that TF insartion cocurred a a Smilar
rate in the dista and proximal regions. In con-
traek, dder insertions (=15 Ma) were 17 times as
ahundant in the R2 ragjon compared with the R1
and R3 regions, sugoesting a higher rate of TF
dimination in the distal ends of chrormosome 3B,

The TE density distrioution was not random
I g. IE), with a lower density in the R1(73%)
and R3 [68%) regions compared with the R2
region (8879 (Table 2). The 22-Mb centromeric
oericentromernic region displayed the highest den
sity (93%) of TEs Beresth the dobdl TE distribution
pattern, each superfamily presents its own spec-
fidties (fig. S6). For example, CACTA transposons
arermoreabungent in thedigal generich regions
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(Table 2, supporting in stu hybridization find-
ings at the whole-genome level (39). In addition,
thedigtribution of TE families varied on the basis
of thar rdative distance to genes (18) [fig. 57).
DNA transposons Mutator, Harbingar, and MITES
are found dose to genes, whereas LTR RTs and
CACTAs tend tc be located at mucn larger dis
tances from the genes For instance, the 17479
arnotated MITEs were found to besignificantly
associated with genes (r =0.89; P <1x 10 ™), as
previousy obeerved in plant genomes (40),

Synteny betwaen chromesome 3B

and related grass genomes

Comparative genomics in grasses has been used
to define syntenic reationships betwean different
spades (41, 42) and to provide indight into ther
aolulion sree the divergence lrom a armon an-
c=tor 30 to 10 Ma (43). We mmpared the wheat
chromosome 38 garnes (Ta3B) with the dosest
sequenced relative. Brachypodium distachyon
[common ancestor, 32 to 39 Ma (44)], ard with
one representative of each of the Ehrhartoideae
and Panicoidese grass subfamilies: Oryza sativa
indica [rice (30)] and Sorghum hicdor (31), re-
spectively, Wheat chromosomes of group 3 are
syntenic with chromosorme 1 of rice (OsD), chro-
mosome 3 of sorghum (Sh3), and the distal parts
of B. distachyon cromosome 2 (Bd2), We first

investigatec potential gene loss after polyploid-
ization by using the conserved and syntenic genes
found on dhromosomes OsL. Bd2, and Sb3. These
rapresent the arass core gones that are ogeded
to be present on wheat homoeologous group 3,
unless they have been lost by fractionation after
polyploidization. The finding that 94% o° the
conserved genes are also present o the 38 s
quence {Fig. 2/), which represents 94% of the
chromesome (see above), suggests that no mgjor
gene loss has occurred in the B subgenome et
This is confirmed at thewholegenome laud by the
results of the chromosome survey sequences
(19). In contrast, 2065 genes on chromosome 3B
(34.6%, induding pseudogenes) shared similar-
ity with genes on nonarthologous chromosomes
in the other grass genomes. This proportion of
nongynlenic genes is much higher thar Lhe 5%
(between 149 and 207) of nonsyntenic genes
found in the other grass speciss analyzed (Fig.
2A and table SA). It confimms previous results
showing substantial modifications and resrrange-
nents of thewheat gene space (2). When looking
at ~he conservation cf the gene order, coll near
genes represent 42 to 68% of the genes present
on Os], BdZ, and Sb3, whereas they represent
less than 30% of the Ta3B genes {including
pseudogenes) (table 57 and fig. 58). The spatia
distribution of syntenic and nonsyntenic genes

Table 2. Distribution of features in the three regions of chromosome 3B as defined from the
recombination segmentation along the chromosome.

R1 R2 R3
Size (Mb) 68 648 59
Recombination rate (cM/ Mb) 0.60 0.05 0.96
Genes
Predicted gene density (Mb™) 19 7 19
Number of predicted
genes/ pseudogenes 1318 4845 1101
Full genes (no.) 910 (69%) 3682 (76%) 734 (67%)
Pseudogenes/gene
fragments (no.) 408 (31%) 1163 (24%) 367 (33%)
Mean intergenic distance (kb) 49 130 52
Expressed predicted genes (no.) 823 (62%) 3629 (75%) 733 (67%)
Expressed full genes (no.) 621 2963 541
Expressed pseudogenes/ fragments (no.) 202 666 192
Average expression brt?adth 88 17 86
(per expressed gene; / 15)
Average FPKM (per expressed gene) M1 255 156
Average number of isoforms 47 65 44
(per expressed gene)
Proportion of nonsyntenic genes* (%) 44 28 53
Proportion of intrachromosornally
duplicated genes* (%) 49 B 42
Proportion of tandemly duplicated genes* (%) 24 14 22
Proportion of dispersed duplicated genes™ (%) 26 18 20
Proportion of interchromosomally
duplicated genes* (%) % 33 37
Transposable elements (%) 73.0 88.3 68.4
Copia (%) 1.7 5.8 4.1
Gypsy (%) 317 50.3 271
CACTA (%) 8.7 159 185

*¥Numker of duplicated genes (filtered set, including pseudogenes) divided by the total number of genes in

each region.
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along the 38 peeudomol ecule (Fig. 28) shows ar:
Increased proportion of nonsyntenic ganes in the
R1(44%) and R3 (534 regions compared] with
the R2 region (28%) (Table 2). This supoorts the
hypothesis that accderated avolution occurred in
the wheat lineage compared with other grasses
(2, 45, 46), with insertions of nonsyntenic genes
intercalated in the ancestral grass genome back-
oonethrough gene duplications or trand ocations
that preferentially occurred in the distal recom:
hining regions.

Origin and evolution of nonsyntenic genas

With such a high proportion of nonsyntenic
genes, one key question is whether these genes
are under sdection pressure o in Lthe process of
becomirg pseudogenss, On the basis of the cod
Ing seguence structure, 32% of the nonsyntenic
oEnes (versus 1% of syntenic genes) were an-
notatad as likdy pseudogenss of gene fragments,
This rasio is nct surprising, given tnat TE adiv-
ity can duplicate gene fragments that are dead
upon arrival. Expression patterns revealed that
amajority of the nonsyntenic ganes (699 versus

82% of syntenic genes) are expressed in at least
one condition tested (table S8), thereby suggest-
ing thar a large fraction of these refacated genes
are unlikdy to be pseudogenes and may con-
“ribute to recent wheat genome evoluticn ang,
“hergfore to adgptation. Interest ngy, a majority
{51%) of the genes expressed in a single condi-
“ion corresponds 1o nonsyntenic genes, wheres
B80% of the genes thak are eqressed ir all 15 -
ditions are syntenic genes (ig. S9). This sugoests
“hat nonsyntenic genes are irvolved in specific
orocesses that may be related to adaptation,
whereas syntenic ganes tend to be assoclated
with essentid biological processes. This hypoth-
es5is supporterd by the fact that putative resist-
ance gaes identified on chromosome 3B are
mainly nonsyntenic genes (18). In addition, GO
“erm en-ichment of nonsyntenic genes revealed
ar overrepresentztion of genes involved in re
sponse to stress {teble S9).

Thefact that chromosome 3B exhibits ahigher
qumber of genes than its orthologs in other
grasses and that at least 94% of the ancestral
grass gene backbone is conserved indicates that

Fig. 2. Inter- and intraspecific comparative analyses of the gene content of wheat chromosome
3B. (A) Venn diagram displaying the number of genes conserved between wheat chromosome 3B
[Ta3k, blue) and orthologous chromosomes in rice (Os], red), Brachypodium {Bd2, green), and sorghum
(Sh3, purple). The number of nonsyntenic genes is indicated in bold foreach species. Distribution along the
774 Mb of the chromosome 3B pseudomolecule of the relative proportion of (B) syntenic (blug) versus
nonsyntenic {red) genes, (C) interchromosomal duplications (duplicates in red, group 3- specific genes in
blue), and (D) tandem (yellow) and dispersed (red) intrachromosomal duplications and singletons (blue).
Chromosome 3B is represented at the bottom with distal regions in red and the centromeric/

pericentromeric region in black.
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meet insertions of nonsyntenic genes result from
interchromosomal cuplication with retention of
the parenta copy. To test this hypothesis, we used
the sequences of the 18 bread wheat dhrome-
somes nonhomeal Goous to group 3 chromosomes
(19) to search tor potential parenta copies of
chromaosome 3B genes dsewhere in the cenome
{18) (Latle SI0). A varaloy was identilied for 8P%6
of the nonsyntenic genes (18), with no bias re-
gording the chrormasemal origin of the interch e-
mosaely duplicated genes (fig S10). Duplications
of DNA fragments to different loctions in a
genome have baen shown to result from double-
srand tregk (DSB) repair {in which acopy of the
foreign DNA is used as filler to repair the break)
or captureby adive TEs (46, 47). We anal yzed the
composition of the regions flanking the syntenic
varsus nonsyntenic genes 120 kb on each sde)
and found a high association of nonsyntenic
genes with a dass |1 transposon superfamily:
4% more CACTAs were found arcund nonsyn-
tenic genesthan around syntenic genes (fig. S1L.
CACTA transposons are known to capture genes
(31, 48) and may have contributed substantially
tointerchremosomal gene duptications in whest,

We dso investigated the time since dupli-
cation of nonsyntenic genes through the analysis
ol nudentidesubstilution rales (K (18). In Lolal,
63% of these duplications were olcer than I0 My
and, thus, are likely shared within cther Triti ceae
spedes, wheress 3Pbare potentially whest-spedfic
Comparison with the barley genome survey se-
guence data (34) showed that a2 least 29%0of the
3B nonsyntenic genes [versus 51%of the syntenic
genes) are orthologous with barley dhiromosome
3H, confirming that part of the nonsyntenic
genes were reocated before the divergence of
whegt and barley 10 to 14 Ma.

We next asked if the high gene duplication
activity is also chserved at theintrachromosomel
leve. We identified 802 gere families with two
or mare copies comprising 2216 genes on chro-
mesome 3B, which is about threstines as much
asin rice, Brachypodium, and sorghum (table S11).
Thisindicates that, in proportion, morethan twice
a many cenes were duplicated or refaired after
intrachromosomal duplications in wheat (~374)
compared with the other three grasses (~15 w0
13%). About 46% of the duglicated genes of chro-
mesome 3B are founo in tandem, wheress 54%
aredispersed duplicates (18) (tahle SI2). I n other
grass sped es, a maority of the duplicated genes
are organized in tandem, Given the high inter-
crromosomal duplication activity observed in our
analyses (see above), it is possible that some dis-
persed duplicates on chromosome 3B orignated
through independent interchromosomal duplica-
tionsrather than through intrachromosomal dupli-
cations, thereby leading to overestimates of the
latter. Howaver, aven whan considerirg syn-
tenic dispersed duplicates—i.2, those genes that
have remaired at their ancestral locus and have
undergone intrachromosomal duplication—23%
of the whole gane et appears to have originated
fromrecentirtrachromesomal dupl cations, which
is till higner than in ather grass spedies. Thus,
weccnducethat both inte- and intrachremosomel
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rates of duplication are higher in whegt than in
the other grass gpedes anclyzed so far. Inter-
estingly, interchromosomal duplicates were
distributed uniformly along the chromosome,
whereas the proportion of tandem duplicates
dlightly incressed in the distal regions (Fig. 2D},
This suggests that long-distance and tandemn
duplications likaly arose through different mech-
anisms. Finally, expressicn analysis of intra-
chromesamal duplicated genes indicated that
49% of the families show expression of all co-
pies in at least one condiition. Similar to what
was chserved for the interchromaosomel dupli-
cated genes, the intrachromosemal duplicated
genestend to be expressec in fewer conditionsas
compared with nonduplicated genes (fig. S9 and
table SB), suggesting that they may be under-
gaing subfunctiondization.

QTL mining

As exemplifiad in rice and other cops, a refer-
ence genome sequence orovides a resource for
gere discovary, marker devdopment, ard allde
mining in support of aop improvament (49). We
identified 153,190 insertion site-based polymor-
phism (ISBP) markers (50} and 3550 mico-
satdllite markars along the 3B chromosome. We
also located 121 quantitakive trait lod (QTLs) for
50 different traits on chromosome 3B (table SI3).
Usingthesedats, weondudted amaa-anaysisthat
integrates QTLsdefined in independant studies (51)
and identified 18 metaQTLs with confidence
intervals covering between 15and 620 Mb of the
chromosome 38 sequence. The largest one en-
compasses the centromeic regon, where recon -
nation is suppresad. Five maaQTLs with smal
intervals (<10 Mb) Ihal contain between 23
and 266 protein-coding cenes and between 511
and 4049 markers are suilable for fine map-
ping (table S14).

Discussion

We present a reference sequence of drome-
same 3B that can be used to predsdly delineate
structural and functiona features along a chro-
rrosomeand esteblish corrd aions between recom-
hination intensity, gere dersity, gene exprassion,
and evolution rate, Our resu ts indicate that
during evolution, regions with distinct features
hecome ddlineated along chrorosome 3B, in-
duding relatively small distal regions that are
preferential targets for recombinadion, adaptation,
and genomic plastioty, Wrether our observa-
tions reflect & general pattern far the wheat ge-
nome will need to be confirmed by the analysis
of nther chromosome reference sequences. Al-
ready, some of the fegtures—auch g the CACTA
distribution, the high rate of intrachromosomal
duplication, the absence of major gene less since
polyploidizedon, arc the gradient of gene density—
have been confirmed at the wholegenome level
(19, 39). Moreover, the ordered chromosome 38
sequence allowed us to disinguish duplicated
geres and provided evidence for superimposed
mechanisms of gere duplications The high lev-
¢ of gene duplication (alopolypleidy and inter-
and intrachromosome duplications) provides the

1249721-6  18jULY 2014 « VOL 345 155UE G1s4

whest genome with a vast resenoir of fundional
genes thar likaly contribute to wheat acgptation.
On the basis of this work, the I'WGSC hes al-
ready defined an adapted BAC pooling strategy
to reech the same sequence quality while redudng
sequenarg cests for the remaining chiromasomes.
Although progress in sequendng technologies
and cost reduction allows for more cost-cfident
sequence production, the challence of bicinfor-
matics and limitations of current sequencing
technologies reman (12). Solving these issues
and inrproving metheds to offidently anchar and
orient scaffolds within pseudomolecules should
make the assamhbly of nigh-quality reference se-
quencesof complex genomes routine work i the
future Thereis no doubt that, as witnessac after
the rdeacc of the rice gonome sacuience (49), the
number of genes doned from wneat will grow
eponentialyin the near future, thereby enablirg
wheat researchers and breeciers to cope with the
urgent nead to improve wnget yidd in the face of
climate change and food-security challenges (52).

Materials and methods
Seguencing, assemkly, and scaffolding

A total of 8452 BAGs representing the MTP of
wheat chromosome 3B were pooled into 922
BAC pools. Each pool was used to areate a bar-
coded Roce454 8-kk ong paired-end library.
In total, 150 saquencing runs were performed,
leading <o an average of 36-fold sequence cover-
age After assembly with Newbler (Roche), we
integrated 42 551 BAC end saquences to validate
and i nprove scaffolding. |llumina reads gener-
ated from sorted DNA of chromosome 3B were
used to fill gaps within scaffolds and corroct
polential sequendng =rars reaining in lhe
consensus saquence (18],

Anchoring scaffalds

SNP discovery was performed through sequence
capture for 52,265 lodi flanking TE junctions
representing an average densty of ane locus per
16.2 kb (18). Out of 39,077 SNPs distributed
along the chromosome, a subset of 3075 evenly
distributed (38.2 T 94 SNPs per 10 Mb) SNPs
was sdlected to genatype 1025 lines from ~ecom+
binant irbred and assodiation pands. An an-
chor cenetic map was built first by linkage
analysis and integration of linkage disaquilib-
rium data. A consensus map camprising 5318
markers was also built using 40 different genetic
maps to anchor additional scaffolds (18), Findly,
a podtion in the pseudomolecule was inferred
for scaffolds without marker information but be-
lorging to an anchorsd physical BAC contig.

Sequence annotation

Gene modding wes performed using an im-
proved version of the TriAnnot pipeine (53).
Noncoding RNA genes were predictad uaing three
different programs (18}, and predictions were
manually curated. Predictions of TEs and re-
construction of the pattern of nested insertions
were performed through the devdopment of &
spedific program (18) that automatically curates
similarity-search results obtained with a dedi-

cater! databank comprising 4929 known whest
TEs dasdgified into 521 families.

Gene expression analyses

Thirty RNA samplss, corresponiding to RNAs
extracted in duplicates from five organs (root,
leaf, stern, spike and grain} at three develop
mental stages eacn from hexaploid whest culzivar
Chinese Spring (4), were Jsed for gene expres
son analyses. RNA-Seq libraries were constructed
using the llluminaTruSeq (Illumina, CA, USA)
RNA sample preparat on kit and saquenced.
An average of 50 T 11 million paired-end reads
per sample were mappad on thecromosome 3B
scaffolds and used to reconstruct transcripts
and estimate transcript aburdance in units of
fragments por kb of excn per million mapped
reads (FPKM). Regions with FPKM valuss higher
than zero were conddered & epressed.

Distribution and segmentation analyses

Distr butions of recombination rate geneand TE
densities, and expresdon breadth were calaulated
viithin a sliding window of 10 Mb (and 1Mb for
the recombination ratel, with astep of 1Mb aong
the chromesome sequence using a homemade
Perl saript. Segmentation anayees of these distribu-
tions were performed using the R padkace chance
peint vL06 (54), with Segment Neighbarhoods
method and Bayesian information criterion pe
nalty on the mean change

Comparative genomics, gene
duplications, and molecular evolution

We performed an all-by-all Badc Local Align-
ment Scarch Tool for Protens (BLASTP) [cutoff
expadad value (Bvalue), 1 x 1077 comparison
between the aminc add sequences of predicted
oenes of whedl dhromosorre 3B, rice (Michigan
State Univerdity version 7.0), Brachypodium
(Brad-ypad um Sequendng | nitiakive, 2.0), and
sorghum (phytozome, version 14). We filtered
out genes with no homology with at lesst one
cother gene in a compared species (cutoff 35%
amino add identity and 35% sequence overlap).
Syntenic genes were defined as genss with a
kest BLAST hit on an orthologous chrormesome
in at lexst one other geadies. Nonsyntenic genss
viere defined &s genes for whid- the best BLAST
hit was on a nonorthologous chromosome in
the ather spedes. Clustering of orthologous and
paraomus genes wes performed ueing OrthoM CL
[Evalue cuto, 1 x 10 percentage match aut-
off, 35% (55)). All 3B geres dustered info the
same family were considered intrachromosomal
duplicates. 38 genes dustared in a family with
whegt gene models annotated on another chro-
mosame (19), not induding genes from group 3,
vire congidered & interdnromosomal duplicates.
Tendem duplicates were dgfiined as genes in the
same family with five o fewer spacer genes sep-
arating them on the pseudomolecule. and dis-
persed duplicates were defined as having more
than five space” genes. Synonymous (K and non-
synonymous (K,) substitution rates were calau-
|ated basad on QustaW 2.1{56) coding sequence
dignments by the Nab and Gajoborl method
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using codeml [part of the PAML package (57)).
Age of gene divergence was estimated by the
equation K4/2r, where r =65 x 107,
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Conclusions Article n°1

Dans cet article, nous montrons qu’a partir d’'une approche chromosome-spécifique, nous
avons pu assembler et annoter la premiere séquence de référence d’'un chromosome de blé
héxaploide, le chromosome 3B. Cette séquence représente 774 Mb et est composée de
85% d’éléments transposables. L'utilisation de programme TriAnnot a permis de prédire
5326 genes et 1938 pseudogenes, dont le gradient de densité augmente sur l'axe

centromere-télomere.

L'analyse de la distribution de la recombinaison, ainsi que de la densité de genes et
d’éléments transposables par segmentation a montré que le chromosome était scindé en
trois régions : deux régions distales d’environ 60 Mb ou se produit la quasi-totalité de la
recombinaison et ou la densité de génes est la plus forte, et une région proximale ou la

recombinaison est presque absente, et la densité de genes la plus faible.

La production et I'analyse de données RNA-Seq pour 15 conditions de développement a
permis de mettre en évidence I'expression de 71,4% des prédictions dans au moins une des
conditions. Ces génes sont exprimés en moyenne dans 10,8 conditions et sous forme de 5,8
transcrits alternatifs. En couplant ces données aux régions précédemment définis, nous
avons constaté que ces régions différaient également en termes d’amplitude d’expression et
d’'épissage alternatif des genes qu'elles contiennent, avec notamment une plus grande
spécificité des régions distales. En complément des prédictions, nous avons détecté 3 692

régions transcriptionnellement actives.

Afin d’explorer en détail I'organisation structurale et fonctionnelle de ce chromosome, nous
avons exploité les données de RNA-Seq pour étudier les relations entre la structure des

genes et du génome et leur régulation.
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ABSTRACT

Background

Because of its size, allohexaploid nature and high repeat content, the bread wheat genome
is a good model to study the impact of the genome structure on gene organization, function
and regulation. However, because of the lack of a reference genome sequence, such studies
have long been hampered and our knowledge of the wheat gene space is still limited. The
access to the reference sequence of the wheat chromosome 3B provided us with an
opportunity to study the wheat transcriptome and its relationships to genome and gene

structure at a level that has never been reached before.
Results

By combining this sequence with RNA-seq data, we constructed a fine transcriptome map of
the chromosome 3B. More than 8,800 transcription sites were identified, that are distributed
throughout the entire chromosome. Expression level, expression breadth, alternative splicing
as well as several structural features of genes, including transcript length, number of exons
and cumulative intron length were investigated. Our analysis revealed a non-monotonic
relationship between gene expression and structure and led to the hypothesis that gene
structure is determined by its function (“genome design” model) whereas gene expression is
subject to energetic cost (“selection for economy” model). Moreover, we observed a

recombination-based patrtitioning at the gene structure and function level.
Conclusions

Our analysis provides new insights into the relationships between gene and genome
structure and function. It revealed mechanisms conserved with other plant species as well as
superimposed evolutionary forces that shaped the wheat gene space, likely participating in

wheat adaptation.

Keywords

Wheat, chromosome 3B, transcriptome, gene expression, gene structure, alternative

splicing, partitioning, RNA-seq
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BACKGROUND

In angiosperms, genome size is extremely variable, ranging from 63 Mb in Genlisea
margaretae to 148,900 Mb in Paris japonica, i.e. a 2,400-fold difference [1]. By contrast, the
gene content seems relatively constant, with an average number of 30,000 and a 2- to 3-fold
difference per diploid genome[2, 3]. As a consequence, the gene space organization differs
strikingly from one genome to another. For example, plants with small genomes such as
Arabidopsis thaliana (125 Mb) and Brachypodium distachyon (272 Mb) exhibit an even
distribution of their genes along their chromosomes [4, 5] whereas for plants with
intermediate size genomes such as Populus trichocarpa (485 Mb) and Vitis vinifera (487
Mb), alternation between high gene density regions and low gene density regions is
observed [6, 7]. This tendency is even stronger in plants with large genomes such as Glycine
max (1,115 Mb) and Zea mays (2,300 Mb) in which a positive gradient of gene density from
the centromere to the telomeres has been observed [8, 9]. Beside the overall organization of
genes, several studies revealed a non-random distribution of genes along chromosomes,
resulting in clusters of genes sharing the same expression profile, the same function or
involved in the same metabolic pathway [10-16]. In addition, relationships between gene
structure and expression were reported in various organisms[17-19]. Altogether, these
studies suggest a high degree of organization in gene space and interplay between genome

and gene structure, function and regulation.

With 220 million hectares, bread wheat (Triticum aestivum L.) is the most widely grown and
consumed crop worldwide providing staple food for 30% of the world population. Beside its
socio-economic importance, bread wheat is also a good model for studying complex genome
species. Indeed, with its large 17-Gb, allohexaploid (6x = 2n = 42, AABBDD) and highly
repetitive (>80% transposable elements) genome, wheat is one of the most complex crop
species. Other species share some of these features, but none of them, at least among
cultivated species, combine the three. For example, the loblolly pine genome is the largest
genome sequenced so far (22 Gb) but it is diploid [20]. Cotton is a polyploid species but has
a smaller genome (2.5 Gb) [21] and so far only wild diploid relatives were sequenced [22,
23]. The maize and sorghum genomes are highly repetitive but are diploid and smaller in size
[8, 9].

The wheat gene space organization and expression have been extensively investigated in
the past decades. Many expression analyses have been conducted using either microarrays
or RNA-Seq but most of them were aiming at deciphering specific processes, such as grain

development or response to stresses(for examples, see [24-28]). Other studies aimed at
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studying the gene space organization and reported on the existence of a gene gradient along
the centromere —telomere axis as well as an organization of genes in small gene islandsand
co-expression / co-function clusters (for examples [29-31] and references therein).However,
very few of these studies really investigated the relationships between genome and gene
structure and function, mainly because of the lack of a reference genome sequence. The
access to physical maps of wheat chromosomes provided the first opportunities to study
gene regulation with respect to their physical position [30] although there were still limited to
efficiently address this question. Recently, several initiatives aimed at generating draft
genome sequences of hexaploid wheat or its diploid progenitors [32-35].While they provided
a quite comprehensive catalogue of wheat genes as well as novel data on gene evolution
and expression, the highly fragmented nature of the sequence assemblies limits our ability to

decipher the relationships between genome organization and gene regulation.

Recently, we have produced a 774-Mb reference sequence of the hexaploid wheat
chromosome 3B [36]. Sequence annotation predicted 7,264 genes that were distributed
along the chromosome with a gradient of density from centromere to telomeres. The
distribution of structural and functional features along the chromosome revealed partitioning
correlated with meiotic recombination. Three main regions were identified: two distal regions
of 68 Mb (region R1; from 1 to 68 Mb) and 59 Mb (region R3; from 715 to 774 Mb) on the
short and long arms, respectively and a large proximal region of 648 Mb (region R2; from 68
to 715 Mb) spanning the centromere. In addition, we delineated a 122-Mb central region
(from 265 to 387 Mb), enriched in centromere-specific transposable elements, as the

centromeric-pericentromeric region of chromosome 3B.

Here, we report a detailed analysis of the chromosome 3B transcriptional landscape. By
combining deep transcriptome sequencing data covering the whole plant development with
the reference sequence of the chromosome, we identified transcriptionally active regions
distributed throughout the entire chromosome. Relationships between genome and gene
structure and function revealed different mechanisms governing the gene space

organization, regulation and evolution.
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Table 1. General features of the chromosome 3B pseudomolecule transcriptionally active
regions.

Transcriptionally a ctive regions Predicted * Expressed
Protein-coding genes

Total 7,264 5,185

Full genes 5,326 4,125

Pseudogenes & fragments 1,938 1,060
Novel transcribed regions

Total - 3,692

Putative lincRNAs - 596
cis-NATs 635

* according to [35].
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Results and discussion

Chromosome 3B contains more than 8,800 transcriptionally active regions

To study the expression profiles of hexaploid wheat chromosome 3B genes during the life
cycle of a wheat plant and establish a transcriptome atlas for this chromosome, deep
transcriptome sequencing was conducted in duplicates in 15 wheat samples corresponding
to five different organs (leaf, shoot, root, spike and grain) at three developmental stages each
[29]. Strand-nonspecific and strand-specific libraries were used to produce2.52 billion paired-
end reads (232 Gb) and 615.3 single-end reads (62Gb), respectively. The reads were then
mapped to the chromosome 3B reference sequence[36], without allowing for any
mismatches in order to discriminate chromosome 3B expressed genes from homoeologous
and paralogous copies. Eventually, 3.66% of reads mapped onto chromosome 3B of which
98% were mapped uniquely. Ninety-five percent of the reads matched sequences annotated
as genic regions whereas the remaining five percent mapped to regions where no protein-

coding gene was predicted by the annotation [36].

Within the 774.4 Mb comprising the pseudomolecule of chromosome 3B, 8,877
transcriptionally active regions (TARs) were identified, corresponding to an average density
of one TAR every 87 kb (Table 1). Among these, 5,185 corresponded to predicted gene
models, including pseudogenes and gene fragments [36]. This represents 71.4% of the
7,264 predicted gene models. The genes contained on average 4.6 exons, ranging from one
to 53, which is similar to what was found in B. distachyon(5.2), rice (3.8), maize (4.1),
sorghum (4.3) and Triticum urartu (4.7) [9, 34, 37-39].The percentage of expressed genes is
slightly lower than the ones reported in other plant species. Indeed, a microarray analysis of
the rice transcriptome performed in seedling shoots, tillering-stage shoots and roots,
heading, filling-stage panicles and suspension-cultured cells detected expression for 86% of
the 41,754 known and predicted gene models present on the microarray[40]. More recently,
Lu et al.[41]conducted an RNA-Seq analysis on seeds from three rice cultivated subspecies
and found that 83.1% of the 46,472 annotated gene models were expressed. Similarly, in
maize, microarray-based transcript profiling in 60 distinct tissues representing 11 major
organ systems revealed that 91.4% of the genes were expressed in at least one tissue [42].
More recently, Sekhon and coworkers [43] performed RNA-Seq experiments on a subset of
18 selected tissues representing five organs and showed that 74.7% of the 39,429 genes
from the filtered gene set were transcribed. In soybean RNA-Seq analysis revealed that
80.4% of 69,145 putative genes are expressed in a least one of the 14 tissues

analyzed[44].The lower percentage of genes expressed in wheat might be the evidence for
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the early step of gene loss after polyploidization or suggest a small impact of polyploidisation
on gene silencing. This is consistent with previous studies conducted in newly synthesized
polyploid wheat and rapeseed where 7.7 and 4.1% of the sequences showed alteration in
gene expression [45, 46]. To estimate the exact extent of gene silencing in hexaploid wheat,
a comparison with diploid and tetraploid progenitors would be required. However, when
considering only genes likely to be functional (hereafter referred to as "full genes"), the
percentage of expressed genes rose to 77.5% (4,125 / 5,236), which is similar to the
percentages found in maize and soybean using a similar number of conditions [43, 44].
Beside full genes, 54.7% (1,060 / 1,938) regions annotated as pseudogenes or gene
fragments in the pseudomolecule were found to be expressed in at least one condition. In
other species such as A. thaliana and rice, EST analyses revealed expression for 2-5% and
2-3% pseudogenes, respectively[47].Another study conducted on 1,439 rice pseudogenes
using Massively Parallel Signature Sequencing tags suggested that up to 12% are expressed
in at least one of the 22 samples studied [48]. These proportions strongly differ from our
results. One cannot exclude that the percentage of pseudogenes expressed on chromosome
3B could be overestimated as a result of the RNA-Seq technology that cannot completely
discriminate pseudogene expression from close functional copies that might be present
elsewhere in the genome. In an attempt to assess this overestimation, we searched the
recently released draft assembly of the wheat genome[32] for additional copies of
pseudogenes in the genome. Overall, 511 out of 1,060 (48.2%) had at least one other copy,
whereas 51.8% were found to be present in one single copy located on chromosome 3B.
Assuming that for the 48.2% “multicopy” pseudogenes, transcripts were not produced by the
3B loci, our results suggest that 28% of the chromosome 3B pseudogenes are still
expressed, which is much higher than what has been observed in other organisms so far.
Transposable elements (TEs) have been shown to be able to generate sense or antisense
transcripts of adjacent genes [49]. Given the high proportion (> 85%) of the wheat genome
covered by TEs, one can hypothesize that some TEs provide a promoter for transcription of
adjacent pseudogenes. In addition, while they have long been considered as non-functional
units, several studies suggest that pseudogenes might play a role in regulation through
antisense regulation of their parental gene, competition for miRNA, generation of small-
interfering RNA or production of short proteins or peptides [50, 51]. The high percentage of
expressed pseudogenes found in wheat compared to other species might therefore be due to

their role in the regulation of homoeologous or paralogous gene expression.

For 28.6% of the predicted gene models (2,079), we failed to detect any expression. This
result probably reflects the fact that these genes might be expressed in specific conditions

that have not been studied in the present work. Indeed, a Gene Ontology term analysis of
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these non-expressed genes revealed enrichment in biological processes such as
"gametophyte development” or "response to temperature stimulus”. In addition, 57.5% of the
non-expressed genes are non-syntenic with B. distachyon, rice and sorghum, suggesting
that some of these genes might have been duplicated and translocated without their
regulatory sequences, leading to their transcriptional inactivity. Finally, it is worth noting that
the proportion of non-expressed pseudogenes is twice as high as the proportion of non-
expressed functional genes (45.3% vs. 22.6%). As a result, the distribution pattern of non-
expressed genes along the chromosome was found to be highly correlated with that of
pseudogenes (rs= 0.81, p< 2.2e10™°).

In addition to the predicted gene models, expression was detected for 3,692 loci in
unannotated regions. These so-called novel transcribed regions (NTRsS) represented on
average 22% of all TARs. Twenty-eight percent (1,033 / 3,692)of these NTR-translated
sequences shared weak similarity with plant proteins, mainly TE-encoded proteins or
hypothetical proteins and might therefore be protein-coding genes (or pseudogenes). Out of
the 2,659with no similarity with plant proteins, 596 were longer than 200 nt and did not carry
ORFs longer than 300 AA. These NTRs might therefore correspond to long intergenic non-
coding RNAs (lincRNAs) as defined by Liu and coworkers [52].Based on this number, one
could speculate that roughly 10,000 lincRNAs should be expressed in the whole wheat
genome, or 3,300 per diploid genome. This number is comparable to thatof expressed
lincRNAS reported A. thaliana[52]and poplar [53](2,708 and 2,542, respectively). Out of these
596 putative lincRNAs, 91.1% and 93% were found in the Triticum urartu and Aegilops
tauschii genomes, respectively. The percentage decreases to 69.3% when looking at the
barley genome. An even more drastic drop was observed when moving out of the Triticeae
tribe, with only 14.8%, 7% and 6.2% of the putative lincRNAs conserved in the B. distachyon,
rice and sorghum genomes, respectively. These findings suggest that most of these putative
lincRNAs are functional elements that have been acquired by the wheat and more largely the

Triticeae genomes in the time course of their evolution.

Beside lincRNAs that are located in intergenic regions and therefore do not overlap with
protein-coding genes, cis-natural antisense transcripts (NATs) are another form of long non-
coding RNAs [54-56]. To estimate the extent of cis-NATs in wheat, oriented RNA-Seq
libraries from the five organs were constructed and reads were mapped on chromosome 3B
without allowing mismatches. Out of the 5,185 expressed genes, 635 (12.2%) were found to
be transcribed on the reverse strand as well, therefore producing a cis-NAT. It is worth noting
that cis-NATs originate preferentially from syntenic genes (72.4%) and the vast majority
(84.9%) concerned full genes. A previous study conducted in wheat using microarray

identified 110 NATs at the whole genome level[57]. Conversely, Serial Analysis of Gene
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Figure 1. Distributionof the functional regions on the chromosome 3B.

A: Z-score of the density of features in a 10-Mb sliding window (step 1 Mb) along
chromosome 3B. Positive values are in blue, negative values in red. (a) predicted genes; (b)
nonexpressed predicted genes; (c) expressed genes; (d) NTRs; (e) cis-NATs. The five main
regions of the chromosome 3B are depicted at the bottom of the graph: R1 and R3 in blue;
R2a and R2b in yellow; C in red. The borders of these regions are indicated in Mb.

B: boxplots of the density of features in the five main regions of the chromosome 3B (R1 and
R3 in blue; R2a and R2b in yellow; C in red). (a) predicted genes; (b) nonexpressed
predicted genes; (c) expressed genes; (d) NTRs; (e) cis-NATSs.
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Expression showed that up to 25.7% of wheat were represented by reverse tags [58]. Such
widespread occurrence of antisense transcription has already been reported in other plant
species such as A. thaliana, rice or maize where 2.8 to 9.7% of genes produce antisense
transcripts [56, 59, 60]. Cis-NATs can regulate gene expression at the transcriptional or post-
transcriptional level through various mechanisms [54, 61]. In a polyploid species, one can

hypothesize that they play a role in the regulation of homoeologous copies.

Transcription sites are distributed throughout the entire chromosome 3B

The distribution of predicted protein-coding genes, non-expressed genes, expressed genes,
NTRs and cis-NATs density was analyzed along chromosome 3B (Figure 1A). In addition, we
computed these densities in five regions modified from Choulet et al.[36] based on both
recombination and (centromere-specific) TE content segmentation analyses: R1 (1-68 Mb),
R2a (68-265 Mb), C (265-387 Mb), R2b (387-715 Mb) and R3 (715-774 Mb) (Figure 1B). The
density of expressed genes was highly correlated with the distance to the centromere
(rs= 0.77,p<2.2e-16) and was found to follow that of predicted protein-coding genes (X
test = 415.84, df= 762). The overall average density was 6.5 + 3.3 genes / Mb, ranging from
1.0 in the centromeric region up to 18.2 at the most telomeric end of the short arm. With an
average density of 4.8 + 4.1per Mb, NTRs were slightly less abundant than expressed
protein-coding genes but followed the overall gene distribution. However, their proportion
was found to be much higher in the pericentromeric C region. Since this region corresponds
to the part of the chromosome where the TE density is the highest, this suggests that some
of these NTRs might actually be transcribed from adjacent TE promoters. Whether these
RNAs are ‘transcriptional’ noise or have a biological function remains to be investigated. The
distribution of cis-NATs is slightly more even along the chromosome, suggesting that
proximal genes are more prone to antisense transcription than distal ones. Once again, this
might be due to the high abundance of TEs in these regions that would provide promoters for

the transcription of adjacent genes.

Taken together, these results clearly demonstrate that transcription occurs all along
chromosome 3B and is not restricted to distal regions. This is in complete agreement with our
previous analyses using microarray hybridizations of BAC pools and mRNA samples [30] and
with observations from Abranches et al [62]who demonstrated that active transcription sites
are distributed throughout the wheat genome and do not show any preferential localization in
the nuclei. More recently, Baker et al.[63] provided evidences that genes located in the low

recombining pericentromeric regions were expressed at a level that was similar to that of
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genes in high recombining distal regions in barley. Thus, while gene density follows an
increasing gradient along the centromere-telomere axis that correlates with recombination,

this distribution does not seem to relate to the overall transcription capacities of wheat genes.

Expression level, expression breadth and alternative splicing are correlated

The number of expressed genes was found to be comparable across the 15 conditions, with
on average 3,734 + 228 genes expressed per condition. A similar trend was observed in
other species such as maize [42], soybean[44] or peach [64]. The average expression
breadth (i.e. the number of conditions in which a gene is expressed)for the 5,185 expressed
gene models was 10.8, with 46.2% (2,396) of the genes expressed in all conditions and 7.6%
(396) exhibiting a condition-specific expression profile. At the organ level, the number of
organ-specific genes ranged from 77 in leaf to 243 in spike. These proportions of condition-
specific genes are not similar for all types of genes (Figure 2). For example, pseudogenes
and gene fragments were found to be more specific than full genes with only 36.9% of them
being expressed in 15 conditions and 10.7% in one single condition (vs. 48.6% and 6.9% for
full genes, respectively). A similar trend was observed when comparing syntenic and
nonsyntenic genes that were identified by comparative analysis along the 3B sequence [36].
Indeed,29.6% of the nonsyntenic genes were expressed in 15 conditions and 12.5% in one
single condition, whereas 55.5% and 4.9% of syntenic genes were found to be expressed in
15 and one condition, respectively. By contrast, 73.7% of genes showing anti-sense
transcription were expressed in 15 conditions while only very few of them (0.5%) were
specific to one single condition. This reinforces the idea that cis-NATs serve as post-
transcriptional regulators of gene expression [65-67].

Expression breadth was found to be correlated with expression level. This correlation is not
unexpected since genes that are widely expressed such as house-keeping genes tend to
show a higher expression level than condition-specific genes [18, 68, 69]. However, to some
extent, one cannot exclude that this relationship between expression level and expression
breadth reflects the fact that expression is not detected in some conditions and that some
condition-specific genes might just be low expression genes.

Our analysis revealed 30,232 transcripts originating from the 5,185 chromosome 3B
expressed genes. Thirty nine percent of the genes were transcribed in one single mRNA in
our conditions whereas splicing variants were detected for 61.4%, with an average of 5.8
alternative transcripts per gene. When considering multiexonic genes only, the percentage of
alternatively spliced genes raised to 75.4%. While alternative splicing(AS) is a general
phenomenon in plants, the overall AS level differs strikingly between species. Indeed,

previous studies reported that 61% and 48% of A. thaliana and rice genes undergo AS,
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respectively[41, 70], whereas only 6.3% and 15.9% of expressed genes are under the
potential influence of AS in B. distachyonand soybean, respectively[71, 72].In barley, 55% of
high confidence genes and 73% of intron-containing high confidence genes have evidence of
AS [73]. This high similarity between barley and wheat, as well as differences with that of rice
and B. distachyon suggests that the AS level might have evolved differently in grasses.
Conversely, considering that the level of AS observed in wheat was similar to that of A.
thaliana, it is very unlikely that these differences between species are linked to genome size
and complexity. However, one cannot exclude that differences originate from experimental
design. InA. thaliana, the predicted AS level increased from 1.2 to 61% between 2003 and
2012, mainly as a result of the advent of high-throughput technologies [74].In addition,
alternative transcripts have been hypothesized to be tissue- or condition specific [75]. As our
results are based on the study of plants grown in normal conditions we cannot exclude that
the percentage of AS genes is underestimated and might increase with the inclusion of other

samples such as plants grown under stress conditions.

Beside the differences observed in the overall AS level between species, we found
differences in the relative abundance of the main types of AS, namely exon skipping (ES),
alternative splice sites (A3SS and A5SS), intron retention (IR) and mutually exclusive exons
(MXE) [76]. In wheat, IR was found to be the predominant type, with 35% of all events,
followed by A3SS (27%), ES (21%), A5SS (16%) and MXE (0.9%). In A. thaliana, rice and
B. distachyon, IR accounts for more than 50%[71, 77] whereas the predominant type was
found to be ES in the peach genome, with 43% of all observed events[64]. Such differences
strongly reinforce the idea that, despite the fact that AS is a common phenomenon shared by
most if not all plant species, specificities have been acquired by the different plant species

during the course of their evolution.

While 46.2% of the 5,185 genes were expressed in 15 conditions, only 18.6% of 30,232
transcripts appeared to be present in all conditions, which is very similar to what has been
observed in barley [73]. In addition, 95% of the AS transcripts originating from the same gene
exhibited different expression profiles, as revealed by a hierarchical clustering of the 30,232
transcripts (data not shown). As a consequence, the number of alternative transcripts was
found to be positively correlated with the expression breadth. These findings strongly
suggest that AS variants have complementary functions across organs or developmental

stages.
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Figure 3.Relationships between gene expression and gene structural and functional
features.

Expression levels are binned into 30 categories. Each dot is the mean value for genes in the
given expression category, and the error bar indicates the standard deviation of the mean.
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A non-monotonic relationship between gene expression and gene structure

A negative correlation was observed between the transcript size and the expression breadth,
with shorter transcripts being expressed in more conditions. This is consistent with previous
studies indicating that house-keeping genes which are expressed in more conditions are
generally more compact than genes expressed in specific conditions[18, 68, 69, 78]. Such
findings could be explained by the “selection for economy” model [18, 79]. In this model
transcription and translation are both time- and energy consuming and, as a consequence,
widely and highly expressed genes tend to be more compact to reduce the energetic cost
[80, 81].

We then investigated the correlation between expression level and gene structure, in terms
of transcript size, number of exons, cumulative intron length, mean exon and intron length,
and number of alternative transcripts. To this aim, genes were grouped in 30 classes of
similar size based on their average expression level (i.e. the average FPKM value in a
number of conditions where the gene is expressed), as done by Carmel and Koonin [17].
Then, the average values of different variables in each of the 30 expression level classes
were computed across the genes (Figure 3).

For the transcript size, the number of exons, the cumulative intron length and the number of
alternative transcripts, non-monotonic relationships were found with the expression level,
resulting in an approximate bell-shaped dependence (Figure 3). For all features, the area of
the inflexion point was comprised between classes 20 and 25 which is also the area where
expression breadth reaches a plateau. Following criteria defined by Hansey et al.[82], genes
in categories 1 to 4 correspond to low expression genes (mean expression level < 5 FPKM),
those in categories 5 to 21 to medium expression genes (5 < mean expression level < 200
FPKM) and those in categories 22 to 30, to high expression genes (mean expression level =
200 FPKM). Interestingly the inflexion point also corresponded to the threshold between
medium and high expression genes. For medium expression genes, the expression level
was positively correlated with the structural features whereas for high expression genes, we
found a negative correlation. For low expression genes, the observed relationship might be
an artifact resulting from the detection threshold of low abundance transcripts. Indeed some
of these genes might have been considered as expressed when actually they were not.
Therefore, these four classes (1-4) might not be reliable as they might contain a mix of
expressed and non-expressed genes leading to average structural feature values that are
not representative of expressed genes. For the mean exon and intron length, no clear
relationship was observed even though the mean exon length tends to decrease as the

expression level increases. Such a non-monotonic relationship has already been observed in
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Figure 4.Distribution and functional partitioning of wheat chromosome 3B.

A:boxplots of structural and functional gene features in the five main regions of the
chromosome 3B (R1 and R3 in blue; R2a and R2b in yellow; C in red). (a) gene expression
in FPKM; (b) expression breadth in number of conditions; (c) number of alternative
transcripts per gene; (d) transcript length; (e) exon number; (f) mean exon length; (g)
cumulative intron length; (h) mean intron length.

B: Distribution and segmentation analysis of (a)gene expression in FPKM, (b) expression
breadth in number of conditions, (c) number of alternative transcripts per gene, (d) transcript
length, (e) exon number, (f) mean exon length, (g) cumulative intron length, (h) mean intron
length. Sliding window size: 10 Mb, step: 1 Mb.
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other organisms, including human, Caenorhabditis elegans, Drosophila melanogaster, A.
thaliana and soybean [17, 19]. If the “selection for economy” fits for highly expressed genes,
it cannot apply to low to medium expression genes. The “genome design” model has been
proposed to explain this relationship [18, 69, 78, 79]. It suggests that the structural features
of a gene are mostly determined by its functional load. Highly and widely expressed genes
would not require a fine regulation and therefore less regulatory sequences. By contrast, for
low / medium expression, condition-specific genes, longer intragenic non-coding sequences
would allow for a more complex regulation. Since the number of alternative transcripts
follows the same distribution, one can hypothesize that the greater number of exons and the
larger intronic sequences might allow for a greater transcriptional complexity leading to a
greater specificity in gene expression. A detailed analysis of transcript size based on the
30,232 isoforms showed a negative correlation with expression level, regardless of the
expression class (Figure S1 in Additional file 2). This finding reinforces the hypothesis that
gene structure would be determined by its function (“genome design” model) whereas the
expression of the different transcripts from a given gene would be subject to the energetic

cost (“selection for economy” model).

Gene structural and functional features are partitioned on chromosome 3B

To investigate their relationship with chromosome partitioning, the expression breadth,
expression level, transcript size, number of exons, cumulative intron length, mean exon and
intron length, and the number of alternative transcripts were computed in the five regions of
chromosome 3B, namely R1, R2a, C, R2b and R3 (Figures 4A). For all features but mean
exon and intron length, the regions can be classified in three contrasting groups. The first
one includes regions R1 and R3, the second one, R2a and R2b and the third one, C. All of
the features decrease along the centromere — telomeres. Thus, on average, genes in distal
regions are expressed at a lower level, more specifically and have fewer isoforms than those
in the proximal regions. In addition, they are shorter, with fewer exons and shorter intronic
sequences. Genes located in region C tend to have shorter exons, while for the mean intron
length, no significant differences were observed between the five regions. A segmentation
analysis of these properties suggests a partitioning of the chromosome rather than a regular
gradient from centromere to telomeres (Figure 4B). Interestingly, the boundaries of the distal
segments fit almost perfectly with the R1 and R3 regions defined by Choulet et al.[36] based

on recombination.

To see to what extent the non-monotonic relationship between expression level and gene

structural features observed at the whole chromosome level is conserved at the region level,
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we applied the same analysis to regions R1/R3 and R2a/R2b. Region C was not included
due to the limited number of genes present in this region. Interestingly, the chromosomal
pattern remained the same in each region (Figures S2 and S3in Additional file 1). Even
though the average expression level was lower in R1/R3 regions, the mean expression level
value of the inflexion point was conserved in the two regions, around 200FPKM, the
approximate threshold between medium and high expression genes. This finding clearly
shows that the “selection for economy” and “genome design” models apply all along the
chromosome independently of other features and strongly suggests that the evolutionary
forces that have led to the chromosome partitioning are distinct from the molecular

mechanisms governing gene expression.

Chromosome conformation may play a role in gene regulation

A hierarchical clustering of the 5,185 expressed protein-coding gene primary transcripts was
performed based on their expression profiles in the 15 conditions. Genes were aggregated
into 55 distinct clusters according to their expression profiles. Based on the median value of
intergenic distances of 30 kb, Choulet et al.[36] estimated that 73% of genes were organized
in small islands or “insulae”. Using the same criteria, 3,465 out of the 5,185 expressed genes
(67%) were found to be organized in 1,199 insulae, comprising 2.9 genes on average. Out of
these 3,465 genes, 1,218 (35.2%) belong to the same expression cluster as their direct
neighbor, defining 718 co-expressed gene pairs. This proportion is higher than the previously
reported value of 11% [30]most probably because of the higher resolution achieved with a
reference sequence compared to a partial gene dataset. Such enrichment has already been
reported in other organisms such as human, mouse, A. thaliana, rice and fruit fly where the
percentage of adjacent co-expressed genes ranges from 2% to 20%[12, 13, 16, 83, 84].
However, these percentages are relatively low compared to that of wheat. One can
hypothesize that the higher proportion of co-expressed genes found in wheat might result
from the high rate of tandem duplication in this genome [36]. However, of the 718 co-
expressed gene pairs, only 46 (6.4%) correspond to duplicated genes. This clearly shows
that duplicate genes alone do not explain the observed levels of co-expression, as already
reported in other organisms [10, 14, 16, 85]. Several other mechanisms have been proposed
to explain the co-expression of neighboring genes, including shared promoters and
chromatin remodeling. In A. thaliana, Chen et al.[85] showed that co-expression was strongly
enhanced for divergently transcribed genes within a 400-bp gene distance, probably as a
result of shared promoters. For longer intergenic distances, co-expression is likely mediated

by shared chromatin environments. On chromosome 3B, the average intergenic distance
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between co-expressed neighbor genes is 6.3 kb and only 133 out of the 718 gene pairs are
transcribed divergently. This suggests that shared promoters are not the main mechanism
controlling the co-expression of neighbor genes and that other mechanisms such as
chromatin conformation might be involved. This hypothesis is reinforced by the significant
differences observed for 23 out of the 55 expression clusters between the five regions (Table
S1 in Additional file 1). For example, the vast majority (63%) of the genes present in the
region C belong to cluster | that correspond to genes expressed in all conditions whereas this
cluster represents only 23-24% of region R1 and R3 genes (Figures 5). Region R1 is
enriched in genes preferentially expressed in leaf compared to other regions. Region R3
displays a higher proportion of spike- and grain-specific genes. In addition, expression
clusters oscillated along chromosome, forming chromosomal domains. These findings are
consistent with the Gene Ontology term enrichment analysis that revealed that distal regions
where enriched in genes involved in adaptive processes such as response to abiotic stimuli

or stress[36].

Even though transcription sites are distributed throughout the entire chromosome when
looking at the plant development at a whole, our results show that 3B is organized in
chromosomal domains, suggesting that gene positions influences the spatio-temporal
regulation of their expression. Such domains have recently been reported for genes
expressed in wheat endosperm [24]. It has been shown that the spatial organization of
genomes in the interphase cell nucleus is tissue-specific [86]. This positioning of
chromosomes is non-random and is likely to play a role in gene regulation [87, 88]. In wheat,
the interphase chromosomes are not fully decondensed but adopt a regular Rabl
configuration, a highly polarized pattern with the two chromosome arms lying next to each
other and the centromeres and telomeres located at opposite poles of the nuclei [89-91]. The
presence of this organization is also known to vary greatly among tissues or developmental
stages of an organism [90]. Then, one can hypothesize that this configuration might play a
role in gene regulation through the partial decondensation of given chromosomal regions in
specific tissues and at specific developmental stages, leading to the observed spatial
partitioning of genes displaying similar expression profiles. This hypothesis is well supported
by our previous results [36]. Indeed, a similar recombination- and expression breadth-based
partitioning was found in barley in which the Rabl configuration is also observed, but not in
maize which displays neither entirely Rabl nor entirely random chromosome organization [89,
90].
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CONCLUSIONS

By combining the first reference sequence of a wheat chromosome with deep transcriptome
sequencing data covering the whole plant development, we constructed a high density
transcription map of the wheat chromosome 3B, comprising more than 8,800 transcriptionally
active regions distributed throughout the entire chromosome. By studying the relationships
between genome and gene structure and expression, we unraveled two interconnected
mechanisms. The first one is a universal mechanism that relates to the “selection for
economy” and “genome design” models and links gene structure and function, regardless of
the gene position. The second one is an evolutionary force that links gene structure and
function to gene position, leading to a strong partitioning of the wheat chromosome 3B. Since
this partitioning is also observed in barley but not in other grasses, one can hypothesize that

it has evolved with genome organization and is related to Triticeae-specific adaptation.

64






Article n°2

MATERIAL AND METHODS

Sample preparation and sequencing

Total RNAs were extracted in duplicates from five organs (root, leaf, stem, spike, and grain)
at three developmental stages each from hexaploid wheat cv. Chinese Spring [29] (Table
S2in Additional file 1). RNA quality was assessed using an RNA nano Chip on the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara) and the RNA integrity number (RIN)
was calculated for each sample. Only sample with a RIN greater than 7 were used for the

library construction.

The 30 strand-non specific RNA-seq libraries (representing the 15 conditions in duplicates)
were constructed from 4ug of total RNA using the Illumina TruSeq™ RNA sample
preparation Kit (lllumina, San Diego, CA) according to the manufacturer's protocol, with a
library insert size of 300bp (fragmentation time of 12min). Library profiles were evaluated
using an Agilent 2100 Bioanalyzer. lllumina indexes were used to pool two samples per lane.

Libraries were sequenced on an lllumina HiSeq2000 with 2 x 100-bp paired-end reads.

For strand-specific RNA-seq libraries, 12 pg of total RNAs from the same organ were pooled
(4 ng per developmental stage) and polyA+ enriched RNAs were purified using the Ambion
MicropolyA Purist Kit (Life Technologies, Carlsbad, CA). Fifty nanograms of purified poly A+
RNAs were used to construct the oriented RNA-seq libraries with the ScriptSeq v2 RNA-Seq
Library Preparation kit (Epicentre, Madison, WI) following the manufacturer’s instructions.
After cDNA synthesis, 15 cycles PCR were performed to amplify the fragments. Libraries
were purified by Ampure beads (Beckmann Coulter, Indianapolis, IN) and then quantified
using a Qubit Fluorometer (Life technologies). Library profiles were evaluated using an
Agilent 2100 Bioanalyzer. Each library was sequenced using 101 base-length read chemistry
on one lane of a single-end (SE) flow cell on the Illumina HiSeq2000.Read quality was
checked with the FastQCv0.10.0 software[92]. RNA-Seq data have been deposited under
accession number ERP004714.

Read alignment and expression analysis

lllumina reads were mapped on the chromosome 3B scaffolds using Tophat2 v2.0.8 [93, 94]
and bowtie2 [95] with the default parameters except: 0 mismatch, O splice-mismatch. PCR
duplicates were removed with Samtools [96] rmdup option and an annotation-guided read
alignment was performed with Cufflinks v2.1.1 [93, 97] to reconstruct transcripts and
estimate transcript abundance in units of fragments per kb of exon per million mapped reads
(FPKM) [98]. Regions with FPKM values higher than zero were considered as expressed.

TriAnnot-predicted regions were distinguished from unannotated regions (novel transcribed
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regions, NTRs) using the —g option. NTRs were reconstructed and ORFs were detected
using transcripts_to_best_scoring_ ORFs.pl (Trinity) [99] and blasted against the
Magnoliophyta database (BLASTX, e-value 10e-5). Based on the FPKM scale defined in by
Hansey and collaborators [82] expressed genes can be divided in three classes: genes with
a FPKM value below 5 are low expressed, genes with a FPKM value greater or equal to 5
and less than or equal to 200 are medium expressed, and genes with a FPKM value greater

than 200 are high expressed (semi-quantitative organization).

Sequences and annotations of the reference pseudomolecule and unassigned scaffolds
have been deposited in ENA (project PRIEB4376) under accession humbers HG670306 and

CBUC010000001 to CBUC010001450, respectively.
Segmentation / change-point analysis

Segmentation analyses were performed using the R package changepoint v1.0.6 [100] with
Binary Segmentation method and BIC penalty on the mean change. The different features
that were subjected to this analysis were: recombination rate, transposable element density,
predicted gene density, number of condition in which a gene is expressed. All these features

were calculated in sliding windows of 10 Mb with a step of 1 Mb.
Statistical analysis

All statistical analyses were performed with the R software[101]. Shapiro-Wilk test was used
to test for normality of distribution. Correlation analyses were performed with Spearman rank
correlation method. Outlier detection was performed using the formula: (Quantile3-Quantilel)
x 3 / Quantile3, based on FPKM value and transcripts length of each gene. Genes were
classified according to their average expression level and divided in 30 classes, with the
same number of genes per class. R package ggplot2 was used to draw plot. Average
comparison was performed using Welsh t.test to test for statistical significance between the 5

regions.
Hierarchical clustering

Hierarchical clustering was performed using the Hierarchical Clustering Explorer 3.5 software
(http://www.cs.umd.edu/hcil/lhce/) with the complete linkage method and the Pearson
correlation coefficient. The minimal similarity to establish the clusters was set to 0.641 which

is the Pearson correlation significant at the P-value threshold of 0.01.
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LIST OF ABBREVIATIONS USED

A3SS: alternative 3' splice site
A5SS:alternative 5' splice site

AS: alternative splicing

BLAST: Basic Local Alignment Search Tool
bp: base pairs

cis-NAT:cis-natural antisense transcript

DNA: deoxyribonucleic acid

FPKM: fragments per kb of exon per million mapped reads

IR: intron retention

kb: kilo base pairs

lincRNA: long intergenic non coding ribonucleic acid
Mb: megabase pairs

miRNA: micro ribonucleic acid
MRNA: messenger ribonucleic acid
MXE: mutually exclusive exon
NAT: natural antisense transcript
ncRNA: noncoding ribonucleic acid
nt: nucleotide

NTR: novel transcribed region
ORF: open reading frame

RNA : ribonucleic acid

RNA-Seq: sequencing of RNA

TE: transposable element

TAR : transcriptionally active region
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En combinant les données de la pseudomolécule, avec les données RNA-Seq couvrant le
développement du blé, nous avons pu acquérir de nouvelles connaissances sur les relations

entre la structure des génes, la localisation sur le chromosome, ainsi que leur régulation.

Nous avons montré que pour les 5185 prédictions et les 3692 NTR, le niveau de
transcription est uniforme le long du chromosome, et donc pas limité aux régions distales. A
partir de 3692 NTR, nous avons mis en évidence 596 grands ARN intergéniques non
codants potentiels. De plus, sur la base de données RNA-Seq orientées, nous avons détecté
des transcrits anti-sens pour 12,2% des prédictions, pouvant donc étre impliqués dans la

régulation de I'expression des genes.

La relation qui unie le niveau d’expression des genes a leurs caractéristiques structurales est
non monotone, et se traduit par une corrélation négative entre le niveau et I'amplitude
d’expression des genes fortement/constitutivement exprimés avec leur taille. Le pendant de
cette relation étant que les genes exprimés dans des conditions-spécifiques et/ou faiblement
exprimés ont tendance a étre plus grand, cela en maximisant les régions intra-génigues non
codantes. Ces relations peuvent s’expliquer par la combinaison de deux modeles

complémentaires et non exclusifs : la sélection pour I'économie et le dessin génomique.

Enfin, nous avons également montré que le partitionnement du chromosome basé sur la
recombinaison et la densité en génes et éléments transposables s’appliquait également aux
caractéristiques structurales et fonctionnelles des genes eux-mémes. Ainsi les régions
distales auront tendance a contenir des genes plus petits, plus faiblement exprimés et plus
spécifigues que les régions proximales. Cela se traduit également au niveau du profil
d’expression de ces genes, avec des différences marquées entre les différentes régions en

termes de cluster d’expression.

Les résultats issus de ce travail apportent de nouvelles données sur I'organisation structurale
et fonctionnelle du chromosome 3B. Mais ils soulévent également de nouvelles questions
concernant notamment la structure des autres chromosomes de blé ou encore les origines

de ce partitionnement.

75






Conclusions-Perspectives

CONCLUSIONS &
PERSPECTIVES






Conclusions-Perspectives

1 Le chromosome 3B organisé en 3 blocs majeurs

Les travaux présentés dans cette these ont permis d'étudier l'espace génique du
chromosome 3B de blé tendre, en se basant sur la premiére pseudomolécule construite pour
un chromosome de blé hexaploide. Et cela, en combinaison avec des données RNA-Seq

couvrant 15 conditions de développement de la plante.

Dans un premier temps, la production d'une annotation de la pseudomolécule du
chromosome 3B a permis de mettre en évidence 7 264 prédictions ordonnées le long du
chromosome, classées en deux catégories : géne complet ou pseudogéne. Grace a ces
résultats, nous avons confirmé que la densité de génes n'était pas uniforme le long du
chromosome, et qu'elle était croissante le long de I'axe centromére-télomére, allant de 1,3 a
27,9 génes par Mb. Ce résultat étant I'inverse de celui observé pour les ET, qui présentent
une plus forte proportion dans partie centrale du chromosome (article n°1, (Daron et al.,
s. d.)). De plus, nous avons montré que la proportion en génes et pseudogénes était variable
le long du chromosome avec dans trois régions (une centromérique et deux distales), une

proportion de pseudogénes plus importante que la moyenne.

Grace aux données de RNA-Seq couvrant 5 organes a trois stades de développement
différents, nous avons montré que 71,4% des prédictions portées par le chromosome 3B
sont exprimées dans au moins une condition. De plus, la distribution des génes exprimés
suit le gradient de densité des prédictions, avec une augmentation selon I'axe centromere-
télomere. Au total, I'analyse a permis de mettre en évidence 30 232 transcrits, avec 61,4%
des génes exprimés qui ont au moins deux transcrits alternatifs. Nous avons aussi montré
que la forme majoritaire d’épissage alternative était la rétention d'intron, comme observé
chez le riz ou A. thaliana. De plus, I'analyse des profils d'expression des transcrits suggére
une spécialisation des isoformes en fonction des organes ou des stades de développement.
L'approche RNA-Seq nous a aussi permis de mettre en évidence 3 692 loci précédemment
non annotés ou nouvelles régions transcrites (NTR). Parmi ces NTR, nous avons observé
une absence de cadre de lecture et d'homologie avec des genes codants des protéines pour
596 loci, pouvant ainsi correspondre a la catégorie des longs ARN intergéniques non
codants (ou lincRNA). En plus de ces NTR, nous avons aussi mis en évidence un transcrit

en orientation inverse pour 12,2% des prédictions.

Nous avons montré que, si le nombre de génes exprimés n'est pas significativement différent
d'une condition a une autre, tous les génes ne sont pas exprimés dans les 15 tissus. En

nous basant sur la position des génes le long du chromosome, nous avons montré que
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'amplitude d’expression par gene (nombre de condition dans lequel un géne est exprimé)
est négativement corrélée avec la distance des génes par rapport au centromere et nous
avons observé la méme tendance pour le nombre de transcrits alternatifs exprimés par
géenes. Suggérant ainsi une spécificité de I'expression des genes situés en positions distales
du chromosome. Cette hypothése a été renforcée par des analyses d'ontologie des génes,
gui montre que les régions distales sont enrichies en genes impliqués dans des mécanismes

adaptatifs.

En nous basant sur les données de recombinaison du chromosome ainsi que sur
'annotation des ET, nous avons montré que le chromosome pouvait étre séparé en cing
régions : R1, R2a, C, R2b et R3, présentant des organisations structurales et fonctionnelles
trés contrastées. Nous avons montré que les régions distales R1 et R3 différent de la région
proximale R2a-RC-R2b, en terme de : taux de recombinaison, densité de génes, densité
d'éléments transposables, nombre de conditions exprimées par génes, nombre de transcrits
alternatif par genes. De plus, nous avons aussi mis en évidence une relation entre la
structure des genes et le niveau d'expression, montrant ainsi que les genes des régions R1
et R3 avaient un nombre d'exon plus faible, une taille d’'introns ainsi que des transcrits plus
courte que les génes localisés dans les régions R2a, R2b et RC. Ces résultats montrent une
organisation structurale et fonctionnelle du chromosome 3B jamais observée dans les
génomes veégétaux et suggerent donc une évolution accélérée du génome de blé dans les
régions distales de ses chromosomes, notamment au travers de la duplication et de la
translocation de génes, dits non synténiques. A partir des données de structure des géenes,
du niveau ainsi que de I'amplitude d’expression, nous avons montré que deux modeles
évolutifs peuvent expliquer cette organisation, et sont retrouvés combinés sur le

chromosome : le modéle de la sélection pour 'économie et le modéle dessin génomique.

Ainsi, les résultats obtenus au cours de cette these apportent un éclairage nouveau sur
I'organisation structurale et fonctionnelle de I'espace génique du génome de blé ainsi que
sur son évolution. lls ont permis la mise en évidence d'une compartimentation
chromosomique jamais décrite a ce jour, participant ainsi a améliorer notre connaissance et
notre compréhension de ce génome complexe. Dans la continuité de ce travail, des travaux
sont désormais entrepris pour essayer d’identifier les mécanismes a l'origine de cette

structuration particuliére.
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Figure 27 : Segmentation des chromosomes 3A et 3D

Les génes ont été ordonnés selon les données du « genome zipper » et les parameétres de
segmentation sont identiques a ceux utilisés dans l'article n°2. La courbe représente I'amplitude
d’expression moyenne pour 50 genes le long de chaque chromosome.



Conclusions-Perspectives

2 Organisation de [l'espace génigue de I'ensemble des

chro mosomes et expression des génes homéologues

2.1 Hypotheses sur l'organisation de I'espace génique des 20 autres
chromosomes

L’organisation observée sur le chromosome 3B est retrouvée pour tous les chromosomes de
l'orge (Article n°1l). On peut donc s’attendre a retrouver un profil d’organisation en trois
régions commun pour les 20 autres chromosomes de blé. Cependant, I'estimation de la taille
des 20 autres chromosomes de blé varie entre 605 Mb (1D) et 928 Mb (2B). Est-ce que cette
variation de taille va influencer l'organisation de l'espace génique ? Et est ce que les
réarrangements chromosomiques de certains chromosomes vont contribuer a une

organisation particuliere ?

Afin d’apporter un début de réponse a ces questions, nous nous sommes appuyés sur
'assemblage issu du séquencage « shotgun », I'annotation (International Wheat Genome
Sequencing Consortium, 2014), ainsi que sur les données RNA-Seq des 15 conditions de
développement que nous avons utilisées dans les articles n°1 et n°2. Bien que les
séguences soient fragmentées, notre approche a permis de montrer que les chromosomes
homéologues du groupe 3 partageaient cette organisation en trois régions (Figure 27). Si
nous n‘avons pas retrouvé clairement cette structuration chez tous les autres chromosomes,
nous avons pu néanmoins observer que pour le chromosome 4A, les différents
réarrangements chromosomiques se superposent avec les régions retrouvées avec l'analyse
de segmentation. Cependant, l'ordre des génes étant basé sur le « genome zipper », les

résultats obtenus sont biaisés en faveur des génes synténiques.

Dans larticle n°2, nous avons montré que certaines régions du chromosome étaient
enrichies en genes exprimés dans un organe spécifique. En reprenant la méme
méthodologie pour les résultats d’expression obtenus pour les chromosomes 3A et 3D, nous
n'avons pas pu retrouver cette compartimentation. Une explication possible de ces résultats
reposent sur l'ordre des geéenes, qui se base sur des relations de synténie, et sont en
moyenne exprimés dans 11 conditions. Alors que la spécificité d’expression est apportée
principalement par les genes non synténiques. Bien que ce travail préliminaire ne puisse pas
étre exploité en vue d’'une analyse approfondie de I'espace génique, il permet de montrer un
profil global de son organisation, et pourra étre implémenté en fonction de I'amélioration du
« genome zipper », grace a des marqueurs supplémentaires développés dans des projets

paralleles.
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2.2 Données sur les autres chromosomes

Gréace au projet pilot 3BSEQ, une stratégie de séquencage, d'assemblage et d'annotation
d'un chromosome de blé a montré la faisabilité de séquencer un chromosome unique pour

construire une séquence ainsi qu'une annotation de référence.

Le chemin est donc tracé pour les 20 autres chromosomes de blé. Ces chromosomes ont
déja été tries par bras, en utilisant des lignées aneuploides et ont déja servi pour le
séquencage par le méthode lllumina (2x100 pb) pour la construction d’'un assemblage
« shotgun » (International Wheat Genome Sequencing Consortium, 2014). La construction
des cartes physiques est déja bien engagée et il est prévu qu’elles soient terminées a la fin
de l'année 2014 (« IWGSC; http://www.wheatgenome.org »). En paralléle, le séquencage
des chromosomes 1A, 3A, 4A, 7A, 1B, 4B, 6B, 7B, 3D et 7D a d’ores et déja commencé.

L'accés aux pseudomolécules de tous les chromosomes permettra donc de faire les
analyses sur une séquence trés peu fragmentée, et ou l'ordre des genes ne sera pas biaisé
par la conservation des géenes, a la différence de I'approche « genome zipper ». De plus,
I'annotation de tout le génome suivant la méme méthode permettra de comparer les résultats

obtenus sans biais de méthodologie.

2.3 Expression des géenes homéologues

Toujours sur la base des séquences produites par ''WGSC, nous avons cherché a exploiter
au maximum ces données pour l'analyse de I'expression des genes homéologues. Pour
cela, nous avons choisi de faire une premiére analyse sur les chromosomes 3A, 3B et 3D.
Pour les chromosomes 3A et 3D, nous nous sommes appuyé sur les données produites par
FIWGSC. L’'annotation a mis en évidence 4637 génes et 4546 genes pour les
chromosomes 3A et 3D respectivement. Et pour le chromosome 3B, nous avons utilisé les

résultats obtenus grace a I'analyse de la pseudomolécule.

A partir de ces données, nous avons amorcé un travail en vue d’'une analyse de I'expression
des génes homeéologues. En effet, 984 triplets homéologues possédant une copie unique
pour chaque géne sur les trois chromosomes ont été identifiés. A partir d’'une analyse de
clustering hiérarchique basée sur les profils d’expression des triplets dans les 15 conditions
de développement issues de I'analyse RNA-Seq, nous avons observé que 24% des triplets
avaient un profil identique pour deux chromosomes, et 17% ont un profil différent pour les
chromosomes. De maniére intéressante, nous avons observé a partir des résultats des

clusters d’expression, que le pourcentage de génes pour la combinaison : 3A=3B#3D (15%)
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Figure 28 : Photos de deux variété de blé tendre

A : variété Chinese Spring

B : variété Renan

(Source : Centre de Ressources Biologiques Céréales a Paille, INRA Clermont-Ferrand)



Conclusions-Perspectives

était supérieur au pourcentage des deux autres combinaisons: 3A=3D#3B (4%) et
3D=3B#3A (5%). L'observation d’'un pourcentage plus important de génes partageant le
méme cluster entre les chromosomes 3A et 3B par rapport au chromosome 3D, va dans le
sens inverse de I'attendu. En effet, la fusion entre les génomes A et B étant plus ancienne,
on pourrait s’attendre a ce qu’un des homéologues soit subfonctionnalisé afin de mettre en
balance I'expression de ces genes. Cependant, les résultats suggerent que I'évolution a
permis aux genes portés par les chromosomes 3A et 3B de maintenir leur fonction initiale.
Cependant, cette analyse ne porte que sur un sous set de génes et n'est donc pas
représentative de I'ensemble du génome. En effet, le nombre de génes présents sur les
chromosomes 3A et 3D est sous-estimé du fait de la fragmentation de la séquence de
référence. De plus, le taux de duplications inter-chromosomiques est extrémement élevé
chez le blé (35% ; (Glover et al., s.d.)), il serait intéressant de regarder I'expression des

genes homéologues présents en plus d’'une copie sur chague chromosome.

Avec I'acces aux séquences des génomes de T. urartu et Ae. tauschii, il serait intéressant de
savoir si ces mémes genes ont conserve leur profil d’expression. Car a la vue du fort taux de
duplications intra-chromosomiques, on peut s'attendre a ce que les genes aient évolué dans
leur expression (pseudogénisation, sub ou néofonctionalisation, mutations). Ces analyses
pourront aussi dévier sur la mise en évidence d'éléments trans-régulateurs, comme par

exemple des mécanismes épigénétiques.

3 Organisation de I'espace génique chez d'autres variétés et a

différents niveaux de ploidie

Bien que la variété Chinese Spring (CS) soit utilisée comme référence pour les analyses
génomiques du blé hexaploide, elle n'est pas cultivée dans le monde du fait de sa faible
valeur agronomique (Figure 28). Un sondage réalisé par France AgriMer fin 2012 auprés de
5 000 producteurs de blé tendre, révéle que les 5 variétés les plus cultivées en France sont
dans l'ordre : Apache, Arezzo, Altigo, Expert et Pakito. L'étude indique aussi qu’il y a une
tendance a la diversification des variétés cultivées. Afin de savoir si I'organisation de
'espace génique est conservée entre les variétés de blé, I'étude d’autres variétés du genre

T. aestivum, ainsi que des variétés a des niveaux de ploidie différent est nécessaire.
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3.1 Variation du nombre de copies des genes

Afin d’étudier les CNV chez le blé, une approche par séquencage a éteé initiée dans I'équipe.
En effet, les chromosomes 3B ont été triés pour 44 variétés de blé: 20 T. aestivum, 3
T. spelta, 3 T. macha, 7 T. durum, 4 T. dicoccum, 4 T. carthlicucum et 3 T. dicoccoides. Les
variétés T. aestivum étant représentatives de la diversité du blé (Figure 29). Les
chromosomes ont été séquencés avec la technologie Illumina HiSeq 2000 en « paired-end »
2x100 pb, avec une couverture de 20 a 30X pour chaque chromosome. Afin de réduire la
complexité due aux éléments répétés, I'analyse des CNV sera faite sur la fraction « low-
copy » du chromosome 3B. Un premier alignement des lectures du séquencage des variétés
hexaploides sur le chromosome 3B a été réalisé, et en moyenne 10% des lectures ont pu
étre alignés. La fraction « low-copy » correspond a 15% du chromosome 3B, on s’attend a
pouvoir aligner environ 15% des lectures. Des améliorations sont donc a faire au niveau du

choix de I'outil d’alignement utilisé ainsi que des parametres.

L'étude des CNV permettra de compléter le catalogue de génes prédits sur le chromosome
3B de la variété CS. Puis, de mettre en évidence les génes préférentiellement affectés par
les CNV du fait de leur localisation/structure/fonction. Ces résultats pourront étre mis en
relation avec les données déja collectées pour ce chromosome en terme d'environnement de
ET, de taux de recombinaison, de synténie, de polymorphismes (SNP) et de structure des
génes (nombre intron/exon, épissage alternatif). Compte tenu des résultats obtenus pour le
chromosome 3B de la variété CS en terme d’ontologie des genes, et de spécificité tissulaire
d’expression des genes, on peut s'attendre a ce que les régions télomériques et sub-
télomériques soient les plus enrichies en CNV, car c’est aussi dans ces régions que l'on
retrouve la plus forte proportion de génes dupliqués. De plus, les génes dont le nombre de
copies est variable, sont généralement des genes dont la fonction est en relation avec
'adaptation a I'environnement, ainsi qu’a la résistance aux maladies (Zmienko, Samelak,

Koztowski, & Figlerowicz, 2014).

Les CNV peuvent aussi étre apparentés a des marqueurs moléculaires, permettant ainsi de
reconstruire la phylogénie des variétés. Chez le riz, I'analyse des CNV sur un panel de 20
variétés de riz asiatiques a montré que les variations structurales étaient spécifiques des
groupes étudiés (Yu et al., 2013). Les 44 variétés de blé étant réparties dans des zones
géographiques différentes couvrant les cing continents, une étude similaire a celle menée
chez le riz pourra étre réalisée, afin de mettre en évidence des différences au niveau des
genes impligués dans l'adaptation aux conditions environnementales, ainsi que des génes

sélectionnés pour leur qualité fariniere. Pour cela, I'annotation des CNV pourra étre mise en
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Figure 30 : Relation entre taux de recombinaison et fréquence des CNV chez l'orge.
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relation avec I'annotation fonctionnelle des génes. Ce travail pourra étre aussi réalisé pour
d’autres chromosomes quand les pseudomolécules auront été construites. En effet, des
données de re-séquencage du génome entier ont déja été produites et ont servit a la
détection de SNP. Cependant, la gestion des paramétres d’alignement sera une étape
cruciale, due fait des séquences répétés, du fort taux de duplication, ainsi que des relations

d’homéologie.

L'analyse de CNV-Seq permettra aussi de mettre en évidence les CNV qui affectent
directement I'expression d'un géne. Pour le génome humain, il a été montré qu'il y a une
corrélation positive entre le nombre de copie d'un géne et son niveau d'expression
(Haraksingh & Snyder, 2013). Chez l'orge, la distribution des CNV sur les chromosomes a
montré qu’ils sont localisés dans les zones ou le taux de recombinaison est élevé (Mufioz-
Amatriain et al., 2013). On s’attend donc a une organisation identique pour le chromosome
3B (Figure 30). Des insertions/délétions pourront aussi étre mises en évidence, ainsi que les
variations structurales qui se trouvent dans les régions régulatrices du géne et affectent son
expression. Cependant, les variations de I'expression d'un géne ne peuvent pas uniguement
étre expliquées par les variations génétiques. D'autres mécanismes épigénétique comme la
méthylation de I'ADN ou bien les changements d'état de la chromatine affectent aussi

I'expression des genes.

En parallele, I'étude du transcriptome de ces mémes variétés pourrait étre réalisée. Ces
données pourraient servir a I'analyse de la structure des chromosomes d’autres variétés de
blé, et permettre ainsi de savoir si les profils des chromosomes sont spécifiques a une
variété, en reliant ces données a leur spécificité phénotype, géographie, ainsi qu'a la
complexité de leur génome. Ainsi que de mettre en évidence des environnements
particuliers au niveau des points de segmentation, ET particuliers, enrichissement en
certains motifs répétés, marques épigéenétiques, profils de méthylation. Et ces données
pourront étre mises en relation avec les particularités des blés étudiés ainsi que leur

localisation géographique.

3.2 Caractérisation du pan génome

L'approche CNV-Seq sur la fraction « low copy » du chromosome 3B permettra aussi de
caractériser le « core genome » (séquences d’ADN qui sont présentent dans toutes les

variétés étudiées) ainsi que le « dispensable genome » (segment d’ADN partiellement

partagés entre les variétés ou bien variété spécifique), qui composent le pan-génome.
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Ce qui pourrait permettre d’associer les génes décrits dans le pan-génome : aux variations
génétiques, ainsi qu'a la diversité phénotypique impliqués dans des caractéres important
d’adaptation du blé. Chez le mais, entre les variétés B73 (2,5 Gb) et Mo17 (2,5 Gb), il a été
montré que dans le pan génome, le « core genome » représente 50% du génome qui est
partagé entre les deux variétés (1,67 Gb). Et que le « dispensable genome » a une taille
identique dans les deux variétés (Morgante, De Paoli, & Radovic, 2007). L'étude indique
aussi que le « core genome » est majoritairement composé de séguences en simple copie
ainsi que de transposons. De plus, les genes qui composent le « core genome » sont plus

conservés au niveau de leur fonction que les génes du « dispensable genome ».

A la vue de la complexité du génome de blé, ainsi que sa capacité d’adaptation a différents
environnements, on peut s’attendre a ce que les loci qui composent le « core genome »
soient conservés durant I'évolution et donc localisés dans la partie centrale des
chromosomes (si ces chromosomes se structurent comme le chromosome 3B). Les loci du
« dispensable genome » sont certainement des loci plus récents, non conserves et localisés
dans les parties distales des chromosomes. Les premiers résultats vont dans ce sens. En
effet, I'analyse des duplications en tandem, des insertions, des inversions ainsi que des
délétions entre les chromosomes 3B de différentes variétés montrent qu’il y a un
enrichissement des variations structurales dans les régions R1 et R3 du chromosome, en

comparaison avec la variété CS.

4 ARN non codant : détection et évolution

Dans l'article n°1, grace aux données de RNA-Seq, nous avons mis en évidence 3 692 NTR,

parmi lesquels nous avons mis en évidence 596 loci peuvent étre caractérisés en lincRNA.

L'acces aux séquences des pseudomolécules de 'ensemble des chromosomes permettra de
caractériser 'ensemble des lincRNA. Grace a I'analyse du chromosome 3B, on peut d’ores
et déja faire une estimation du nombre lincRNA présent dans I'ensemble du génome. Si le
nombre de lincRNA est proportionnel a la taille de chaque chromosome, on s’attend a
détecter pour les 15 conditions de développement analysées, environ 32 200 lincRNA. Avec
le nombre croissant de données de RNA-Seq, notamment dans des conditions de
développement particulieres, ce nombre va certainement augmenter. Ces données
permettront de savoir si les lincRNA présentent un comportement identique a celui des
genes codant des protéines en termes de relation d’homéologie, de ratio, de taux de

duplication inter-chromosomique, ainsi qu’au niveau de leur profil d’expression.
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Chez les tétrapodes, il semble que seulement 3% des IncRNA soient conservés chez les
différentes especes. Cette méme analyse a révélé que 81% des 13 533 des familles de
IncRNA sont conservés entre les mammiféres, et 19% ont une origine de plus de 90x10° ans
(Necsulea et al., 2014). Dans l'article n°2, nous avons montré que les lincRNA étaient moins
conserveés que les génes codant des protéines. Une analyse plus en profondeur permettra

de dater 'origine des lincRNA.

Chez les eucaryotes, difféerents mécanismes de formation ont déja été mis a évidence : le
mouvement des ET, les réarrangements chromosomiques, les duplications par
rétrotransposition, les duplications en tandem (Ponting, Oliver, & Reik, 2009). Mais est ce
gue ces mécanismes sont retrouves chez le blé? Le lien avec I'annotation des ET (Daron et
al., s.d.) ainsi que la caractérisation des événements de duplications (Glover et al., s. d.)

permettra de répondre a cette question.

Une catégorie des petits ARN non codants n’a cependant pas encore était annotée pour le
chromosome 3B : les miRNA, qui sont impliqués, entre autre dans les mécanismes de
régulation de I'expression des génes, ainsi que de méthylation de 'ADN. En plus de leur
détection in silico, des librairies de petits ARN sont déja disponibles pour le stade feuille de

la variété CS (http://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSM803792), et pourront

étre utilisées pour I'annotation des miRNA. Cependant, d'autres librairies pourraient étre
construites a partir d’autres conditions de développement « classiques » de la plante, mais
aussi pour des conditions plus spécifiques, comme par exemple des conditions de stress a
biotiques. Ce travail sera réalisé en collaboration avec Christine Gaspin (INRA, Toulouse) et

Hikmet Budak (Sanbanci U, Turquie), et débutera a la fin de cette année.

Le paysage transcriptionnel des smallRNA pourra ainsi venir s’ajouter aux données
d’expression, de méthylation et des marques épigénétiques. Ce qui permettra de fournir des
réponses quant a la régulation de I'expression des genes et plus particulierement celle des
genes homeéologues (régulation cis vs. trans). Une étude sur le poisson zébre, a montré que
les miRNA étaient aussi préférentiellement associés aux parties 3' des IncRNA (Jalali,
Bhartiya, Lalwani, Sivasubbu, & Scaria, 2013). L'analyse de ces données chez le blé pourrait

permettre de savoir si cette association est identique dans un génome polyploide.

Enfin, la création de base de données pour I'ensemble des catégories d’ARN non codants

sera pourra aussi étre utilisée par les outils d’annotation des génomes des Triticeae.

85






Conclusions-Perspectives

5 Co expression des genes : mécanismes mis en jeu

5.1 Détections des promoteurs

Dans l'article n°2, nous avons montré que chez le blé a I'échelle du chromosome, les genes
regroupés en 1ilots sont co-exprimés. Cependant, I'approche RNA-Seq ne nous permet pas
de savoir si les génes co-exprimés partagent des séquences régulatrices de leur expression,
ainsi que les sites d'initiation de la transcription (TSS, « Transcription Start Site »), ni de
mettre en évidence les promoteurs spécifique de I'expression (PSE) qui contiennent des
sites spécifique a la fixation des facteurs de transcription, comme les régions activatrices, qui
sont essentielles au contréle de I'expression tissue/condition spécifique. Pour cela, des
librairies de CAGE-Seq pourraient étre construites pour des conditions identiques a celles
utilisées pour le RNA-Seq. La technologie de CAGE ou « Cap Analysis of Gene
Expression » a été introduite en 2003 pour détecter les sites de début de la transcription.
Cette technologie se base sur la capture des ARN possédant une coiffe en 5' (les ARNt et
ARNr ne sont donc pas captés), a la différence du RNA-Seq qui sélectionne les ARN sur leur
gueue polyA en 3'(Shiraki et al., 2003).

Par cette méthode, il serait possible de définir a la base pres les TSS ainsi que les
séquences promotrices de tous les ARN possédant une coiffe, qu'ils soient codant ou non
codant, et ainsi relier ces données avec le niveau d’expression des génes. Chez les
génomes de I'homme et de la souris, l'analyse du CAGE a permis de déterminer que les
promoteurs caractérisés par une TATA-box ont un site de début de transcription unique,
alors que les promoteurs reliés a un flot CpG ont plusieurs site de début de transcription

répartis sur une grande région.

Le CAGE est aussi une bonne approche pour étudier les promoteurs bidirectionnels, qui
peuvent étre co-régulés en partageant des sites de fixation aux facteurs de transcription.
L'étude de la dynamigue des promoteurs en comparant la distribution du niveau d'expression
en plus des TSS dans la région en amont du génes peut permettre de mettre en évidence
les promoteurs qui sont activés ou inactivés pour différentes conditions de développement
analysées (de Hoon & Hayashizaki, 2008). Une étude publiée en 2014 par Kawaji a cherché
a comparer le CAGE avec un séquencage de deuxieme (lllumina) ou troisieme (Heliscope)
génération au RNA-Seq (Kawaji et al., 2014). Les conclusions de cette étude montrent qu'il y
a une bonne reproductibilité entre les différentes plateformes au niveau de I'expression des
genes. La combinaison des deux technigues CAGE-Seq et RNA-Seq permet d'avoir une

approche extrémement résolutive sur les variations non connues de la structure des

86






Conclusions-Perspectives

transcrits. Ces deux techniques sont complémentaires pour mettre en évidence et affiner la

complexité de la structure des transcrits ainsi que de leurs unités régulatrices.

5.2 Les marques épigénetigues impliquées dans la régulation de
I'expression

Le terme « épigénétique » est utilisé pour décrire les études sur I'héritage de l'information qui
ne peut pas étre expliquée par les variations de la séquence ADN (Haig, 2004). Sous le
terme épigénétique, on peut différencier deux domaines: la mémoire d'un état de
I'expression d'un géene pendant une condition de développement ou dans une condition
environnementale (héritage mitotique, hétérochromatine facultative) et la mémoire trans-
générationnelle d'un état de I'expression d'un géne (héritage méiotique, hétérochromatine

constitutive).

Les études épigénomiques a la différence des études de génomiques (organisation de la
séquence ADN dans le génome), portent sur les ajouts chimiques qui affectent la structure
de la chromatine, et comment ces modifications affectent I'organisation de l'information
contenue dans un génome (Mirouze & Vitte, 2014). Cependant, il faut différencier le
méthylome qui se restreint a la méthylation de I'ADN, de I'épigénome qui combine les

modifications d'histones ainsi que la méthylation des cytosines (Mirouze & Vitte, 2014).

L'activité transcriptionnelle des genes pour les eucaryotes est déterminée par l'action
combinée des facteurs de transcription et des protéines modifiant la chromatine. Presque
toutes les cellules d'un organisme partagent le méme génome, cependant il en résulte
différents phénotypes et fonctions. Les types individuels de cellules qui sont caractérisées
par des profiles d'expression différents, sont générés durant le développement et sont
maintenu de maniére stable. L'état chromatinien, c'est a dire la compaction de I'ADN avec
les protéines histone et non-histone, a un effet sur I'expression d'un géne et est considéré
comme contributeur a I'établissement et au maintien de lidentité des cellules, et les
transitions au niveau du développement sont accompagnées de changements de |'état de la
chromatine. Et dans la vision d'aujourd'hui de la régulation des geénes, il faut tenir compte du
fait que I'ADN eucaryote est compactée autour d'un noyau de protéines : les histones, pour
former le nucléosome (Kornberg, 1974), qui est formé d'histones en octameres, contenant

deux copies des histones : H2A, H2B, H3 et H4 autour desquels 147 pb d'ADN est enroulé.
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Figure 31 : Paysage de la méthylation de 'ADN et de la densité des TE pour les chromosomes de
riz et d’Arabidopsis.

(A) Distribution de la méthylation des cytosines a I'échelle du chromosome sur un fenétre glissante
de 100 kb pour Arabidopsis et 50 kb pour le riz, rouge : mCG, bleu : mCHG, vert : mCHH.

(B) Distribution de la du pourcentage de la densité des éléments répétés sur une échelle glissante
de 100 kb. D’aprés (Mirouze et Vitte 2014).
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La chromatine représente une barriére physique pour la transcription et les facteurs capables
de modifier la structure et la composition de cette chromatine peuvent ainsi activer ou
réprimer l'expression d'un géne. Il a été montré qu'il y a une corrélation négative entre
I'expression des geénes et la méthylation des cytosines (mC), qui peut réprimer la
transcription en altérant la structure de la chromatine. Cependant l'altération de la
chromatine n'affecte pas la séquence d'ADN primaire, on parle d'épigénétique si le
changement au niveau du nouveau chromosome formé n'est pas hérité apres que le
stimulus l'ayant provoqué est éliminé. Les mécanismes qui régulent la structure de la
chromatine inclus : mC, les facteurs qui affectent le composition ainsi que la position du
nucléosome et les modifications post-transcriptionnelles (MPTs) des histones (Lauria &
Rossi, 2011). Les récentes avancées avec les nouvelles technologies de séquencage ont
permis de faire une avancée considérable dans la compréhension du paysage épigénétique

chez les plantes.

5.2.1 Etude du méthylome

Des études sur la méthylation de la cytosine chez Arabidopsis, le riz, le mais, le soja ou bien
la tomate ont déja été publiees (X. Li et al.,, 2012; Regulski et al., 2013; Reinders &
Paszkowski, 2009; Schmitz et al., 2013). Les résultats montrent que les régions enrichies en
ET ainsi qu'en éléments répétés sont plus fortement méthylées. De plus, les résultats
obtenus a partir des différents méthylomes montrent que les marques de méthylation sont
retrouvées sur les motifs : CG, CHG, CHH (H=A ;T ;C), alors que le corps des genes les
marques de méthylation sont retrouvées uniguement sur les motifs GC (Mirouze & Vitte,
2014). Les résultats obtenus dans I'article n°1 montrent que chez le blé tendre, les régions
centromériques et péri centromériques sont enrichies en ET, on s’attend donc a ce que les
marques de méthylation suivent les profils obtenus chez les méthylomes des Angiospermes
déja analysés. Cependant, Mirouze et Vitte indiquent dans leur revue que si les profils de
méthylation semblent conservés dans leurs grandes lignes entre les différents génomes
étudiés, chaque espéce montre un profil particulier. Car si la méthylation semble concentrée
au niveau du centromere sur les chromosomes d’Arabidopsis, elle beaucoup plus étalée sur
les chromosomes du riz, mais corréle toujours a la densité des TE (Figure 31) (Mirouze &
Vitte, 2014).
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5.2.2 Caractérisation du paysage épigénétique du chromo  some 3B

Le paysage épigénétigue du blé n'a pas encore été décrit a I'heure actuelle, du fait de
l'absence de séquence de référence. Afin de réduire la redondance du génome ainsi que les
colts de séquencage, une approche par capture de séquence a été initiée dans I'équipe. La
capture des séquences a été construite afin de cibler uniquement sur le chromosome 3B, les
régions codantes et les INCRNA, avec les séquences situées 2 kb en amont et en aval de
chaque loci. Les différentes marques étudiées sont des marques activatrices de I'expression
des genes (H3K4me2, H3K36me3 et H3K4me3), ainsi que des marques de répression de la
chromatine (H3K27me3, 5meC). L'organe pour lequel les marques épigénétiques vont étre
étudiées est la feuille. Le stade de développement choisi a été le stade trois feuille, afin de
pouvoir mettre en relation les résultats de ChlP-Seq et de RNA-Seq précédemment décrits
dans les articles n°1 et n°2. La stratégie de séquencgage choisie pour le ChIP-Seq est une

approche lllumina, HiSeq2500 en 2x100 pb avec une profondeur de 60X.

Les marques épigénétigues sont dépendantes d'un tissu ou bien d'une condition, donc pour
le stade de développement utilisé pour I'analyse du paysage épigénomique on ne s'attend
pas a avoir des marques de condensation/décondensation de la chromatine sur tout le
chromosome car il n'y a qu’un seul tissu étudié. Dans article n°2, nous avons montré que les
régions du chromosome portent des géenes spécifiquement exprimés dans un tissu ou a un
temps de développement donné. Dans cet article, nous avons aussi montré que I'expression
des génes dans les feuilles était associée a un cluster d’expression particulier situé dans la
région R1 du chromosome. En ce que concerne I'analyse des marques d’activation de la
transcription, on s’attend donc a ce quelles soient plus présentes dans cette région du
chromosome, alors que les marques de répression seraient retrouvées en plus grande

proportion dans les régions R2 et R3.

Les mises au points du protocole de capture des marques épigénétiques se révélent déja
concluant de pars I'analyse des premiers résultats. Avec l'accés aux séquences des génes
annotés sur les autres chromosomes, un kit de capture pourra étre développé cibler
'ensemble des marques présentent sur le génome du blé au niveau des séquences
transcrites. De plus, I'analyse pourra étre réalisée sur un plus grand nombre de tissus et de

conditions de développement.
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En conclusion, les travaux de ma thése ont permis de confirmer les hypothéses ainsi que
d’obtenir de nouveaux résultats quant a l'organisation de I'espace génique ainsi que la
régulation des genes, sur la base de la premiere séquence compléte d’'un chromosome de
blé hexaploide. Ce travail va aussi servir de base pour l'analyse des mécanismes de
régulation des I'expression des génes, ainsi que pour I'annotation de transcrits non codants.
Ces travaux ont aussi été utilisé dans I'analyse de la fraction répétée du chromosome 3B,
ainsi que pour celle des génes dupliqués. En paralléle, nous avons aussi utilisé les données

produites en RNA-Seq pour I'analyse de I'expression des copies du genes MET1.
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Table S1: Distribution of the 5,185 expressed protein coding genes according to their
expression cluster and their chromosomal region

with mate with mate
. .
. Total reads Rawreads % reads paired in properly %reads  with itself . mapped to mapped to
File Mapped . readsl reads2 ; properly and mate  singletons " a different
mapped count mapped sequencing paired ! a different
paired mapped chr
chr _
(mapQ>=5)
Roots
Z10-repl 1899394 90 796 198 2.09 1899394 1899394 1026025 873 369 1271186 66.93 1310 690 588 704 31877 1793
Z10-rep2 1563452 93 555 552 1.67 1563452 1563452 739 228 824 224 1001 440 64.05 1038 450 525 002 25367 1376
Z13-repl 1282168 186409424  0.69 1282168 1282168 723447 558721 781463 60.95 820896 461272 28198 1498
Z13-rep2 1626797 83846634  1.94 1626797 1626797 894722 732075 988434 60.76 1027672 599125 24536 1472
Z39-repl 2387994 84 586 562 2.82 2387994 2387994 1241363 1146631 1319133 55.24 1395 764 992 230 41770 2337
739-rep2 1679978 91872594  1.83 1679978 1679978 824277 855701 1009819  60.11 1056675 623303 29 442 1562
Leaves
Z10-repl 1388775 85280910 1.63 1388775 1388775 745 755 643 020 884 072 63.66 913 092 475 683 21088 1788
Z10-rep2 1363534 92099 786 1.48 1363534 1363534 644 285 719 249 843 889 61.89 881 893 481 641 27 481 1867
723-repl 1804799 102140692 177 ~ 1804799 1804799 977439 827360 1161724 6437 1211607 593192 40477 2530
723-rep2 1772607 94155306 ~ 1.88 1772607 1772607 955553 817054 1032413 5824 1093724 678883 43723 3860
Z71-repl 1816369 95116 094 1.91 1816369 1816 369 979 328 837 041 1111 429 61.19 1175 234 641 135 55 047 1908
Z71-rep2 1415370 74 220878 1.91 1415370 1415370 707 668 707 702 807 652 57.06 855 677 559 693 38 764 1 509
Stems
Z30-repl 1906101 100275388  1.90 1906101 1906101 1024371 881730 1256465 6592 1299884 606217 36236 1667
Z30-rep2 1863558 87877 244 2.12 1863558 1863558 998 167 865 391 1114 637 59.81 1173372 690 186 36 529 3876
Z32-repl 1405950 112 195 350 1.25 1405950 1405950 771 659 634 291 921 189 65.52 959 789 446 161 28 815 1471
732-rep2 1690052 82820236  2.04 1690052 1690052 918077 771975 1038694  61.46 1082086 607966 26 645 2150
Z65-repl 1679808 86194118  1.95 1679808 1679808 900532 779276 1078622 6421 1127040 552768 38 603 2193
Z65-rep2 1513787 87322784 1.73 1513787 1513787 749 493 764 294 893 918 59.05 948 003 565 784 38 283 1872
Spikes
Z32-repl 2091625 98618666 212 2091625 2091625 1109628 981997 1356205  64.84 1406474 685151 36 496 2297
Z32-rep2 2115456 95541924 2.21 2115456 2115456 1122017 993 439 1331076 62.92 1390 057 725 399 39143 2584
Z39-repl 2027 658 91 056 958 2.23 2027 658 2027658 1063923 963 735 1249 126 61.60 1303 527 724 131 39944 2 404
739-rep2 2882872 104799124 275 2882872 2882872 1505175 1377697 1724247  59.81 1826055 1056817 69 383 4481
Z65-repl 2019147 93025672 217 2019147 2019147 1087275 931872 1289116  63.84 1343207 675940 39 763 2338
Z65-rep2 2294911 108 141 500 2.12 2294911 2294911 1143404 1151507 1310792 57.12 1392 222 902 689 48 299 3238
Graines
Z71repl 1873383 94392922 198 1873383 1873383 1004710 868673 1235184 6593 1280778 592605 28 705 2145
Z71-rep2 1658545 80171210  2.07 1658545 1658545 826976 831569 1019483  61.47 1054158 604387 21937 1831
Z75-repl 1389302 137 089 674 1.01 1389302 1389 302 716 750 672 552 872 051 62.77 916 314 472 988 35720 2 649
Z75-rep2 1052646 74062 704 1.42 1052646 1052646 565 886 486 760 625 768 59.45 655 965 396 681 24759 1631
785-repl 1463618 99131804 148 1463618 1463618 783886 679732 884078 60.40 925514 538104 30318 1365
785-rep2 1118154 80471930 139 1118154 1118154 645899 472255 528 612 47.28 562023 556131 26 409 932
Table S2 : Wheat RNA samples used for RNA-seq experiments.
Stage Wheat growth stage Feekesscale Zadoksscale Leaves Root Stem Spike Grain
Seedling Firstleaf through coleoptile 1 10 X X
Three leaves 3 leaves unfolded 13 X
Threetillers Main shoot and 3 tillers 23 X
Spikeat 1cm Pseudostem erection 5 30 X
Two nodes 2nd detectable node 7 32 X X
Meiosis Flag leaf ligule and collar visible 9 39 X X
Anthesis 1/2 of flowering complete 65 X X
2 DAAs
(50°C.days) Kernel (caryopsis) watery ripe 71 X X
14 DAAs
(350°C.days) Medium Milk 75 X
30DAAs

(700°C.days) Soft dough 85 X




Figure S1 : Alternative transcript length variables as functions of expression level category.
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Figure S2: Relationships between gene expression and gene structural and functional
features in the R1 / R3 regions.

3 | }
WU
: TITAAR

s I ++H+

vt

F 6000 —

%7
LT
IR
] ) o
-
i -
B 20
[ P
i -
I -
i
) -~
il
11
I O
Transcripts length (nt)
g 8
1 1
)
—
I
i
L
L
1T
L
Ll
-
e
- -
LT
LT
L
L
-
i
S
I
I -
B
LT
]
I -
|
B
i
—
) [

0=
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Nt DOm0 O T NN TDONRDO — ADITDON DD O T O N0 O T NDTDORNDOO -~ NDITOON DD O
- i« SrYEIR2ER2RIRARILERRRR P2 FHEEIR2ER2RIARICERERS

+
—L L
.

L

| I
) I .
| 1. O
| .
i SN
i S O
length (nt)
o e
i . |
L
B I
—
)
==
I -
I
1 I |
i
|
| I
I I -
1 |
.
i |
-
| )
B S
1
I
P
I
L L
]
.
|
L L

—————
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

CrNO TV RO AT ONRD Y P NO T O ST NN TNONROO AT VN DD Q

FruNOTLorwo 2T NRTILeRR2RARNRENERS8 SrY¥eIRLeER2R NRIRENERS

mul length (nt)
B I —
— 1,
e
i
=L
i
L
—L
——
T
-
L
.
-
A
L
L
R
L
L1
B
i .
L,
S
I
=
A
S S
— 1L
) S U S
M length (nt)
. ———
S T -
o
4 ——
5 ——
N |
S (O
s
I —
I
P
S P B
L
I -
—L 1
IEe |
—
L
S S I
— L1
—
I I P S -
B —
S S S
L
11
— L
]
.
— L

- 0 -
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
- o TV ON DD ANV ONRD G

FNmToeN oo 2rN2TLOE22R3NRIRERNRRSE



Figure S3: .Relationships between gene expression and gene structural and functional
features in the R2a / R2b regions.
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Annexe 2 : International Wheat Genome Sequencing Consortium. 2014. « A Chromosome-
Based Draft Sequence of the Hexaploid Bread Wheat (Triticum Aestivum) Genome ».
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WHEAT GENOME

A chromosome-based draft sequence
of the hexaploid bread wheat
(Triticum aestivum) genome

The International Wheat Genome Sequencing Consortium (IWGSC)*t

An ordered draft sequence of the 17-gigabase hexaploid bread wheat (Triticum aestivum)
genome has been produced by sequencing isolated chromosome arms. We have annotated
124,201 gene loci distributed nearly evenly across the homeologous chromosomes

and subgenomes. Comparative gene analysis of wheat subgenomes and extant diploid
and tetraploid wheat relatives showed that high sequence similarity and structural
conservation are retained, with limited gene loss, after polyploidization. However, across
the genomes there was evidence of dynamic gene gain, loss, and duplication since the
divergence of the wheat lineages. A high degree of transcriptional autonomy and no
global dominance was found for the subgenomes. These insights into the genome
biology of a polyploid crop provide a springboard for faster gene isolation, rapid genetic
marker development, and precise breeding to meet the needs of increasing food

demand worldwide.

ich in protein, carbohydrates, and min-

erals, bread wheat (Triticum aestivum L.)

is one of the world’s most important ce-

real grain crops, serving as the staple food

source for 30% of the human population.
Between 2000 and 2008, wheat production fell
by 5.5% primarily because of climatic trends (Z),
and, in 5 of the past 10 years, worldwide wheat
production was not sufficient to meet demand
(2). With the global population projected to ex-
ceed 9 billion by 2050, researchers, breeders and
growers are facing the challenge of increasing
wheat production by about 70% to meet future
demands (3, 4). Concurrently, growers are facing
rising fertilizer and other input costs, weather
extremes resulting from climate change, increas-
ing competition between food and nonfood uses,
and declining annual yield growth (5). A rapid
paradigm shift in science-based advances in wheat
genetics and breeding, comparable to the first
green revolution of the 1960s, will be essential
to meet these challenges. As for other major cereal
crops (rice, maize, and sorghum), new knowledge
and molecular tools using a reference genome
sequence of wheat are needed to underpin breed-
ing to accelerate the development of new wheat
varieties.

One Kkey factor in the success of wheat as a
global food crop is its adaptability to a wide range
of climatic conditions. This is attributable, in part,
to its allohexaploid genome structure, which arose
as a result of two polyploidization events (Fig. 1).
The first of these is estimated to have occurred
several hundred thousand years ago and brought
together the genomes of two diploid species re-
lated to the wild species Triticum urartu (2n =
2¢ = 14, AA; 2n is the number of chromosomes
in each somatic cell and 2z is the basic chro-

*All authors with their affiliations appear at the end of this paper.
FCorresponding author: K. X. Mayer (k.mayer@helmholtz-muenchen.
de)

SCIENCE sciencemag.org

mosome number) and a species from the Sitopsis
section of Triticum that is believed to be related
to Aegilops speltoides (2n = 145 SS) (6). This hy-
bridization formed the allotetraploid Triticum
turgidum (2n = 42 = 28; AABB), an ancestor of
wild emmer wheat cultivated in the Middle
East and 7. turgidum sp. durum grown for pasta
today. A second hybridization event between
T. turgidum and a diploid grass species, Aegilops
tauschii (DD), produced the ancestral allohexaploid
T. aestivum (2n = 6x = 42, AABBDD) (6, 7), which
has since been cultivated as bread wheat and ac-
counts for over 95% of the wheat grown worldwide.

With 21 pairs of chromosomes, bread wheat
is structurally an allopolyploid with three ho-
meologous sets of seven chromosomes in each

A genome lineage
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of the A, B, and D subgenomes. Genetically,
however, it behaves as a diploid because homeol-
ogous pairing is prevented through the action of
Ph genes (8). Each of the subgenomes is large,
about 5.5 Gb in size and carries, in addition to
related sets of genes, a high proportion (>80%)
of highly repetitive transposable elements (TEs)
(9, 10).

The large and repetitive nature of the genome
has hindered the generation of a reference ge-
nome sequence for bread wheat. Early work
focused primarily on coding sequences that rep-
resent less than 2% of the genome. Coordinated
efforts generated over 1 million expressed sequence
tags (ESTs), 40,000 unigenes (www.ncbinlm.nih.
gov/dbEST/dbEST_summary.html), and 17,000 full-
length complementary DNA (cDNA) sequences
(I1). These resources have enabled studies of in-
dividual genes and facilitated the development
of microarrays and marker sets for targeted gene
association and expression studies (12-14). At
least 7000 ESTs have been assigned to chromosome-
specific bins (15), providing an initial view of
subgenome localization and chromosomal orga-
nization and facilitating low-resolution mapping
of traits. More recently, high-throughput low-cost
sequencing technologies have been applied to
assemble the gene space of 7. urartu (16) and
Ae. tauschii (17), two diploid species related to
bread wheat (Fig. 1). About 60,000 genic se-
quences were also putatively assigned to the
bread wheat A, B, or D subgenomes by using
assembled Illumina (Illumina, Incorporated,
San Diego, CA) sequence data for Triticum
monococcum and Ae. tauschii and cDNAs from
Ae. speltoides to guide gene assemblies of five-
fold whole-genome sequence reads from 7.
aestivum ‘Chinese Spring’ (I8). These re-
sources have contributed information about
the genes of hexaploid wheat and its wild
diploid relatives and have underpinned the

B genome lineage

Fig. 1. Schematic diagram of the relationships between wheat genomes with polyploidization his-
tory and genealogy. Names and nomenclature for the genomes are indicated within circles that provide
a schematic representation of the chromosomal complement for each species. Time estimates are from
Marcussen et al. (45). mya, million years ago.
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SPECIAL SECTION SLICING THE WHEAT GENOME

development of large sets of single-nucleotide
polymorphism (SNP) markers (19-21). To date,
however, relatively little is known about the
position and distribution of genes on each of
the bread wheat chromosomes and their evo-
lution during the polyploidization events that
resulted in the emergence of the hexaploid
species.

Survey sequencing the bread
wheat genome

We used aneuploid bread wheat lines derived
from double ditelosomic stocks of the hexaploid
wheat cultivar Chinese Spring (22) to isolate,
sequence, and assemble de novo each individual
chromosome arm [except for 3B, which was iso-
lated and sequenced as a complete chromosome
(23)]. This approach reduced the complexity of
assembling a highly redundant genome and en-
abled the differentiation of genes present in
multiple copies and highly conserved homologs.
Each chromosome arm, representing between
1.3 and 3.3% of the genome (24), was purified by
flow-cytometric sorting and sequenced to a depth
of between 30x and 241x with Illumina technol-
ogy platforms (25). The paired end sequence reads
were assembled with the short-read de novo as-
sembly tool ABySS (25, 26). A high proportion
of reads assembled into contigs of repetitive se-
quence less than 200 base pairs (bp) and were
excluded from the final assembly of 10.2 Gb.
The quality of the assemblies and purity of chro-
mosome arm preparations were assessed by using
alignment to bin-mapped ESTs (75) and to the

virtual barley genome (27). Summary statistics for
the chromosome arm assemblies are shown in
Tables 1 to 3. Compared with cytogenetically es-
timated chromosome sizes (24), the sequence as-
semblies represent 61% of the genome sequence,
with the L50 of repeat-masked assemblies ranging
from 1.7 to 8.9 kb.

Repetitive DNA

We assessed the TE and sequence repeat space
across the whole wheat genome and compared
the repeat content of the A, B, and D subgenomes
(25). From the frequency of mathematically de-
fined repeats (MDRs; 20mers) (28), we estimated
that 24 to 26% of the sequence reads contain
high copy number repeats, represented by 20mers
with more than 1000 copies. In total, 81% of raw
reads and 76.6% of assembled sequences con-
tained repeats, the latter showing reduced rep-
resentation of Gypsy long terminal repeat (LTR)
retrotransposons, as well as Mutator and Mariner-
type DNA transposons.

Analysis of the distribution of transposons
across the three subgenomes revealed that class
I elements (retroelements) were more abundant
in the A genome chromosomes relative to B or
D (A > B > D), whereas class II elements (DNA
transposons) showed the reverse (D > B > A).
The most pronounced differences were observed
between deteriorated and thus unclassifiable
LTR retrotransposons, which showed a gradient
of abundance across the subgenomes (A > D > B)
distinct from other class I or class II elements.
‘We hypothesize that unclassifiable LTR retrotrans-

posons represent older (and thus more deteri-
orated) elements that were modified through
polyploidization and ongoing TE amplification
or degeneration. Assuming the amplification/
degeneration dynamics are similar within each ge-
nome, the distribution of LTR retrotransposons
across the three subgenomes suggest that the
B genome progenitor contained a lower number
of LTR retroelements and that transposon activity
post-polyploidization has introduced a higher
proportion of more recent amplifications into
the B genome.

We observed a substantial reduction (down
to 19.6%) in the TE content associated with the
0.8% (615 Mb) of the chromosomal survey se-
quences (CSSs) representing contigs containing
high-confidence genes (for definition see below)
(25). The analysis revealed a marked depletion
of all class I elements in the neighborhood of
genes, with the exception of non-LTR retrotrans-
posons, which were enriched twofold. CACTA
transposons accounted for the greatest pro-
portion of the observed 67% reduction in class
II elements, whereas minor components, espe-
cially Harbinger and miniature inverted-repeat
TEs, were enriched. Selective exclusion of high-
copy transposons that undergo epigenetic silenc-
ing and reduce expression by heterochromatin
spreading (29) may result in depletion of repeat
element types in the vicinity of genes.

miRNAs

A total of 270 different putative microRNA mol-
ecules (miRNAs) (49 not previously reported)

Table 1. Sequencing, assembly, and GenomeZipper statistics for wheat A genome chromosome arms. Sequence indicates the total assembled sequence
(>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to reference gene; and
the last row is the number of total anchored gene loci. Blank entries in all tables indicate data not applicable; fl-cDNA, full-length cDNA; nonred., nonredundant.

1AS 1AL 2AS 2AL 3AS 3AL 4AS 4AL 5AS 5AL G6AS 6AL 7AS AL 3
Assembly

Chsricz’g“g\jl%’;)e 275 523 391 508 360 468 317 539 295 532 336 369 407 407 5727

Sequence (Mbp) 1781 250 2552 3282 2018 2472 2823 362 1988 3181 2192 2144 198 2524 35057

Coverage (x-fold) 065 048 065 065 056 053 089 067 067 060 065 058 049 062 062

L50 (bp) 2242 2639 2398 2688 1404 1346 2782 3053 3509 2078 2669 2154 1470 2271

No. of contigs

Repeat

34,793 26,746 34,722 45,893 33,943 43,823 32,079 64,364 19,719 47572 28,041 34,030 44,175 35,586 542,486

L50 4769 6,369 6,678 6,677 3846 3789 7499 6,601 8713 5355 7091 6,589 4,397 5849
GenomeZipper

No. of markers 147 380 139 278 106 332 167 200 150 309 174 286 169 278 3,115

No. of wheat

fl-cDNAs 95 241 162 258 134 240 153 189 54 231 94 181 178 155 2,365

No. of nonred.

contigs 937 1750 1673 2499 1323 2300 848 2613 574 2495 811 1422 2100 1,600 22,945

No. of syntenic

gene loci 544 1515 1155 1816 850 1628 842 1642 405 1821 647 1073 1228 1049 16,215

No. of anchored

gene loci 649 1811 1262 2032 929 1864 948 1777 522 2050 794 1279 1349 1269 18535

No. of contigs
No. of anchored

POP-Seq Positioning

38,940 45,649 34,853 32,941 31,094 49,586 25,068 27248 5578 35,333 28,234 30,828 31,628 32,435 449,415

it 972 1720 1452 19013 788 1302 883 1702 137 1579 1145 1305 1305 1094 17297
Nzeﬂeag‘:;‘ored 618 1257 1408 1903 769 1469 778 1116 678 2432 995 1458 1405 1711 17997
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were identified corresponding to 98,068 pre-
dicted miRNA-coding loci (25). Only 1668 loci
(1.7%) evidenced expression on the basis of pub-
licly available ESTs and of RNA sequencing
(RNA-seq) data reported in this work, con-
sistent with previous analyses in wheat (30, 3I).

Similarly, we observed that class II DNA trans-
posons, specifically TcMar transposons, were
predominantly found in miRNAs. For 87% of
the putative miRNA-coding loci, at least one
putative target gene was identified in the
wheat CSS. A total of 6615 predicted miRNA-

coding sequences (44 with evidence of expres-
sion) were characterized by at least one mature
sequence and one target site covered by the
same repeat element. This suggests that an
active miRNA could arise when an advantageous
regulatory niche evolves from a series of random

Table 2. Sequencing, assembly, and GenomeZipper statistics for wheat B genome chromosome arms. Sequence indicates the total assembled
sequence (>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to
reference gene; and the last row is the number of total anchored gene loci.

1BS 1BL 2BS 2BL 3B 4BS 4BL 5BS 5BL 6BS 6BL 7BS 7BL >
Assembly

Chromosome 314 535 422 506 993 391 430 290 580 415 498 360 540 6,274

size (Mbp)
Sequence (Mbp) 212.8 2994 292 4045 6386 3082 2487 1745 4152 2102 2574 2061 2596 39272
Coverage (x-fold) 068 056 069 080 064 079 058 060 0.72 0.51 052 057 048 0.63
L50 (bp) 3287 3120 3711 2941 2655 3463 1974 3315 2924 2366 2031 2428 1556

Repeat
No. of contigs 26,050 29,783 35,743 75,879 75,022 38,515 46,576 18,001 75,887 29,566 35,727 24,119 58,554 569,422
L50 7413 71561 8,069 6,890 6,855 8755 5883 7365 7537 4972 4824 6435 4144
GenomeZipper

No. of markers 78 348 278 428 500 46 145 167 404 217 245 140 198 3,194
No. of wheat

fl-cDNAs 78 219 155 268 479 97 170 66 360 88 147 109 137 2,373
No. of nonred.

contigs 776 1927 1859 3079 5011 893 1634 576 329 915 1525 1172 1,890 24,553
No. of syntenic

gene loci 485 1485 1181 1973 3123 788 1155 426 2315 565 1,003 733 1050 16,282
No. of anchored

gene loci 546 1745 1388 2265 3490 819 1243 565 2600 728 1177 838 1203 18,607

POP-Seq Anchoring

No. of contigs 31,038 50,219 33,603 54,522 99,341 50,927 41,135 19,794 49,140 30,962 38,064 48514 50,397 597656
No. of anchored 956 1881 1588 2389 3772 1365 1433 727 2,857 831 996 1055 1251 21,101

gene loci

Table 3. Sequencing, assembly, and GenomeZipper statistics for wheat D genome chromosome arms. Sequence indicates the total assembled
sequence (>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to
reference gene; and the last row is the number of total anchored gene loci.

IDS 1IDL 2DS 2DL 3DS 3DL 4DS 4DL 5DS 5DL 6DS 6DL 7DS 7DL 3
Assembly

CZ??E’GESQ 224 381 317 412 321 450 232 417 259 491 324 389 381 347 4937

Sequence (Mbp) 1282 2544 166 2616 1454 1865 1421 3476 148 2368 1566 199.8 2091 222.9 2805

Coverage (x-fold) 057 067 052 063 045 041 061 083 057 048 048 051 055 064 057

L50 (bp) 2850 2561 1241 701 515 967 3278 1013 2353 2,647 4297 2077 1967 3638
Repeat

No. of contigs 17725 35,770 43,044 110,446 46,795 69,259 18,245 197,398 22,449 34,622 16,077 26,236 36,701 26,737 701,504

L50 6,622 6,297 4,635 3247 1697 2941 7428 1855 5945 7049 8,904 6,821 5031 7399
GenomeZipper

No. of markers 258 653 457 739 379 633 269 498 225 744 297 411 579 515 6,657

No. of wheat

fl-cDNAs 89 251 177 323 128 244 130 255 99 375 103 208 200 212 2794

No. of nonred.

contigs 968 2,797 3,023 5804 2933 3712 1231 3174 890 3436 973 1923 3,006 2,083 35,953

No. of syntenic

gene loci 474 1483 1197 2141 799 1575 779 1277 454 2,073 538 1117 1222 1,099 16,228

No. of anchored

gene loci 642 1882 1475 2542 1051 1923 912 1582 598 2482 758 1347 1592 1423 20,209
POP-Seq Anchoring

No. of contigs 7686 24,149 24,652 31,359 26,447 37874 14,198 23,842 14,458 29,604 18,701 23,763 41,796 31,832 350,361
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TE insertions and may represent a means by
which a network of putative miRNAs and target
genes may develop, even before miRNA activa-
tion (32).

Protein-coding genes

Annotation of protein-coding gene sequences
in the CSS assemblies had its basis in com-
parisons to annotated genes in related grasses
[Brachypodium distachyon (33), Oryza sativa
(34), Sorghum bicolor (35), and Hordeum vulgare
(27)], as well as publically available wheat full-
length cDNAs (fl-cDNAs) (17) and RNA-seq data
generated from five tissues of a Chinese Spring
cultivar at three different developmental stages.
Briefly, the reference grass coding sequences
and wheat transcript resources were mapped
separately to assembled CSS contigs, and the
alignments were merged to define the exact co-
ordinates of gene loci, alternative splicing forms,
and transcripts with no similarity to related grass
genes (25).

This analysis identified 976,962 loci with
1,265,548 distinct splicing variants. A total of

A short arms

133,090 loci showing homology to related grass
genes were classified as high confidence (HC)
gene calls. These were further subdivided into
four groups (HC1 to HC4) on the basis of the
proportion of the length of the reference gene
covered by a predicted locus. Of these, 124,201
(93.3%) genes were annotated on individual
chromosome arm sequences, and the remain-
ing 6.7% corresponded to wheat transcripts,
which were not detected in the CSS assem-
blies (Fig. 2A). In total, 55,249 (44%) of the loci
assigned to chromosomes were classified as
HC], that is, representing functional genes span-
ning at least 70% of the length of the support-
ing evidence (Table 4). The remaining 56% of
HC genes comprised genes that were fragmented
in the assembly and thus could only be par-
tially structurally defined or were classified as
gene fragments and pseudogenes. We expect
that many of these will be merged as further
sequencing improves the coverage and quality
of genic sequences. On the basis of the level of
completion of the assembly and the detection
rate of HCI genes (25), we estimated that the

unmapped
8,889 (7%)
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Fig. 2. Gene content, density, synteny, structural conservation, and tandemly duplicated genes.
(A) Total number of HC bread wheat genes identified on the A (green), B (purple), and D (orange) sub-
genomes (left) and their distribution on individual chromosome arms or chromosomes (in the case of
group 3) (right). (B) Syntenic conservation of HC and LC genes for each chromosome arm defined by the
ratio of the number of genes anchored in the GenomeZipper and the number of annotated genes
normalized per Mb of physical chromosome(-arm) size. Solid lines visualize average syntenic conservation
for LC (black) and HC (red) genes, and dashed lines give isochores for different percentages of synteny.
(C) Conservation of gene family composition between single chromosome arms. Color-coding in the outer
ring indicates relatedness of the respective branches (A/D > B, light orange; A/B > D, light blue; B/D > A,
light red). Red asterisks mark edges with boot-strapping values > 0.95. (D) Proportion of lineage-specific,
intrachromosomally duplicated genes in the wheat genome compared with other grass genomes. Error
bars indicate deviations among individual chromosomes.
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wheat genome contains 106,000 functional protein-
coding genes. This supports gene number esti-
mates ranging between 32,000 and 38,000 for
each diploid subgenome in hexaploid wheat and
is consistent with findings in related diploid
species (16-18, 20, 36).

Consistent with observations of high levels of
non-protein-coding loci in both plants (27, 37)
and animals (38), 890,576 loci did not share any,
or only low, similarity with related grass genes.
Loci with low sequence similarity (88,998) were
defined as low-confidence (LC) genes, and the
remainder were classified as repeat-associated,
noncoding, or non-homology-supported loci (25).
More than 96% of public wheat ESTs (HarvEST)
mapped to the CSS gene sets (BLASTN; E value
<107, including 89% that correspond to HC
gene-coding loci, demonstrating that the CSS
assemblies contain a high representation of
the current gene inventory of the bread wheat
genome.

Our analysis revealed that 49% of the HC
genes exhibit alternative splicing (AS) with an
average of 2.6 transcripts per locus. This may be
an underestimation, because 69% of the most
complete gene loci (HC1) were alternatively spliced
with an average of 3.5 transcripts per locus.
Evidence that additional AS variants will be
identified has already emerged from a prelim-
inary assessment of gene structure prediction
using proteomics analyses. In a study of 63 genes,
50 (81%) structures were confirmed, 8 (13%) pro-
vided evidence for alternative gene structures,
whereas 5 were absent in the structural gene
calls. Extrapolating these data to the whole
genome, we estimate that hexaploid bread
wheat encodes more than 300,000 distinctive
protein-coding transcripts. The proportion of
genes exhibiting AS appeared to be similar in all
three subgenomes and is consistent with the
transcriptional complexity reported for plant
species such as Arabidopsis thaliana (39) and
H. vulgare (27).

Gene distribution and order

Analysis of the gene distribution across the three
subgenomes revealed a higher number of gene
loci on the B subgenome (44,523; 35%) compared
with the A and D subgenomes, which contained
40,253 (33%) and 39,425 (32%), respectively (Fig.
2A). This distribution was not consistent at the
chromosomal level. For example, the gene dis-
tribution across homeologous group 3 chromo-
somes is 30% 3A, 42% 3B, and 28% 3D, whereas
in homeologous group 7 the D genome contains
the highest proportion of genes. These observa-
tions may reflect preexisting differences in the
subgenomes before polyploidization or indicate
that drivers determining the composition of the
genome do not act at the subgenome level but
regionally.

Up to 2.4-fold variation in gene density was
observed on different chromosome arms, rang-
ing from 4.4 loci per Mb (5AS) up to 10.4: loci per
Mb (2DL) (Fig. 2B). Consistent with observations
in rye (40) and the complete sequence of wheat
chromosome 3B (23), on average 53.2% of the
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Table 4. Characteristics of HC bread wheat genes. Distinct exons means that exons of two or
more transcripts were counted once if they had identical start and stop positions; mean transcripts
and mean exons are transcripts per locus and exons per locus, respectively; the second mean exons

row shows exons per transcript.

HC1 HC2 HC3 Hca z
Gene loci 55,249 14,367 15,475 39,110 124,201
Single exon 9181 (17%) 3,230 (22%) 4.906 (32%) 20,375 (52%) 37692 (30%)

Multiple exon
Alternatively
spliced

Mean size (bp) 3,319 2,204
Transcripts 194,624 37116
Mean transcripts 352 2.58
Distinct exons 538,250 94,864
Mean exons 9.74 6.60
Mean exons® 6.29 4.45
Mean size (bp) 321 315

46,068 (83%) 11,137 (78%) 10,569 (68%) 18,735 (48%) 86,509 (70%)
38,059 (69%) 7916 (55%) 6,465 (42%) 8,728 (22%) 61168 (49%)

1,608 901 2,216
31,957 61,450 325,147
207 157 2.62
74,630 117530 825,274
4.82 301 6.64
3.52 2.56 51
314 281 314

HC genes were located on syntenic chromosomes
compared to B. distachyon (Bd), O. sativa (Os),
and S. bicolor (Sb). The average level of synteny
for genes located on the D genome chromosomes
(58%) was higher than the average for those
on the A (51%) and the B (50%) chromosomes.
Sequence conservation in LC genes is low, and,
in comparison to HC genes, reduced syntenic
conservation is observed. Thus, although the
majority of LC genes are likely to result from
the frequent generation of gene fragments by
double-strand repair mechanisms or are deter-
iorated (pseudo)genes that were fragmented after
the divergence from the other sequenced grass
genomes (10), the retained synteny to other grass
genomes suggests that some LC genes may be
functional.

To determine the extent of gene conservation
across homeologous chromosomes, we clustered
the HC genes into protein families by sequence
similarity (Fig. 2C) (25). With the exception of
chromosome 4AL, the genes on all chromosome
arms clustered with their corresponding homo-
logs. The pattern of clustering observed for 4A
is consistent with a known pericentromeric in-
version and two translocations of segments from
chromosome arms 5AL and 7BS (41, 42). All
possible cluster topologies were found between
genes on the A, B, and D genomes. Overall, the
patterns of conservation suggest that the gene
content of the A and B homeologous chromo-
somes is more similar to the D genome chro-
mosomes than to each other. This observation
contradicts a model of bifurcating evolutionary
relationships between the A, B, and D genomes
but is consistent with models of interlineage
hybridization (i.e., reticulate evolution) in the
Triticeae (43, 44) and corroborate phylogenomic
analyses that suggest that the D genome is a
product of homoploid hybrid speciation between
A and B genome ancestors >5 million years ago
(45). Although the potential for preexisting dif-
ferences needs to be considered, the preserva-
tion of gene copies in each of the A, B, and D
genomes provides evidence for their structural
autonomy, a likely consequence of independent
pairing during meiosis (46). A high degree of
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subgenome autonomy was also reflected in the
observed patterns of gene expression (see below).

We used two independent but complemen-
tary approaches to generate an order for the
many small contigs that comprise the chromo-
some arm assemblies (25). The GenomeZipper
approach (47) combines the syntenic conser-
vation of gene order in grasses (48) and the
known gene orders of fully sequenced grass
genomes (33-35) with high-density SNP-based
genetic maps (21, 49) to create a virtual gene order
in wheat. The number of genes anchored per chro-
mosome (chr.) ranged from 2125 (chr. 6B) to 4404
(chr. 2D) (Table 1). Overall, the GenomeZipper
inferred positions of 21,221, 22,051, and 22,813
genes, respectively, in the A, B, and D genomes.
To complement this, the POPSEQ approach (50)
was used to build an ultradense genetic map
comprising 13.3 million SNPs identified after
shallow-coverage whole-genome sequencing of
90 doubled haploid individuals of the synthetic
W7984 x Opata M85 population (57). This map
assigned a partially overlapping set of 17,297,
21,101, and 17,997 HC genes, respectively, to the
individual chromosomes of the A, B, and D ge-
nomes. The POPSEQ genetic map showed concor-
dance with the gene assignments to flow-sorted
chromosomes (99.4%) and the GenomeZipper
(99.8%). The two inferred gene orders along chro-
mosomes were also largely collinear (Spearman’s
correlation coefficient = 0.85). From both an-
chored data sets, we were able to position a non-
redundant set of 75,183 HC genes on the 21
chromosomes of bread wheat by genetic map-
ping and/or syntenic conservation.

Gene duplication is frequently observed in plant
genomes, arising from polyploidization or through
tandem or segmental duplication associated with
replication (52). For each wheat chromosome, the
percentage of genes that have undergone lineage-
specific intrachromosomal duplication was deter-
mined with OrthoMCL (53). By using the HC1
genes, we estimated that between 19.1% (chr. 7B)
and 29.7% (chr. 2B) (23.6% average for all chro-
mosomes) of the genes are duplicated on each
chromosome (25). Comparison of the number
of duplicated genes identified by this analysis

for chr. 3B (25.3% of HC1 genes) with the 3B
reference pseudomolecule (37% duplicated genes)
(23) indicated that we are likely underestimating
the number of duplicated genes. This is due to
the fragmented nature of the assemblies obtained
from whole-genome or chromosome-shotgun se-
quences that collapse highly conserved duplicates.
No significant differences in the proportion of
duplicates were observed between the three sub-
genomes (x> test, x* = 3.8, P = 0.15).

For each chromosome, an average of 73% of the
duplicates are located on one of the chromosome
arms, suggesting that they may be tandem dupli-
cates that arise through unequal crossing-over
and replication-dependent chromosome break-
age (54) or through the activity of transposable
elements. When compared with the percentage
of intrachromosomal duplicates found in rice,
sorghum, barley, maize, and foxtail millet (17 to
20%) (27, 33-35, 55, 56), the proportion of gene
duplications in wheat was significantly higher
(Fig. 2D; Tukey’s honest significant difference,
pairwise P < 0.007).

Comparisons with related species

‘We assembled sequence data from seven species
related to progenitors of the bread wheat A, B,
and D subgenomes (25). Illumina whole-genome
sequence data and assemblies were generated from
two tetraploid wheat cultivars (AABB) T. turgidum
‘Cappelli’ (originating from Italy) and 7. turgidum
‘Strongfield’ (originating from Canada) as well
as from the diploid genome of Ae. speltoides
(SS). These data were combined with whole-
genome sequence data from T. urartu (AA"™)
16), T. monococcum (AA™™), Ae. tauschii (DD)
(17), and Aegilops sharonensis (SS°S™). For the
unannotated genomes of 7. turgidum, T. monococ-
cum, Ae. speltoides, and Ae. sharonensis, pro-
teins of annotated grass genomes (27, 33, 35, 57)
and T. aestioum gene models were projected on
the sequence assemblies.

Genes and gene families in the hexaploid,
tetraploid, and diploid genomes were then com-
pared to assess the dynamics of gene retention
or loss after polyploidization and to define the
core wheat genes. When comparing the sizes of
gene families in Ae. tauschii (17) and T. urartu
(16) diploid genomes with the individual subge-
nomes of hexaploid wheat (Fig. 3, A and B), we
found that gene loss mainly affected genes be-
longing to expanded families, consistent with pre-
vious observations (Z8). In contrast, singletons
(i.e., genes without paralogous copies within the
same genome) were not usually subject to gene
loss after polyploidization. Pronounced variations
of gene copy retention or loss patterns were ob-
served depending on the gene family considered.

Highly similar gene retention rates were found
for all bread wheat subgenomes in comparison to
Ae. tauschii and T. urartu [0.91 (A), 0.94 (B), and
0.89 (D) versus Ae. tauschii and 0.91 (A), 0.96 (B),
and 0.91 (D) versus 7. urartu] (Fig. 3, A and B).
The extent of gene loss in the D subgenome, the
most recent addition to the hexaploid genome,
appeared slightly lower than the more ancient
A and B subgenomes. Thus, as observed for
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the gene content and structural similarities be-
tween individual chromosome arms, we found
no evidence for a gradual gene loss induced by
polyploidization. This may indicate that gene loss
occurred rapidly after polyploid formation, fol-
lowed by stabilization of gene content consistent
with observations in newly created polyploids
(58, 59) and gene retention in cotton (60).

We conducted a clustering analysis of gene
families and determined the number of genes in
the bread wheat subgenomes that have an or-
tholog in the genomes from the A genome lineage
(T. urartu and T. monococcum), the closest known
relatives for the B lineage (de. sharonensis and
Ae. speltoides), the D lineage (de. tauschit), as
well as in the tetraploid 7. turgidum genome
(Fig. 3C). We found that the A, B, and D subge-
nomes contain very similar proportions of genes
(60.1 to 61.3%) with orthologs in all the related
diploid genomes. We also estimated the contribu-
tion of unique genes of the three subgenomes to
the bread wheat genome. Because the absence of
a particular gene in a single species could be due
to incomplete sequence coverage or assembly er-
rors, only lineage-specific gene family absence was
considered in the analysis. Only a small fraction of
the genes (1.3 to 1.7%) were specific to the A, B, or
D lineages, demarcating the likely upper estimate
of unique genes or gene families added to the
bread wheat gene complement by the individual
subgenomes.

High sequence similarity between genes in
the bread wheat subgenomes impedes efficient
marker development and the identification of
nonsynonymous sequence variations that can
potentially affect gene or protein functionality.

Number of gene families
A
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D
N QOO LD
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‘We delineated single-nucleotide variations (SNVs)
between the bread wheat genes and the diploid
and tetraploid related genomes and reconstructed
phylogenetic relationships by using unrooted par-
simony (Fig. 4A) (25). In total, 11,435 SNVs within
6498 genes were specific to bread wheat and
thus have likely been introduced after the sec-
ond polyploidization event. Although most rela-
tionships support the known phylogeny of wheat,
Ae. sharonensis was placed closer to the bread
wheat D subgenome and Ae. tauschii than to Ae.
speltoides and the B genome branch. This sug-
gests that the Sitopsis group, which includes Ae.
sharonensis and Ae. speltoides, is deeply furcated
and related to both D and B genome branches.

The potential impact of all SNVs detected on
proteins was measured by using Grantham amino
acid substitution matrix scores (25, 61). Most of
the substitutions (80.8%) in gene sequences were
conservative or moderately conservative and were
randomly distributed across all chromosomes.
However, bread wheat genes contained a higher
proportion of substitutions with a predicted large
impact on the protein functionality (i.e., moder-
ately radical and radical changes) compared with
their closest diploid or tetraploid relatives. This
points to gene redundancy in hexaploid bread
wheat enabling accelerated sequence evolution
and potentially the evolution of novel protein
functions.

We used the bread wheat gene annotation to
analyze the introduction of likely premature
stop codons in diploid and tetraploid related ge-
nomes as a measure for the rate and degree of
pseudogenization (Fig. 4B). Using only the highest
confidence genes (HCI), 290 (1.6%; T. turgidum A
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T. urartu gene family size
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]l 3.5% ]l 0.9% ]l 1.3%

61.3%

Core genes
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Fig. 3. Gene conservation and the wheat pan- and core genes. (A and B) Relationship between gene
family sizes in diploid Ae. tauschii (A) and T. urartu (B) and each subgenome of hexaploid bread wheat
(colors as in Fig. 2A). Boxes visualize the lower and upper quartiles of gene family sizes. Color intensity
indicates the number of gene families in the respective bin. The black line shows a 1:1 gene copy number
relationship for bread wheat, Ae. tauschii, and T. urartu, and colored lines show the regression fit for
observed gene family size in the wheat subgenomes. (C) Percentages of genes of the bread wheat
subgenomes that show significant sequence similarity to other genomes: Core genes correspond to genes
with hits to all subgenomes as well as to T. turgidum and all diploid related progenitor genomes; shared
genes—T. aestivum are genes with hits to any other T. aestivum subgenome but not to T. turgidum or any
of the closest diploid relatives; shared genes—T. turgidum correspond to genes with hits to T. turgidum but
not to any of the closest diploid relatives; shared genes-lineage, with hits to the subgenome’s closest
relative genome but not to T. turgidum or any of the other closest related genomes.
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genome versus 7. aestivum A genome) to 636 (3.6%;
Ae. sharonensis versus T. aestivum D genome)
gene loci had characteristics of pseudogenization
in the respective related diploid genomes com-
pared with the respective bread wheat A, B, and
D subgenomes. Most of these likely pseudogen-
ized loci were specific to the respective genomes,
although overlapping candidate pseudogenized
loci were also observed. However, the numbers
of genes in these categories were small, ranging
from 0.1 to 0.7%. Similar inferred pseudogeniza-
tion rates were found in the A and B subgenomes
of T. turgidum [290 (1.6%) in the A genome and
395 (2.0%) in the B genome, respectively], indi-
cating no preferential pseudogenization or gene
loss in any of the subgenomes. The number of
pseudogenes observed in the D genome was sim-
ilar to that of the A and B subgenomes and their
diploid relatives, suggesting a rapid elimination
process for pseudogenes. These findings are con-
sistent with those from other plants, notably among
Arabidopsis ecotypes (62), and smaller-scale anal-
ysis of pseudogenization dynamics within the
bread wheat genome (63).

Earlier studies showed a high degree of gene
sequence similarity between A, B, and D bread
wheat subgenomes and their related diploid spe-
cies (6). We analyzed the sequence conservation
in bread wheat chromosomes compared to their
diploid and tetraploid relatives to test for inter-
genomic translocations or introgressions (Fig. 4C).
The sequences of genes were highly conserved,
exceeding 99% identity, between the hexaploid
subgenomes and their respective diploid relatives.
High levels of conservation, averaging 97%, were
also found between the A, B, and D lineages.

No gradients in sequence conservation were
apparent along the chromosomes for the most
closely related genomes. However, when compar-
ing more distant genomes (e.g., T. aestivum D ge-
nome versus 7. urartu), higher levels of sequence
conservation were observed in genes located in
proximal, pericentromeric, and centromeric re-
gions. These results are consistent with findings
for the 3B pseudomolecule analysis that demon-
strated a partitioning of the chromosome with
variable telomeric regions and a more conserved
central chromosomal region (23). The most pro-
nounced deviation in gene sequence similarity
from the overall distribution is found for chr.
4A, which has undergone a recent inversion and
translocations from chrs. 5A and 7B (41, 42)
(Fig. 4C). Other, smaller regions showing altered
similarity profiles were also observed on other
chromosomes (e.g., chrs. 2A and 7B) (25) sug-
gesting the presence of further small transloca-
tions or introgressions that may have occurred
after hybridization.

Hexaploid genome phylogeny

To further test the relatedness of the A, B, and D
subgenomes across the entire wheat genome, we
used syntenic gene alignments to estimate max-
imum likelihood phylogenetic trees. We obtained
2269 trees and analyzed them for topological
variation. Across all chromosome groups, 40, 35,
and 25% of the gene phylogenies supported AD,
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BD, and AB as the closest pairs, respectively.
This genome-wide observation supports previ-
ous findings of discordant phylogenetic signals
within Aegilops and Triticum genera (6, 43, 45).
Some variation in genome relationships was
found among chromosomes: On group 4 chro-
mosomes, most gene trees supported BD as
closest pairs, whereas group 5 chromosomes
had similar numbers of AD and BD topologies
(AD = BD > AB). Distribution of variation in
phylogenetic signals across homeologous chro-
mosomes can help to better understand the na-
ture of the evolutionary processes underlying
such phylogenetic incongruence. Under incom-
plete lineage sorting and stochastic coalescence,
levels of phylogenetic incongruence will be cor-
related with recombination rates, whereas single
introgression events and limited recombination
are expected to generate local chromosome blocks
of homogenous phylogenetic signals. We used
the inferred gene orders from the GenomeZipper
to test for nonrandom distribution of phyloge-
netic signals along chromosomes. We were un-
able to consistently identify block structures larger
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than would be expected by chance. However, it
is possible that the limitations of the inferred
gene order hamper the ability to detect such
patterns.

Gene expression

Our study did not reveal any pronounced bias in
gene content, structure, or composition between
the different wheat subgenomes. In paleopolyploid
maize and soybean, transcriptional dominance
of genes derived from one progenitor genome
has been described (64-66). Previous analyses
have shown that rapid initiation of differential
expression of homeologous wheat genes occurs
upon polyploidization with a predominantly ad-
ditive mode (13, 67). Sets of homeologous wheat
genes with only one copy present in each of the
subgenomes (triads) were used to test for differ-
ential expression at a genome-wide scale. Ex-
pression correlations were calculated for 6219
triads (18,657 genes) by using RNA-seq data from
five organs (leaf, root, grain, spike, and stem)
(Fig. 5A) (25). Whereas root-derived expression
clustered separately, genes expressed in stem,

leaves, grain, and spike clustered in a subgenome-
specific manner. This indicates that the indi-
vidual subgenomes exhibit a high degree of
regulatory and transcriptional autonomy, with
limited trans (inter-subgenome) regulation (68).
At a global level, the overall pairwise expression
correlation between subgenomes was very similar
(Fig. 5B), and no evidence for genome-wide tran-
scriptional dominance of an individual subge-
nome was observed.

By using hierarchical cluster analysis, we ag-
gregated expressed genes into 13 distinct groups.
These groups show predominant expression in
particular organs (e.g., groups III and XIII in
Fig. 5A) or in one of the subgenomes (e.g., groups
II, IX, and X in Fig. 5A). Pairwise comparisons
of individual expressed homeologous genes in
the groups revealed abundant transcriptional
dominance from specific subgenomes (Fig. 5B).
Overall, 1333 (21%) of the homeologous gene triads
showed an expression bias in one of the pairwise
comparisons, and we detected a similar number of
preferentially transcribed genes (378 to 393) in
each subgenome (permutation test; P < 0.05).
For the individual transcriptional groups, how-
ever, between 2% (groups I, IV, and V) and 20%
(groups II and VI) of the genes were found to be
transcriptionally dominant.

These patterns of gene expression across the
three genomes contrast with patterns of gene ex-
pression reported in allopolyploid cotton (69, 70);
mesopolyploid Brassica rapa (7I); synthetic allo-
tetraploid Arabidopsis (72); and the paleopolyploid
maize genome (64), where one of the genomes
is more transcriptionally active than others. The
apparent autonomy of the three wheat subge-
nomes may be explained by the relatively recent
polyploidization. It may also be related to reg-
ulatory mechanisms that control the transcrip-
tional interplay of homeologous genomes to
balance expression of individual and groups of
genes. While maintaining subgenome-specific
expression profiles, a high degree of orchestration
and functional partitioning between homeologous
genes was also reported in grain development of
bread wheat (68) and has been attributed to the
rapid evolution of cis elements coupled to epi-
genetic mechanisms controlling gene expression
(68, 73, 74).

Gene family size variation

The relationship between genes important to
wheat adaptation, disease resistance, and end-
use functionality in hexaploid wheat and its
diploid relatives was examined for signs of adap-
tive evolution. These analyses identified three
distinct patterns: gene expansion, gene loss, or
independent gene evolution that may or may
not include expansion or loss. In some cases,
such as the genes containing a NB-ARC domain
characteristic of many plant disease-resistance
genes (75), we observed an expansion within a
single subgenome (Fig. 6A). Indeed, a substantial
expansion in Ae. tauschii, compared with the
other diploid species and the D genome of hexa-
ploid wheat, is consistent with the rich reservoir
of disease-resistance genes known in this species
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(17). In genes coding for the cysteine-rich gliadin
domain, a functional domain characteristic of
storage proteins, we observed a similar number
of genes in all diploid genomes (except 7. monococ-
cum) that is higher than the number of genes
found in each of the three hexaploid wheat sub-
genomes (Fig. 6B). This may indicate that gene
loss occurred in hexaploid wheat and that there
is a trend for the gliadin gene family to maintain
some homeostasis with a similar global number
of genes in polyploid and diploid wheat. In other
cases, the patterns observed suggested indepen-
dent evolution of gene families within the different
genomes and subgenomes of wheat. This was seen
for genes associated with abiotic stress tolerance.
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For example, for genes encoding the Apetala2
(AP2) DNA binding domain, associated with
drought, heat, salinity, and cold stress-tolerance
responses, we observed fewer AP2 genes in the
A and D genomes of Chinese Spring compared
with the diploid relatives or the B subgenome
(Fig. 6C). Likewise, genes coding for MYB tran-
scription factors, which have also been involved
in abiotic stress response in plants (76), were
underrepresented in the A subgenome of hexa-
ploid wheat and 7. monococcum, whereas a higher
frequency was observed in Ae. tauschii (17) and
T. urartu (16) (Fig. 6D).

In contrast, there was no evidence of expan-
sion or loss of genes underlying phenology, such
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expression between homeologous genes (averaged across organs). Top graphs depict the distributions
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A Ta B
AAT AAw AAT
400
00
Tao0 gshgsh Tao0
DD Ta®® DD
Ss
D Ta* E
AAT AAw AAT
80
160
Talo 140 Sshgsh Tal?
DD Ta®® DD
SS

TaM c TaM
AAw AAmm AAw
8 80
40
Sshssh TaDD 0 Sshss?‘
Ta®® DD Ta®®
SS SS
Ta F TaM
AAw AA™ AAw
8 4
4
O Sshssh TaDD Sshss?‘
Ta®® DD Ta®®
SS SS

Fig. 6. Sizes of selected gene families and protein domains among hexaploid wheat and diploid
relatives. (A) NB-ARC domain, (B) cysteine-rich gliadin domain, (C) AP2 domain, (D) MYB domain,
(E) Vrnl (MADS-box/K-box domain), and (F) Ppd (photoperiod response regulator/CCT domain).

1251'788-8 18 JULY 2014 » VOL 345 ISSUE 6194

as the vernalization (I/rnI) and photoperiod re-
sponse regulator (PpdI) genes that differentiate
spring and winter growth habits and sensitivity
to day length, respectively. Similar numbers of
genes were found in the diploids and hexaploid
subgenomes coding for the two functional do-
mains of Vrnl, a MADS-box and K-box domain
(77) (Fig. 6E), and for genes containing the re-
sponse regulator domain and CCT motif typical
of cereal Ppd genes (78) (Fig. 6F). We identified
an additional copy of a VrnlI-like gene in the
hexaploid Chinese Spring A and D genomes
and T. urartu (16) when compared with the re-
maining diploid species. An additional copy of
a PpdI-like gene was also identified in the Chi-
nese Spring B genome relative to Ae. sharonesis
and Ae. speltoides (Fig. 6F). Although only small
differences were observed, small increases in
copy number variation of Vrn-AI (A genome)
and Ppd-Bl (B genome) have been associated
with longer periods of vernalization to potenti-
ate flowering and an early flowering day neutral
phenotype, respectively (79). Thus, the relative
distribution of such patterns in ontology of these
two genes is likely to reflect important factors
that have allowed wheat to adjust its flower-
ing time to adapt to a range of environmental
conditions.

Molecular markers

Wheat improvement relies in part on the use of
molecular markers to improve selection efficien-
cies and to allow the precise transfer of genes
and QTL between different genetic backgrounds.
To enhance the CSS as a genomic resource for
the wheat genetics and breeding community, we
anchored all publicly available DNA markers
that are routinely used for genetic mapping and
marker-assisted breeding in wheat. Because the
majority of these markers are anchored to pheno-
typic maps, anchoring them to the CSS allows
immediate association of CSS to traits targeted
by breeders. In addition, insertion site-based poly-
morphism (ISBP) and SNP markers identified from
recent whole-genome shotgun and transcriptome
sequencing (19) and genotyping by sequencing
(GBS) tags identified by using DArTSeq (Diversity
Arrays Technology, Bruce, Australia) technology
were also anchored. In total, over 3.6 million
marker loci were anchored to the CSS, includ-
ing 1,347,669 marker loci and 2,310,988 SNPs
(Table 5).

Most marker types showed a distribution gra-
dient across subgenomes, with the highest num-
ber associated with the B genome chromosomes
and the lowest with the D genome, reflecting the
differences in the level of polymorphism in these
subgenomes. The proportions of ISBPs, SNPs de-
tected from cultivar sequencing and GBS tags
localized to the D genome ranged between 9.3
and 12%, with the lowest numbers mapping to
the group 4 chromosomes (Table 5). Two hundred
and ninety-two of 1867 simple sequence repeat
(SSR) loci were successfully anchored to the CSS
survey sequence. This low number is not surpris-
ing, given that these loci derive from repetitive AT-
and GC-rich sequences that may be collapsed or
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Table 5. Number and type of molecular markers mapped on individual chromosomes of the bread wheat genome.

Bin mapped

Genomic DArT Cereals 90K iSelect DArT

Genic Intergenic

ESTs EoTSSRS "gope Probes DB SNPs(87) Seq '°BPS  SNPs  SNPs z
Queries 18,771 2,926 1,867 7552 7228 81,987 29,375 Derived from cultivar sequencing -
Mapped queries 16,876 2435 282 5,228 5136 80,820 18,515
1A 1,325 156 8 414 479 13,093 1,371 68,074 13,980 127663 226,563
2A 1,614 257 28 356 544 17502 1,378 84440 18,349 148,204 272,672
3A 1,136 75 14 252 302 12,172 1,008 44,740 10,770 94,975 165,444
4A 1,766 266 27 331 357 14,043 1,530 39483 10,367 86,543 154,713
5A 1,189 155 46 256 343 13,099 893 62,193 12,624 115,085 205,883
6A 1,150 132 63 418 421 12,072 1127 60,169 15,884 110,850 202,286
7A 1,240 146 120 321 326 13,168 1,474 71,597 15,516 154,748 258,656
z genome 9,420 1,187 306 2,348 2,772 95,149 8,781 430696 97490 838,068 1486,217
1B 1,379 226 15 378 618 13,776 1,846 66,994 14,447 131,682 231,361
2B 1,810 367 39 466 606 18,352 2,557 90,852 23,958 162,335 301,342
3B 1,845 188 29 406 444 14,471 2,294 108810 22,032 208,306 358,825
4B 1,401 188 42 278 294 11,019 856 36,937 7506 59,175 117,696
5B 1,91 343 86 399 527 17,087 2,112 84,179 21,389 159,359 287392
6B 978 43 139 320 313 12,448 1171 65,982 11,974 130463 223,831
7B 999 107 151 270 205 11,635 1123 72,307 10,997 136,932 234,726
z Senome 10,323 1,462 501 2,517 3,007 98,788 11,959 526,061 112,303 988,252 1,755,173
1D 1,165 149 13 378 380 12,093 660 17,366 5,004 36,457 73,665
2D 1,309 199 22 414 331 16,978 609 19,532 6,745 34,967 81,106
3D 854 104 14 428 151 11,699 420 10,920 1,403 18,078 44,071
4D 1,221 239 27 245 196 10,198 307 10,097 1,108 13,249 36,887
5D 1,584 408 78 400 289 13,308 488 13,629 3,682 22,957 56,723
6D 1,132 91 135 289 240 10,504 417 12,042 3,609 23,341 51,800
7D 1,461 230 139 862 243 12,826 767 18,174 3,969 34,344 73,015
z gDenome 8,726 1,420 428 3016 1830 87606 3668 101,760 25420 183,393 417267
p> 28,469 4,069 1,235 7881 7609 281,543 24408 1,058,517 235213 2,009,713 3,658,657

represented by uneven read coverage in Illumina
sequences (80).

Well over 70 DNA markers are routinely de-
ployed by breeders for agronomic, pest resistance,
and end-use quality, and most are available in
the public domain (http://maswheat.ucdavis.edu).
Anchoring of these to the CSS would facilitate
identification of SNP markers for development
of high-density marker maps, as a resource of
correlated markers, and to aid map-based cloning
of genes underlying important traits. In total,
we anchored 68 of these markers to 74: contigs in
the CSS. The application of the CSS in marker
improvement was demonstrated with the CAPS
(cleaved amplified polymorphic sequence) marker
Usw47, which is linked to Cdu-BI, a gene respon-
sible for reduced grain cadmium content in tetra-
ploid wheat (81, 82). Although Usw47 is routinely
used in marker-assisted selection, it is not amen-
able to high-throughput genotyping. Alignment of
the Usw47 sequence against the CSS mapped it
to contig 5BL-10759151. This and eight neigh-
boring contigs in the GenomeZipper contained
33 SNP markers, of which 5 were polymorphic
in a doubled haploid mapping population used
previously to localize Cdu-B1. Of the five SNP
markers, two co-segregated, and the remainder
flanked the gene by a single recombination event.
These SNP markers can be readily implemented
now in a high-throughput fashion to select for
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reduced grain cadmium content within breeding
programs.

Conclusion

We present the ordered and structured draft
sequence of the bread wheat genome as well as
a comparison between eight related wheat ge-
nomes. We defined a gene catalog for each of the
21 bread wheat chromosomes and positioned
more than 75,000 genes along the chromosomes
by using a combination of high-density wheat SNP
mapping and synteny to sequenced grass ge-
nomes. In contrast to other species (83), poly-
ploidization events in wheat did not cause a
“genome shock” with subsequent rapid genome
changes or functional dominance of one sub-
genome over the others. Intraspecific compara-
tive analyses revealed a dynamic wheat genome
with a high level of plasticity and a changing
gene repertoire shaped by gene losses and gene-
family expansions in all wheat genomes and sub-
genomes, with only a few species-specific genes.
Through interspecific comparisons, we observed
a higher abundance of intrachromosomal gene
duplications in wheat compared with other grass
genomes, which may be a mechanism for func-
tional adaptation and underlie the global suc-
cess of wheat as a cultivated crop.

The detection, chromosomal assignment, and
description of a large proportion of the gene

complement of bread wheat and their positional
assignment on chromosome arms is a major
milestone in facilitating the isolation of genes
underlying agronomically important traits, pro-
viding a reference for future integration into
systems biology, and improving wheat breeding
efficiency. Already, the resources developed in this
work have been used to support the analysis of
selected wheat chromosomes (20, 41, 84-86).
Last, as demonstrated by the completion of
the reference sequence for chr. 3B (23), this
draft genome sequence and complementary re-
sources will support the assembly and annotation
of the physical map-based reference sequen-
ces for the 21 bread wheat chromosomes.
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Abstract

Background

The bread wheat genome has massively expanded (17 Gb) through the proliferation of transposable
elements and two recent rounds of polyploidization. The assembly of a 774 Mb reference sequence
of wheat chromosome 3B provided us with the opportunity to explore the impact of transposable
elements (TEs) on the complex wheat genome structure and evolution at a resolution and scale
never reached so far.

Results

We developed an automated workflow (called CLARI-TE) for TE modeling in complex genomes. We
delineated precisely 56,488 intact and 196,391 fragmented TEs along the 3B pseudomolecule,
accounting for 85% of the sequence, and reconstructed 30,199 nested insertions. TEs are mainly
silent since ca. 1 My and the actual 3B chromosome was shaped by a succession of bursts that
have occurred between 3 to 1 Mya. Accelerated TE elimination in the high-recombination distal
regions appeared as a driving force towards the chromosome partitioning. CACTAsoverrepresented
in the high-recombination distal regionswere found to be significantly associated with recently
duplicated genes. In addition, we identified 140 CACTA-mediated gene capture events with 17
genes potentially created by exon shuffling and show that 19 captured genes are transcribed and

under selection pressure, suggesting the important role of CACTAs in the recent wheat adaptation.
Conclusion

Accurate TE modeling allowed us to decipher the dynamics of TEs in a highly complex and
polyploidgenome. It provides novel insights into chromosome partitioning and highlights the role of

CACTA transposons in the high level of gene duplication in wheat.
Keywords

Transposable elements, wheat, annotation, genome evolution, gene duplication, CLARI-TE, CACTA



Background

First discovered in maize [1], transposable elements (TEs) are ubiquitous components of almost
every eukaryotic genome investigated so far and their impact on genome structure and evolution is
now well established (for review [2]). Two classes of TEs have been defined: Class lor
retrotransposons that use the element-encoded mRNA as a transposition intermediate, and Class Il
or DNA transposons that excise from their insertion site and transpose through a DNA
intermediate.Among sequenced plant genomes, the TE abundance ranges from 20% in Arabidopsis
thaliana[3] to 85% in maize (Zea mays) [4]. Genome expansion is mainly mediated by the activity of
class | elements, while the content of DNA transposons is much more constant [5-7]. Furthermore,
TEsare non-randomly distributed along the genome due to insertions[8, 9]anddeletions[7, 10]that
trigger genome expansion/contraction. Hence, in rice (Oryza sativa) [11], sorghum (Sorghum
bicolor) [12] and maize, long terminal repeat retrotransposons (LTR-RTs) accumulate preferentially
in heterochromatin such as centromeric regions, and are less abundant in the recombinogenic distal
parts of chromosomes. The molecular mechanism responsible of the targeted integration of TE in
heterochromatin has begun to be understood[13]. A key component of the TE integration complex is
a chromodomain present at the C-terminal part of the element-encoded integrase in gypsyelements
[14] that drives preferential insertion by targeting specific chromatin modifications [15]. Deletion of
TEscan be attested by the identification of solo LTRs and truncated elements [6]. Presumably, solo
LTRs are formed by unequal intra-chromosomal homologous recombination between two LTRs of
an intact element [16]. In contrast, truncated elements are thought to be the outcome of illegitimate
(nonhomologous) recombination. In rice, 190Mb of LTR-RTs DNA have been removed recently by
these two processes, leaving a current genome of ~400 Mb that contains <100 Mb of detectable
LTR-RTs [17]. In sorghum and rice, DNA transposons are localized essentially in the telomeric
regions of the chromosome[11, 12]. However, no evidence for a direct relationship between genetic
recombination rate and DNA transposon abundance has been provided so far in plant genomes
[18]whereas it was observed in Caenorhabditis elegans[19]. A key aspect of DNA transposons is
their interaction with host genes [20]. For instance, they were shown to be involved in the creation of
new genes through “exon shuffling”. In maize, 60% of the 20,000 Helitrons contain captured gene
fragments [21, 22]. Similarly, in rice, 2809 Pack-Mutator-like elements (Pack-MULES) containing
host gene fragments were identified [23].

Identification of transposable elements in large and complex genomes is a daunting task, even in
high quality assembled genomes. As an example, since 2001, in the rice genome, the number of
MITEs discovered has steadily increased over time from 6641 to 179,415 [24-28]. A high-quality TE

prediction and annotation is essential to prevent mis-annotation of functional genes and to



understand the biology of genomes [29].Different strategies have been developed, including
similarity search against databanks of known TE sequences, de novo repeat detection, k-mer based
counting, and structural motif detection (for review [30]). Despite the development of many
dedicated bioinformatic tools, precise TE modeling in complex (>1 Gb) genomes, such as in wheat
or maize, is a tour de force. During the maize genome sequencing project (~2 Gh), TEs were
predicted with a variety of approaches: LTR-RTs and Helitrons were identified by structural criteria,
while the rest of the TEs were annotated by similarity with a library built by de novo detection [4].
One of the main limitationsto identify TEs, and especially large TEs (>5 kb), was the fragmentation
of the assembly with many gaps and a short median contig size (~7 kb).

The wheat genome is large and highly complex (17 Gb, allohexaploid 2n=6x=42 with 3 closely
related subgenomes AABBDD). Previous small-scale analyses revealed that the wheat genome is
composed of about 80% TE-derived sequences, mainly nested into each other and with a few
families representing 50% of the TE fraction [31].Early, manually curated-TE modeling has been
performed on selected BAC sequences during map-based cloning projects or using plasmid or BAC
end sequences [32-36]. At a larger scale, analyses of 18 Mb of long BAC contig sequences spread
along the 3B chromosome [31]led to precisely delineate 3222 TEs. Together with the public
Triticeae REPeat sequence database (TREP) (http://wheat.pw.usda.gov/ITMI/Repeats/), this
provided a representative high quality reference library of wheat TEs. Beyond the identification of
TEs, the reconstruction of the nested insertion pattern isa computational challengewhich

requiresfine tuning of dedicated algorithms and knowledge of TE structure and evolution.

Recently, a number of genome scale sequences were produced from different wheat genome.
Whole genome shotgun sequencing, using short read sequencing technologies have been
produced from bread wheat and from diploid species related to the homoeologous A and D
genomes [37-39]. While these have been useful to characterize the gene space, the assemblies
were highly fragmented and therefore had only limited value to study TEs. Moreover, they do not
provide sufficient sequence contiguity to assemble pseudomolecules precluding the analysis of any
TE feature distribution along a chromosome. To obtain a reference genome sequence of bread
wheat, the International Wheat Genome Sequencing Consortium (IWGSC; www.wheatgenome.org)
has established an approach based on flow sorting of individual chromosomes and the construction
and sequencing of chromosome-specific physical maps. Recently, we produced a pseudomolecule
for the largest wheat chromosome (3B) which represents 774 Mb, carrying 7,264 genes and 85% of
TE-derived sequences[40]. Gene annotation and comparative analyses indicated that chromosome
3B and the wheat genome in general [41]carries a higher number of genes than related grass

species. Moreover, the results showed that about35% of the 3B genes shares similarity with genes
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located on non-orthologous chromosomes in other grasses[40]. These 'nonsyntenic' genes likely
originate from interchromosomal duplications triggered by diverse mechanisms such as double

strand break repair or TE mobilization.

In this study, a strategy dedicated to TE-modeling in complex genome was developed to decipher
the complex organization of TEs along a wheat chromosome. Analyses of the distribution of the
abundance, diversity and dynamics of TEs revealed a striking partitioning of the chromosome as
observed for other features on chromosome 3B [40]. In addition, we observed a massive
amplification of CACTA DNA transposon compared to other related grass species with a significant
association between some CACTA families and recently duplicated genes, suggesting a role

forCACTA transposons in gene duplications, gene capture, and genome plasticity in wheat.



Results

An improved procedure for predicting TE models and their nested pattern in a

complex genome

Predicting TE features in complex genomes where repeated elements represent more than 80% of
the sequence remains a computational challenge, and obtaining a high quality annotation still
requires manual curation. Typically, TE prediction is performed by similarity search with a set of
known TE sequences.A major prerequisite to achieve a high quality annotation is the availability of a
curated TE reference library. This is essential to identify most transposons via similarity search-
based approaches and to restrict the de novo detectionof repeats to the unassigned portion of the
genome sequence. In wheat, two curated libraries dedicated to Triticeae (wheat, barley and rye)
transposable elements are available: the Triticeae REPeat sequence database (TREP), which
contains 1717 TEs representing 323 families, and an additional set of 3212 TEs manually annotated
in a previous pilot study of chromosome 3B[31]. For most of them, the borders of the mobile
element have been defined precisely and their completeness i.e., “complete element” versus
“fragmented element”,is also available. However, there are incongruences in the classification of the
TEsmost of them TEs were assigned a family name based on their best BLAST hit, which can lead

to an over-estimation of the family numbers[42].

To ensure a proper TE modeling of the 774 Mb of sequence from chromosome 3B, we first built a
classified TE library (ClariTeRep; see Material and Methods) using the 3050 complete TE
sequences from these two libraries. In total, 525 families, comprisingl to 266 copies each, were
clustered based on their sequence similarity. Among the families described in TREP, 40% (277/700)
have a 1-to-1 relationship with the ClariTeRep classification while the others were mostly
aggregated into a single family and, sometimes, split into different families. More than 80% of the
TREP families comprise 1 to 2 TE copies only versus 57% for ClariTeRep, confirming that the
similarity-based classification increases the number of families compared to the clustering-based

approach [42].

In the second step, we automated two things: (i) the correction of the TE prediction’s over-
fragmentation, i.e. the fact that a TE is not detected as a single feature but rather split into several
neighboring ones, and (ii) the reconstruction of nested TE insertions.To this aim, we developed a
program called CLARI-TE, which allowsmergingneighboring predictions that belong to the same
family (see Material and Methods).Then, nested clusters were automatically reconstructed by joining
remotepredictions belonging to a single element.We estimated the accuracy of the automated

annotation by analyzing a manually annotated sequence of ~1 Mb (scaffold v443_0137)containing
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196 TEs and 47 nested insertions, that was manually annotated for this purpose. We compared the
annotation produced by RepeatMasker (using ClariTeRep) to its improvement when using CLARI-
TE and other annotation pipeline, TEannot (part of the REPET package [43]) (Table 1). At the
nucleotide level, RepeatMasker correctly assigned ~90% of nucleotides which needed belong to
TEs, showing that our TE library is comprehensive enough to detect the vast majority of TEs in a
wheat genomic sequence.However, the 196 TEs were predicted as 590 separated features with
RepeatMasker, illustrating the over-fragmentation problem. The improvement was significant when
using both TEannot and CLARI-TE with the detection of 345 and 289 features, respectively (Table
1).CLARI-TEwas more accurate than TEannot in predicting the correct borders of the TEs
(sensibility: 66% vs. 45%, respectively) and inlimiting the number of false positives (specificity: 52%
vs. 27%, respectively).In addition, CLARI-TE was able to perform the reconstruction of nested
clusters much more accurately than TEannot (Table 1). The accuracy of nested insertion mining
was in fact highly dependent on the type of TEs: sensitivity and specificity were much higher for
gypsy and copia(53% and 68%, respectively) than for CACTAs (13% and 40%, respectively). This
suggests that CACTAs exhibit a higher level of sequence variability and that CACTA-typical short

tandem repeats limit our ability to identify them through fully automated procedures.

TE content and distribution along chromosome 3B

We used CLARI-TE to predict TE-models along the 833 Mb of chromosome 3B, sequence
corresponding to the 3B pseudomolecule [774 Mb] and unanchored scaffolds [59 Mb]), in order to
study the organization and dynamics of TEs along a wheat chromosome. In total, 523,233
RepeatMasker-detected features were combined with CLARI-TE to obtain a final set of 56,488
complete TEs (i.e. with 2 borders corresponding to the borders of a reference element) and 196,391
truncated or partially assembled elements. Thus, using CLARI-TE we are able to reduce the
fragmentation of the annotation by a 2-fold factor and detect the largest set of full-length TEs and
nested clusters ever observed on a plant chromosome so far. The number of large TEs (>5 kb) was
doubled (from 16,988 to 30,894)when using CLARI-TE. Moreover, 30,199 nested insertions were
reconstructed comprising up to 8 layers and 320 clusters larger than 100 kb (and up to 301 kb).
Overall, TEs represent 85% of the 833 Mb of chromosome 3B scaffolds, including the de novo
identification of 3% of previously uncharacterized TEs[40].We applied the same approach to
annotate the draft genome sequences of the A- and D-related diploid progenitors: Triticum urartu
(=3 Gb)[38]and Aegilops tauschi(~2.6 Gb)[39]. TEs account for 74% and 77% for the A and D
diploid genomesassemblies, respectively (Table S1).We also found a proportion of complete TEs of

12% and 11%, respectively, i.e. two times lower than on chromosome 3B (22%).



The annotation revealed that class | and Il TEs represent 67% and 18% of the 3B sequence,
respectively woth a vast majority of the chromosome is corresponding to LTR-RTs (529 Mb, i.e.
66% of the chromosome) (Table S1). Three superfamilies (gypsy: 47%, CACTA:16%, copia: 16%)
account for more than 79% of the total TE fraction(Figure 1A). This proportion of CACTAS is much
higher than in the other sequenced grasses: 3.2% in the maize[4], 4.7% in sorghum[12], 3.4% in
rice[11], and 2.2% in Brachypodiumdistachyon[44]. In the draft genome sequences of T. urartu, and
Ae. tauschii, we also found a higher proportion of CACTAS(15.6% and 12.3%respectively) (Table
S1), suggesting that most of the CACTAamplification occurred before the divergence of the A, B
and D genomes. Other DNA transposons are less abundant in terms of proportion but
somecorrespond to small size elements found in very high copy numbers. For example, 17,479
miniature inverted-repeat transposable elements (MITEs; clustered into 95 families) of, on
average,142bp, mostly from the Mariner superfamily, were detected along the 3B chromosome

sequence.

In total, 485 families were detected along the 3B chromosome with only 6 families representing 50%
of the TE fraction, and 143 representing 99% of the TE fraction (Figure 1B). The most abundant
element was the LTR-RT RLG_faml (Fatima)family with 7036 complete and 8003 fragmented
copies that account on their own for 12% of the TE fraction. Fifteen percent (74) of the families are
represented by a single copy element on the entire chromosome 3B sequence while 2% (7) have
amplified into more than 1000 copies. In contras to what was observed in maize, the majority of the
TE families are not single copy member families but have rather amplified at a medium copy
number (between 11 and 100) within this chromosome (Figure 1C). When calculating the distance
between each TE and its neighboring genes we observed that low-copy number families are
significantly closer to genes than highly repeated families (one-way anova, pvalues<4.5e™") (Figure
1D). Indeed, families with less than 100 copies were found to be significantly closer to genes than
families having more than 100 copies (Bonnferroni/Dunn test, pvalues<4e™).

Overall, the TE distribution along the chromosome is strongly correlated with that of the gypsy
elements (R=0.97) and is negatively correlated with the recombination rate (R=-0.82, pvalues<10e
19 (Table S2). The CACTA superfamily exhibits the exact opposite pattern, with a significant
increase of 23% in the distal regions (18-19%) compared to the proximal region (15%; Figure 2).
Similar to CACTASs, but at a lower level, class Il transposons Harbingers, hATs, Mariners, Mutators,
and Helitrons, are twice as abundant in the distal regions compared to the proximal region and their
distribution is strongly correlated with both the gene density (R=0.63) and recombination rate
(R=0.71).



The distribution of TE diversity,i.e. the number of different families per10 Mb, along the chromosome
was also investigated. It revealed a higher diversity in the distal regions (210 different TE families
per 10 Mb on average, max: 244 families within 10 Mb) than in the central part of the chromosome
(134 different families per 10 Mb; Figure S1). The diversity of DNA transposons increases by a 2.6
fold factor in the distal region compared to the centromere whereas the diversity in LTR-RTs is
homogeneous along the chromosome (106+/-7 families per 10 Mb) (Figure S1). It is worth noting
that the patterns of distribution of TE diversity and TE density are opposite. Thus, the increase in
the amount of TEs in the centromeric regions is due to the accumulation of several copies from the
same families.

Asegmentation analysis (see Material and Methods) of the TE density variations along the
chromosome showed the presence of five distinct regions. The two chromosome ends, representing
18% of the chromosome (63 Mb and 73 Mb on the short and long arms, respectively),exhibit the
lowest TE content (71%).The 122 Mb (16% of the chromosome region) encompassing the
centromere[40]has the highest TE content of 93%. Finally, the two core parts of the chromosome
arms (66% of the chromosome; 200 Mb and 316 Mb for the short and long arms, respectively)
exhibit an average TE content of 88%. The borders of the two distal TE-poor regions correspond

almost exactly to the regions (R1 and R3)defined by the recombination pattern in [40].

Uneven distribution and impact of TEs on the evolution of the chromosome structure

To investigate the evolutionary dynamics of LTR-RTs in chromosome 3B, we estimated the insertion
dates of 21,619 intact copies. We analyzed the distribution of insertion dates of individual copies for
each of the 43 families with at least 20 copies in order to retrieve a family-specific burst date and
period of activity (Figure 3A). It revealed that 93% of the TE bursts occurred between 1 and 3 MYA
(Figure 3B), confirming at the whole chromosome scale, that TE amplification has been generally
slowed down for the last 1 MY[31]. The active transposition periods (Figure 3B) lasted from 1 to 3
MY and correspond to a succession of bursts every 40,000 years on average. This indicates that
the wheat genome has been shaped by successive waves of TE activation quickly followed by
silencing. Indeed, 69% of the families were estimated to have been active over periods ranging from
1.5 to 2.5 MY. Only a few families were active for a longer period of time, suggesting they have
escaped silencing. Not surprisingly, the intensity of the burst was negatively correlated with the
amplification period (R=-0.4, pvalues=0.007), suggesting that the higher the level of activity the
faster the silencing was established.

In order to investigate the type of evolutionary forces that have shaped the chromosome 3B

structure, we studied the potential differences of chromosomal distribution of LTR-RT depending on
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their insertion date. Four different categories were defined based on the TE insertion at <1 MYA, 1-
2 MYA, 2-3 MYA, and >3 MYA (Figure 4). The analysis revealed that the gradual increase of the
LTR-RT proportion from the telomeres to the centromere is in fact explained by an
overrepresentation of ancient elements (>3 MYA). Indeed, no significant variation of the young (<1
Mya) LTR-RTs density was observed along the chromosome, whereas enrichments of 1.3, 2.3 and
2.8 fold were found in the proximal compared to the distal regions for classes 1-2 MY, 2-3 MY, and
>3 MY, respectively. These results suggest that new TE insertions occur at a similar rate along the
chromosome and, consequently, that the gradient observed is due to a higher rate of elimination in
the recombinogenic distal regions.

One of the prevalent mechanisms for LTR-RT elimination is the formation of solo-LTR through
ectopic homologous recombination between pairs of LTRs [16]. We detected 3,998 solo-LTRs with
target site duplication (TSDs) on the chromosome 3B pseudomolecule, revealing a ratio of solo-
LTRs to intact elements of 0.13:1, similar to what was observed previously in both wheat (0.14:1,
[31]) and maize (0.14:1 [42]) but much lower than in rice (1.39:1; [42]). The second mechanism
involved in TE turnover is illegitimate recombination that generates truncated TEs. A ratio of
truncated to intact elements of 3.5:1 was found on the pseudomolecule, which is higher than the
0.5:1 ratio estimated previously for chromosome 3B [31]. This is mostly because of a higher number
of gaps found in the assembly of the pseudomolecule versus a few BAC contigs whose sequence
was completely finished that lead to predict intact elements as truncated. A higher ratio of truncated
versus intact elements (27:1) was estimated in maize due to an even higher number of gaps,
especially in LTR-RTs, in a sequence that was mostly aimed at completing the gene space [45].
Nevertheless, given that the assembly quality is homogeneous along chromosome3B, local
variations of the truncated to intact ratio is investigated. It revealed a pattern very similar to the ratio
of solo/intact elements (Figure S2) with a significant increase in the telomeric regions compared to
the proximal region (one-way anova, pvalue<0.001), again suggesting a faster TE turnover in the
recombinogenic regions. Hence, the proportions of both solo-LTRs and truncated LTR-RTs is
correlated with the recombination rate (R=0.41 and R=0.56, respectively; pvalue<0.001).

Preferential insertion of large TEs could also play a role in the observed uneven distribution, since
chromodomain-containing integrase of LTR-RTs could specifically target heterochromatin [13].
Among the 68 gypsy families identified on the 3B pseudomolecule, 7 encode a chromodomain-
containing integrase and their distribution is biased with an increase in the proximal region(Figure
S3). The abundance of gypsysharboring a chromodomain increases by 80% in the proximal region
while gypsy without chromodomains increase by 20%, suggesting that chromatin affinity during
transposition may also have contributed to this pattern.
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Impact of CACTA transposons on the evolution of the gene content through gene

duplication

Chromosome 3B carries at least 2,065 genes/pseudogenes that are nonsyntenic with the related
model grass genomes of B. distachyon, rice, and sorghum [40]. These genes originated from recent
interchromosomal duplications (after the divergence with Brachypodium, 39 MYA [44]) and have
preferentially accumulated in the distal regions of the chromosome. DNA transposon-mediated gene
capture, which has already been suggested in wheat [31], was investigated to estimate the
relationship between the increases of both CACTAs and duplicated genes in the distal regions. In
order to identify CACTA families significantly associated with the nonsyntenic genes, a hierarchical
clustering was applied on distributions of CACTA families (see Material and Methods; Figure 5A).
We identified two groups containing 22 and 6 families (out of 30 families) with opposite patterns.
The first group of 22 families was found to be overrepresented in the proximal region (e.g. Jorge
family), while the second one containing 6 families was more abundant in the distal regions (e.g.
Caspar family) (Figure 5B). Investigating potential site-specific insertion (within 50 bp around the
elements) did not show any preferential insertion site for any of these groups. In addition, the two
groups shared similar transposase domains. Distribution of subtelomeric-prone CACTAs was highly
correlated with the distribution of nonsyntenic genes (R=0.8). Then, we compared their frequency in
the close vicinity (+/-20 kb) of nonsyntenic versus syntenic genes (Figure 5C). It revealed that
subtelomeric-prone CACTAs was found to be 2x higher in the vicinity of nonsyntenic versus
syntenic genes. By contrast, no difference was observed for the centromeric-prone CACTASs. For
example, the DTC_fam5 (Vincent)exhibited a 6-fold increase in the promoter (5 kb upstream) region

of nonsyntenic genes compared to syntenic genes.

We detected 140 CACTA-mediated capture events involving 145 genes and 11 CACTA families
(see Material and Methods). The DTC_fam5 (Vincent) family accounted for 74% (104) of the cases.
Captured genes were smaller (average coding sequence (CDS) size 488 bp vs 1090 bp) and with
fewer exons (3.05 vs 4.11) than the average genes on chromosome 3B. Forty-six percent of them
exhibited a structure likely to be functional while the others were classified as pseudogenes. Using
expression data (RNA-Seq performed on 5 organs at 3 developmental stages each; [46]), we
showed that 26% (38) of the CACTA-captured genes were transcribed. The 145 gene copies
captured represent 121 different families of genes. Interestingly, we found two cases where the
same gene was captured twice by two different CACTAs. A putative 3'-5’ exonuclease encoding
gene is repeated in three copies of the DTC fam5 (Vincent) (TRAES3BF090200030CFD_t1,
TRAES3BF060400250CFD_t1, TRAES3BF060000130CFD_t1) and in seven copies of DTC_fam6
family (TAT) (TRAES3BF032300010CFD _t1, TRAES3BF032400050CFD _t1,
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TRAES3BF067500010CFD_t1, TRAES3BF077700050CFD_t1, TRAES3BF082000030CFD _t1,
TRAES3BF168400140CFD_t1, TRAES3BF182300010CFD_t1). The high level of conservation

between the captured segments suggests that these two families have recently exchanged DNA.

We were able to detect 17 (12%) captured genes that potentially originate from exon shuffling
involving 36 parental genes (see Material and Methods). Among them, 8 genes showed expression
in at least in one of the conditions analyzed. Then, we estimated the type of selection pressure
applied to those genes likely functional by estimating the dN/dS ratio (w) through sequence
alignment with their closest homolog in B. distachyon. It revealed that most of the captured genes
are under purifying selection, with a dN/dS ratio ranging from 0.2 to 0.6 (Figure 6). In contrast to the
w distribution observed for syntenic and nonsyntenic genes, we observed significantly larger
dispersion for the captured genes (Fisher test, pvalues<10®), which indicates a more relaxed
selection pressure on captured genes. In total, 19 captured genes (13%) were found to be

expressed with a dN/dS ratio lower than 0.4.

Based on our finding on the 3B chromosome, we estimated that to ~2500 CACTA-captured
gene/pseudogenes would be found at the whole genome scale, a range similar to the 1,194 genes
captured by Helitron in maize [21] and 2,809 by Pack-MULE in rice [23].
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Discussion

A fine-tuned strategy for delivering accurate TE models in a highly complex genome

Annotating TEs automatically and precisely in complex genomes is a challenge.However, a high-
quality TE annotation is necessary, not only for performing evolutionary analyses and better
understanding the impact of TES on genome organization and expression, but also to prevent mis-
prediction of genes with cellular function [29]. Here, we developed a strategy to overcome some of
the problems due to the over-fragmentation of the predictions usually observed during TE modeling
in large genomes. We used the knowledge accumulated during the past decades [31, 34, 36, 47] to
fine-tune our algorithm and automatically reconstruct nested clusters that can still be identified. With
CLARI-TE, we were able to predict a set of 56,488 intact TE on chromosome 3B. Half of the large
intact TEs (>5 kb) were initially predicted as several truncated fragments through similarity search,
revealing that for the time being curation is absolutely required to precisely delineate TEs in
complex genomes. Moreover, among the 21,165 insertions of LTR-RTs that were used to study the
dynamics of insertion/deletion along chromosome 3B, 30% were nested and, thus, would have been
missed without automated joining by CLARI-TE. The use of our program prevented biasing the data
towards recent TEs insertionsas usually observed in signature-based approaches [10, 42]. Finally,
with a curated TE library, this approach can be applied to any complex genomes (>50% TES) with
nested TEs.

The proportion of complete elements was lower than estimated previously in our pilot study on
selected BACs from chromosome 3B[31]: they represent 22% and 6% for LTR-RTs and CACTAs,
respectively, compared to 59% and 47% in theprevious manually curated annotation. Similar
observations have already been reported in maize where the ratio of truncated to intact elements
was estimated to 0.5:1 [48] while it was 27:1 in the annotation of the reference genome sequence
[45]. In both cases, the proportion of gaps, which is a reflection of the quality of the assembly, is the
main limiting factor. Indeed, there are still 40,459 gaps on the chromosome 3B pseudomolecule, of
which 57% were includedin a TE by CLARI-TE, while the others prevented from recovering the
surrounding TE structure. About 85% of the TEs surrounding a gap were annotated as truncated. In
addition, CACTAs are the largest wheat TEs (up to 30 kb), are highly variable, and contain tandem

repeated motifs, features that make them the most challenging superfamily to identify automatically.

Estimate of the TE composition or organization of complex genomes are highly dependent on the
reference TE library used as a basis for similarity search. In this study, similarity search-based
annotation led us to assign 85% of the 3B sequence to TEs. Then, a de novo repeat identification

allowed us to classify an additional 3% of the sequence to newly discovered repeats. Such a low
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value revealed that the ClariTeRep library is an almost exhaustive representation of the TE diversity
present on the 3B chromosome, suggesting that downstream analyses were not biased by a lack of
knowledge regarding the TE composition of the chromosome. Although the three homoeologous
wheat subgenomes share similar size and, thus, similar proportion of TEs, this proportion appeared
substantially higher on chromosome 3B than the 66% and 67% estimates obtained for the diploid
genomes of Triticum urartu (AA; [38]) and Aegilops tauschii (DD; [39]). Such a difference highlights
the strong impact of the methodology used to annotate TEs, rather than a biological significance.
This is supported by the results obtained after applying our TE modeling approach to these two draft
genome sequences and the finding that TEs represent 74% and 77%, respectively,
i.e.proportionsthat are closer to what we have found on 3B. The main difference is related to the
lack of knowledge regarding CACTASs in the reference TE library. Here, we predicted 2 to 3 times
more CACTAs than previously suggested (5.44 % forT. urartu, and 6.01 % for Ae. tauschii),
confirming the impact of the reference TE library on the biological interpretations.Finally, differences
of TE proportion found between the diploid genome and the chromosome 3Bis probably due to lack
of sequence in the A and D draft genome sequence.With an estimated size of 5.5 Gb and 5 Gb for
T. urartu[38]and Ae. tauschii[39, 49]respectively, TE should represent 80 to 82% of the genome,
considering that low copy DNA represent 1 GB of the genome [40].

TE organization and dynamics

The 774 Mb 3B pseudomolecule represents the largest chromosome sequence ever assembled in
one single piece. The uneven distribution of recombination rate, gene density, gene expression
pattern, and TEs along thechromosome highlighted a striking partitioning with five distinct regions: a
centromeric/pericentromeric region with the highest TE density and in which recombination is
suppressed; two subtelomeric regions with the lowest TE density and where recombination mainly
occurs; two internal parts of chromosomal arms with intermediate features[40]. Behind the static
view, the detailed study of TEs provided a dynamic view and novel insights into the evolutionary
forces that have shaped this partitioning. First, we observed that LTR-RTs are the main contributors
to the uneven distribution of TEs along the chromosome, a common feature of complex genomes
like the maize genome[45]. In contrast to other grass genomes where TEs have mainly transposed
recently, we found a major amplification period 1.5 MYA that has been followed by a period of
silencing from 1.0 MYA until now, confirming that the two hybridization events that led to hexaploid
wheat did not trigger massive activation of transposition. Previous study in wheat have observed a
TE transposition burst immediately after allopolyploidization [36, 50], but as suggest by Parisod et
al., it probably be a phenomenon restricted to specific TE families, and to mostly young active TE

populations[51]. In addition, the availability of 21,165 complete LTR-RTs allowed us to study the TE
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activity at a scale never reached so far, revealing that each family had its own period of activity
before being silenced after 1 MY on average. Thus, overall, the B genome has been shaped by a
succession of transposition waves from different families. Some of them escaping silencing rather
than by massive reactivation of all TEs simultaneously. Similar waves of amplification have already
been describe, such as in soybean [42], and are obviously observed in genome where LTR-RT

have not been quickly eliminated from their host genome.

The distribution of the TE insertion time along the chromosome showed an uneven pattern that is
mainly due to the differential location of old LTR-RTs (>3 MYA). In contrast, recently inserted
elements (<1 MYA) exhibited a much more even distribution suggesting that transposition occurred
at similar rate along the chromosome and that the decrease of TE density towards the telomeres
rather reflects a rapid elimination in the recombinogenic distal regions. Similar conclusions were
suggested for the sorghum [12]and maize [45] genomes, while for more compact genomes such as
the one ofArabidopsis, the enrichment of the centromeric regions in LTR-RTs has been explained
by a selection against the insertion of disruptive TEs in gene-rich regions [52]. Additional pieces of
evidence for the more rapid elimination of TEsat the chromosome ends were provided by the
overrepresentation of solo-LTRs and truncated LTR-RTs.This suggests that unequal homologous
recombination (generating solo-LTRs) and illegitimate recombination (generating truncated TEs) are
more frequent in the distal recombinogenic regions, as observed in rice [18]. In contrast to LTR-RTS,
the density of class Il DNA transposons increased in the distal regions and is positively correlated
with both the gene density and recombination rate. Such correlation was also observed in sorghum
[12] or maize [4] but not in rice [18]. Non-autonomous DNA transposons are well known to be
associated with genes [53, 54] and their role in the regulation of gene expression has been
suggested [8, 55]. In wheat, with the exception of CACTAs, DNA transposons are shorter than class
| elements and their insertion into gene-rich regions might be counter-selected at a lower frequency.
In addition, the faster TE turnover in the distal regions suggested above could also explain the
increase of the DNA transposon density in these regions as a simple consequence of the
compaction of the intergenic space that is mostly shaped by LTR-RTs. This differential deletion rate
may also explain the increased TE diversity. Such pattern was described in maize where the
centromere was perceived as an environment settled only by “individuals” the most adapted to
proliferate, creating a diversity-poor ecosystem [45]. Finally, preferential TE insertion appeared as a
potential driving force towards the partitioning of chromosome 3B with seven gypsy families having

a chromodomain-containing integrase [13]that significantly concentrate in the proximal region.
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Impact of CACTA transposons on gene duplication in wheat

DNA transposons represent 18% of the 3B chromosome sequence, which is the highest proportion
observed among the sequenced grass genomes so far. CACTAs are the main contributors
representing 16% while they only account for 2.2% to 5.9% in sorghum, rice, Brachypodium, maize
and barley[4, 11, 44, 56].This supports the hypothesis that CACTAshave been amplified specifically
in the wheat lineage. Generally, genome size is mainly correlated with class | elements, e.g. LINE in
Human [57] and LTR-RTs in plants [58, 59], because of their copy-and-paste transposition
mechanism allowing an increase in number in short time period [60, 61]. Thus, among plants, the

wheat genome appears as a rare example of a massive amplification of cut-and-paste transposons.

Interestingly, 22 CACTA families were found to be preferentially associated with nonsyntenic genes
i.e., genes that have been relocated via recent duplication events to a new chromosomal location.
Previous studies in soybean [62], sorghum [12], or in Ipomoea tricolor[63] have shown that
CACTAscan capture genes and gene fragments. Here, we identified 145 CACTA-captured genes
on chromosome 3B (2% of the gene content). Although most of them were gene fragments, as
already observed at a smaller scale [64], 13% were both transcribed and under purifying selection,
suggesting they are functional, and 11%likely originating from exon shuffling. Beyond gene capture
mechanisms, CACTAs were proven to mediate gene duplication in wheat through double strand
break repair created at the time of insertion [64]. Preferential association of CACTAs with
nonsyntenic genes might reflect a higher rate of gene duplication, due to the high frequency of
CACTA insertion. This study highlights the importance of CACTAs on gene duplication and the
creation of new genes that may be associated with the adaptation of wheat to various
environments[40]. Similar examples involving class Il transposons have been described with
Mutators in rice [65][23] and Helitrons in maize [21, 22]. Therefore, it seems that superfamilies

involved in gene capture have a tendency to proliferate and to be evolutionary successful.
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Conclusion

In this study, we annotated TEs and their nested pattern in one of the most complex genomes. Our
automated proceduresignificantly improved the accuracy of TE predictions compared to a classical
similarity-search approach. Such a high quality annotation enabled us to determine analyze the
pattern of TE insertion, diversity and insertion time and revealed that the partitioning of the
chromosome is mainly governed by higher deletion rates that are faster in recombining regions. We
unraveled an unexpected abundance of CACTAs, and found a significant association with recently
duplicated genes, suggestinga major impact of these elements on genome plasticity via the creation
of genes. Such a mechanism may have provided wheat with an advantageous capability of adapting

to wide range of environments.
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Material and Methods

Establishment of a classified library of TE sequences of Triticeae

A library of TE sequences dedicated to similarity-search based annotation of TEs in the wheat
genome was built as described in Choulet et al. 2014[40]. Briefly, we retrieved 3159 known full-
length TE sequences i.e., elements having terminal repeats (terminal inverted repeat (TIRS) or
LTRs) and/or features typical from complete LINES/SINEs. We built 16 groups corresponding to
each superfamily, and small non-autonomous MITEs were grouped separately from their
autonomous counterparts to avoid computing multiple alignments with sequences of very different
sizes. For each of the resulting 16 groups, an all-by-all BLAST [66] comparison (without filtering out
low complexity sequences) was performed. BLAST output was analyzed with MCL (option -l 1.2)
[67] in order to build clusters of sequences sharing similarity. The —I option, controlling the cluster
granularity, was set to 1.2 for “very coarse grained clustering” meaning that large clusters were built
at that stage. These clusters were used to define the family level. Families of 3 or more members
were considered for computing a multiple alignment using MAFFT (default parameter) [68].A
manual curation step was then applied. We used Jalview[69] as visualization tool for the manual
curation of the multiple alignments and their corresponding neighbor joining tree. Sequences
introducing mistakes in the multiple alignments (due to inversions, deletions, or insertions) were
identified and discarded so that all alignments were corrected. In addition, since MCL grouped
sequences within large clusters, we identified the clearly separated monophyletic groups (according
to the neighbor joining tree) among each individual family and, therefore, defined variants within the
family. For instance, family RLG_famc8 is comprised of 3 variants called (RLG_famc8.1,
RLG_famc8.2, RLG_famc8.3). The library was called ClariTeRep and is available upon request.

Estimating the accuracy of TE prediction

We used a scaffold of 904 kb from the wheat chromosome 3B that do not correspond to a
previously known region of the genome as a test sequence to estimate the accuracy of the TE
modeling. This reference scaffold carries 196 TEs covering 91% of the sequence, with 47 nested
insertions. To automatize the comparison of the automated versus manually curated TE predictions
and the calculation of sensitivity (Sn) and specificity (Sp) values, we developed compareAnnotTE.pl.
Sensitivity and specificity were both estimated at three different levels: nucleotide, feature, and
nested feature. At the nucleotide level, each nucleotide was considered to calculate Sn and Sp. At
the feature level, only TE borders (all segments for TE split into several pieces by nested insertions)

were considered.At the nested feature level,the program considers borders of nested TEs to
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estimate the accuracy of the reconstructionof nested clusters. At the feature and nested feature
levels, a predicted feature was considered as true positive if its borders correspond tothe manually

curated TE positions in a range of 10 bp.

Similarity-search and automated curation using CLARI-TE

We applied our procedure to the 2,808 scaffolds assembled for the 3B chromosome [HG670306
and CBUC010000001-CBUC010001450], the Triticum wurartu[38], the Aegilops tauschii
genomes[39], and 513Mb of barely BAC clones [56] (ftp://ftpmips.helmholtz-
muenchen.de/plants/barley/public_data/sequences/). Each sequencewasinvestigated for TE content
using RepeatMasker (cross_match engine with default parameters; http://www.repeatmasker.org/)
with ClariTeRep. We developed CLARI-TE to correct the raw similarity search results. It performs
the three following steps. 1. Resolution of overlapping predictions. To solve the overlap between
two predictions, priority was given to keep the prediction that covers an extremity of a TE. If none or
both of the predictions cover a TE extremity, priority was given to keep the longest prediction and
recalculate positions of the other one. 2. Merging predictions. Fragmentation of the TE models is
dueto the presence of gaps in the scaffolds andto the fact that a newly identified TE copy may
diverge from the reference element so that one element is not predicted as a single piece by is
rather split into several pieces matching different parts of elements from the same family. In that
case, all neighbor pieces related to the same family were merged into a single feature if the
collinearity of the matching segments was respected, except for LTR matching segments. LTR
positions of reference TEs were annotated in our library and this information was considered during
the merging process. 3. Reconstruction of nested TEs. We developed a procedure to join separated
features that are part of the same TE and have been split by nested insertions. Joining was allowed
when 2 segments matching the same family (with respect of the collinearity between the prediction
and the reference TE) are separated by at maximum 10 predicted TEs. The final stage of the
annotation is the assignment of intact full-length versus fragmented TEs. Intact full-length TEs are
predictions covering at least 90% of the reference complete TE in the library and for which both
extremities were identified (in a range of 50 nucleotides). Moreover, PFAM domains were search for

every complete element to detect chromo-domains and transposase-likedomains.

Estimation of LTR-RT insertion date

We used the program TRsearch from REPET [43]to find position of both 5’ and 3' LTRs from a
complete element. We discarded predicted LTRs that did not correspond to the extremity of an
element (in a range of 50 bp). Pairs of LTRs were aligned using MUSCLE [70] and insertion dates

of LTR-RTs were estimated considering a mutation rate of 1.3*10® substitutions/site/year [71].
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Finally, using R, the distribution of insertion dates was plotted for each family accounting 20 or more
copies with an estimated date. For each distribution, a burst peak date was determined and a period
of activity was calculated by considering the shortest period of time containing more than 80% of the

dated insertions.

Distribution of TEs along the chromosome

Distribution of TEs along the chromosome 3B sequence was computed by calculating the proportion
(in size) and number of TEs in a sliding window of 10 Mb with a step of 1 Mb. The distribution of the
TE diversity along the chromosome was computed using the same window by calculating the
number of families per window. To prevent from drastic variations due to mis-predictions, we

considered the number of families representing 99% of the TE fraction per window (N99).

Prediction of solo-LTRs

Based on of the 30,406 intact LTR-RTs predicted on chromosome 3B, we built a library of LTR
sequences by extracting 18,928 LTRs flanked by canonical 5-TG and 3'-CA dinucleotides. This
library was used for an additional round of similarity search using RepeatMasker on the full
chromosome 3B. To distinguish solo LTRs from truncated LTR-RTs, we searched specifically for the

presence of a 5 bp TSD (one nucleotide variation tolerated) flanking the matching region.

Hierarchical clustering of distributions

In order to identify CACTA families with similar distributions along the chromosome, we performed a
hierarchical clustering of the distributions calculated in a sliding window of 10 Mb (step: 1 Mb) by
using the R package ‘pvclust’ [72]. We considered only families representing at least 0.01% in at
least one 10 Mb window. The pearson correlations were calculated between each pairs of
distribution and a clustering was applied by the agglomerative method "average" (N=10000

bootstrap resampling).

TE abundance in the vicinity of genes

The CDS positions of the annotated chromosome 3B protein-coding genes was used to estimate
the relative abundance of TE families in the 20 kb upstream and downstream regions. The average
proportion of a given TE family was calculted for each nucleotide position in the CDS sourrouding

sequence by considering the orientation of the genes.
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Detection of TE-captured gene and exon shuffling events

In order to detect TE-captured genes, we isolated genes flanked by 2 elements belonging to the
same family, as a trace of potential capture event. A total of 558 potential gene capture events were
detected, 235 (42%) involving a CACTA, 104 (19%) involving a gypsy, and 219 (39%) involving
other superfamilies. We manually checked the presence of target site duplications as an evidence

of gene capture.

To decipher potential exon shuffling events, we searched for the presence of chimeric genes. A
similarity search using BLASTP against B. distachyon proteome was performed for each captured
gene product. Wheat proteins aligning over 70% of their length to a B. distachyon protein were
fitered out. For the others, we develop a parsing procedure to solve the overlapping regions of
similarity between a B. distachyon protein and our query sequence and to detect chimeric proteins

i.e. proteins showing non-overlapping segments of similarity with different B. distachyon proteins.

Detection of duplicated copies of TE-captured genes at the whole genome scale

All copies of captured genes initially identified on chromosome 3B were searched among the
chromosome survey sequences of the hexaploid genome [41]. BLASTN was used to search for
similarity with the captured CDSs and with their 5" and 3' junctions between the captured CDSs and
their associated CACTA. These junctions were defined as from 100 bp inside the CDS to 100 bp
inside the CACTA conserved sequence. Survey sequence contigs showing similarity with both the
CDS and at least one of these junctions were considered as additional captured copies. Exonerate
was then used to precisely annotate the structure of the CDS in the chromosome survey sequence

contigs [73].
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Tables

Table 1: Comparison of the accuracy of TE modeling on a 1 Mb scaffold of wheat
chromosome 3B. The reference annotation was curated manually. Similarity search was performed
using RepeatMasker (RM) and automated TE modeling based on the RM results was performed
using either TEannot or CLARI-TE. The sensitivity (sn) and specificity (sp) were calculated at three

different levels: nucleotide, feature and nested feature (see Materials and Methods).

reference RM TEannot CLARI-TE
# predictions 196 590 345 289
coverage 91% 90% 90% 91%
. Sn - 93% 95% 96%
nucleotide
Sp - 96% 97% 95%
. Sn - 54% 45% 66%
predictions
Sp - 26% 27% 52%
Sn - NA 17% 41%
nested TE
Sp - NA 14% 58%
Figure legends
Figure 1: TE content and copy number of the wheat chromosome 3B sequence. (A) Pie graph

of the relative composition of the main TE superfamilies. (B) Cumulative sum of the number of TEs
families among the TE fraction. The N50 is 6, meaning that 6 TE families represent 50% of the TE
fraction (in number of nucleotides). (C) Distribution of the number of copies per family (considering
complete copies only). (D) Box plot of the distance (in kb) of TEs to the closest gene. The 5

categories represent TE families with different number of copies on the 3B chromosome.

Figure 2: Distribution of the variations of TE density along the wheat chromosome 3B.

Distributions are represented for four superfamilies: gypsy (blue), copia (green), CACTA (red), and
other DNA transposons (purple). The distributions were calculated in a sliding window of 10 Mb with
a step of 1 Mb and the graphs represent the standard score i.e., variations around the mean in
number of standard deviations. Recombinogenic distal and centromeric/pericentromeric regions [40]

are labeled by grey and hatched areas, respectively.
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Figure 3: Insertion date and period of amplification of LTR-RTs on wheat chromosome 3B.

(A) Distribution of the insertion dates for 5,554 complete copies of the family RLG_fam1 (Fatima).
The number of copies is highlighted in green (top), the peak of amplification is in red (middle), and
the period of activity is in blue (bottom). (B) Distribution of the frequency of the copy number,

insertion dates, and period of activity using 43 LTR-RT families with at least 20 copies.

Figure 4: Relationships between insertion dates and chromosomal location of LTR-RTSs. In
total, 21,619 LTR-RTs with an estimated insertion date have been grouped within four classes: 0-1
MYA (blue), 1-2 MYA (purple), 2-3 MYA (green), >3 MYA (red). (A) Distribution of the number of
LTR-RTs for each of these 4 categories along the chromosome 3B. Distribution was calculated in a
sliding window of 10Mb with a step of 1Mb. Recombinogenic distal and
centromeric/pericentromeric regions [40] are labeled by grey and hatched areas, respectively. (B)
Box plot of the number of TEs per 10 Mb sliding window carried by the recombinogenic distal
regions (D), the internal parts of the chromosome arms (l), and the centromeric/pericentromeric

regions (C).

Figure 5: Relationships between CACTA families and nonsyntenic genes. (A) Tree based on
the clustering of the distribution patterns of 36 CACTA families found along the 3B chromosome.
The branches represented in red and blue correspond to the families that are overrepresented and
underrepresented, respectively, in the distal regions of the chromosome. (B) Distribution of the 28
CACTA families (top) and 6 CACTA families (bottom) showing opposite patterns along the 3B
chromosome sequence. The gray curves represent the distribution of individual families and the top
blue or red curves represent the cumulative sum of all families. (C) Abundance of CACTASs in the
vicinity (+/-20 kb) of syntenic (left panel) and nonsyntenic (right panel) genes. O represent the
position of the CDSs (start and stop codons) and the average abundance of CACTAs was
calculated for each nucleotide in a -20/+20 kb window encompassing the genes. Red and blue
curves represent the relative abundance of the CACTAs overrepresented (6 families) and

underrepresented (28 families), respectively, in the distal regions.
Figure 6: Selection pressure estimated by the dN/dS ratio for CACTA-captured genes.

Distribution of the frequency of the dN/dS ratio for 2964 syntenic genes(blue), 1179 nonsyntenic

genes (red) and 127 CACTA-captured genes on chromosome 3B (green).
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Abstract

Background: Plant and animal methyltransferases are key enzymes involved in DNA methylation at cytosine
residues, required for gene expression control and genome stability. Taking advantage of the new sequence
surveys of the wheat genome recently released by the International Wheat Genome Sequencing Consortium, we
identified and characterized METT genes in the hexaploid wheat Triticum aestivum (TaMETT).

Results: Nine TaMET1 genes were identified and mapped on homoeologous chromosome groups 2A/28/2D,
5A/5B/5D and 7A/7B/7D. Synteny analysis and evolution rates suggest that the genome organization of TaMET]1
genes results from a whole genome duplication shared within the grass family, and a second gene duplication,
which occurred specifically in the Triticeae tribe prior to the speciation of diploid wheat. Higher expression levels
were observed for TaMETT homoeologous group 2 genes compared to group 5 and 7, indicating that group 2
homoeologous genes are predominant at the transcriptional level, while group 5 evolved into pseudogenes. We
show the connection between low expression levels, elevated evolution rates and unexpected enrichment in
CG-dinucleotides (CG-rich isochores) at putative promoter regions of homoeologous group 5 and 7, but not of
group 2 TaMETT genes. Bisulfite sequencing reveals that these CG-rich isochores are highly methylated in a CG
context, which is the expected target of TaMET].

Conclusions: We retraced the evolutionary history of METT genes in wheat, explaining the predominance of group
2 homoeologous genes and suggest CG-DNA methylation as one of the mechanisms involved in wheat genome

dynamics.

Keywords: DNA methylation, Evolution, Genome dynamics, CG-rich isochores

Background

Triticum aestivum (hexaploid wheat or bread wheat) is
one of the most important cultivated species in the world
and it has been subject of intense research. Investigations
of its genome structure led to the discovery of its highly
dynamic nature during evolution. Using fossil records
and phylogenetic studies, its evolution was traced from
ancestral diploid species proposed to originate 50-77
million years ago (MYa) [1]. Indeed, bread wheat is a
hexaploid species made of three homoeologous ge-
nomes called A, B and D which derived from different
diploid species. These are proposed to be Triticum
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urarty (2n = 2x = 14 chromosomes, AA) and a diploid
species related to Aegilops speltoides (2n = 2x = 14, BB)
which gave rise some 0.5~0.6 MYa ago to Triticum
durum (2n = 4x = 28 chromosomes, AABB). About
8,000 years ago, hybridization occurred between Triticum
durum and Aegilops tauschii (2n = 2x = 14 chomosomes,
DD) and yielded Triticum aestivum (2n = 6x = 42 chro-
mosomes, AABBDD), the hexaploid wheat [2]. This
means that every single gene is expected to be found in
triplicate. The genome structure, organized in homoeolo-
gous genomes A, B and D, has to be maintained through
cell division, a function which is ensured by the Phl
suppressor locus. The Phl locus restricts homoeolo-
gous recombination and permits proper chromosome
segregation in a hexaploid context through mitosis and
meiosis [3].

© 2014 Thomas et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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Complementary approaches known as comparative
genomics [4] at the genome-level (synteny) or the
chromosome level (micro-synteny) were used to predict
the genome structure of wheat in comparison to se-
quenced diploid species such as rice [5,6], sorghum [7],
maize [8], brachypodium [9] and more recently barley
[10]. Recent syntenic studies proposed that the ancestral
genome of grass species was a diploid species organized
in five chromosomes (2n = 2x = 10 chromosomes) [11].
From this initial chromosome organization, the ancestral
diploid genome was duplicated through Whole-Genome
Duplication (WGD) then fragmented giving rise to an
intermediate ancestor with 2n =2x =24 chromosomes
[11]. This genomic structure has been well conserved in
rice (2n = 2x = 24 chromosomes) while it evolved to 2n =
2x =14 through chromosome rearrangements in diploid
wheat. Although WGD is expected to have had a large
impact on wheat genome evolution it is not the only
mode of genome rearrangement. Indeed, duplication of
large chromosomal regions (segmental duplication), du-
plication at the gene level or tandem duplications have
also occurred in the course of evolution [12]. Further-
more, it is now well established that wheat genome
organization has been largely influenced by transposable
element mobilization [13]. Most of the mechanisms
described above increase genome size and lead to an
elevated gene copy number. However, much less is known
about reverse mechanisms, which reduce genome size to
restore a diploid situation and reform single copy gene
states. Indeed, early studies in Saccharomyces cerevisiae
indicate that only 12% of the duplicate pairs remain after
WGD suggesting that an extensive gene loss occurs after
WGD [14]. In flowering plants, a fraction of single-copy
genes were recently investigated and new hypotheses
were suggested [15]: basically, after duplication, genes
within one of the duplicated segments tend to be lost
through small deletions while most genes are retained
within the second segment, a mechanism known as
fractionation bias [16]. Another difference occurring after
duplication between two genomic segments is known as
genome dominance during which one of the two segments
shows higher expression levels than the other [16]. Data
from maize and brassica further indicate that both gene
fractionation, leading to extensive gene loss, and genome
dominance are occurring simultaneously keeping the
expression of the retained genes at elevated levels [16,17].
Hexaploid wheat does not show an overall genome-wide
transcriptional dominance of A, B or D subgenomes
although some homoeologous genes can adopt a specific
expression pattern [18]. All these recent outcomes reveal
important genome dynamics, which affect genome size or
organization and alter gene expression. However, mecha-
nisms implicated in these phenomena remain largely
hypothetical, although epigenetic mechanisms have been
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suggested to provide means to induce asymmetric levels
of expression between the two duplicated fragments prior
to gene fractionation [16].

Although our knowledge about the hexaploid wheat
genome structure is increasing, it remains challenging to
decipher every step leading to its large genome size of
about 16—17 Gb, which includes up to 80% of repeated
sequences [13]. In polyploid genomes like cotton, rapeseed
or wheat, several studies suggested the importance of
epigenetic mechanisms in maintaining genome structure
and chromatin stability as well as in regulating gene
expression after hybridization and polyploidization [19,20].
One of these epigenetic mechanisms is DNA methylation,
which takes place at the carbon-5 cytosine residues in CG,
CHG and CHH (where H= A, T or C) contexts [21]. Loss
of DNA methylation causes reactivation of silenced trans-
posable elements [22] and the expression of certain genes,
such as FWA, a gene involved in flowering [23,24]. DNA
methylation is also known to affect crossover rate and mei-
otic recombination [25].

We wanted to reconstruct the evolutionary history of
the hexaploid wheat species Triticum aestivum using the
example of MET1, a gene encoding METHYLTRANSFER-
ASE 1 (MET1), responsible for DNA methylation main-
tenance in the CG context. MET1I is a gene of particular
importance for genome maintenance in many organisms,
which we hypothesize will be a crucial component of epi-
genetic mechanisms controlling transposable elements
that in wheat make up to 80% of the genome. To date
MET1I gene function have been described in several plant
species including Arabidopsis [26], maize [27], rice [28]
and brassica [29] but not in wheat. We identified MET]1
genes in hexaploid wheat (TaMETI). Nine copies of
TaMETI are organized in three paralogous groups at
chromosome 2, 5 and 7 suggesting that the genomic
regions including MET1 genes were subjected to two du-
plication events prior to the emergence of hexaploid
wheat. Considering TaMETI genomic regions specifically,
we confirmed that the first gene duplication was part of a
WGD common to all grass species and that the second
duplication occurred through gene duplication specific to
the Triticeae tribe. Expression profiles of the different
MET]1 gene copies, estimation of their evolution rates, CG
enrichment and methylation profiles highlight the pre-
dominance of group 2 homoeologous genes at the tran-
script level. Our results exemplify the high dynamics of
genome evolution in the course of the evolutionary history
of bread wheat and suggest the involvement of epigenetic
mechanisms in these processes.

Results

Hexaploid wheat contains nine TaMETT1 loci

In order to determine the number and complete sequence
of TaMET1 genes, we chose a genomic strategy based on



Thomas et al. BMC Genomics 2014, 15:922
http://www.biomedcentral.com/1471-2164/15/922

a combination of sequence capture and iz silico mining of
available wheat genome sequences. In order to define
probes on the sequence capture microarray, TaMETI-
expressed tags (ESTs) were identified in wheat databases.
Eight ESTs were retrieved from public and private libraries.
The alignment of these ESTs with the rice and brachypo-
dium MET1 genes showed that these ESTs mapped to the
3’end of TaMETI genes. Two TaMETI ESTs as well as
two brachypodium METI genomic fragments were se-
lected and used to design probes for sequence capture (see
Methods). Two successive runs of sequence capture
yielded 8,184 reads specific to 7aMET1 genes. Genomic
fragments were then assembled de novo using gsAssembler
in six large contigs corresponding to six putative TaMET1
genes. However some reads remained impossible to assem-
ble and could not be included within the six large contigs
suggesting the possible existence of additional copies of
TaMETI. In parallel, the draft genome assembly of the
wheat genome released by Brenchley and collaborators
[30] was mined for TaMETI genes. However, no full-
length sequences corresponding to TaMETI genes were
present in the dataset. Taking advantage of the recent re-
lease of sequence surveys from the International Wheat
Genome Sequencing Consortium (IWGSC) (http://www.
wheatgenome.org/) that were produced from sorted
chromosome arms [18], BLASTn analyses against each
chromosome arm were performed using rice and brachy-
podium MET1 genes. Eventually nine METI copies were
identified and assigned to chromosomes 2A/2B/2D, 5A/
5B/5D and 7A/7B/7D. For simplicity, homoeologous chro-
mosomes A, B and D will be collectively referred to as a
“homoeologous group” hereafter. Intron and exon junc-
tions were defined for the nine TaMET1 genes according
to rice and brachypodium METI genes and subsequently
validated by RNA-seq analysis (see below). Protein do-
mains were then predicted using the Pfam database. Three
major protein domains were identified that include
DNMT1-RED (Cytosine specific DNA methyltransferase
replication foci domain), BAH (Bromo-Adjacent Hom-
ology) and the DNA methyltransferase (C5 cytosine spe-
cific DNA methylase) domain (Figure 1). Comparison with
MET]I genes from rice orthologs showed an overall conser-
vation of the TuMET1 genes (Figure 1). Coding sequence
analyses revealed that the TaMET]1 genes of chromosome
5A and 5D display deletions and premature stop codons
(Figure 1) and if expressed produce truncated proteins
missing the DNA methyltransferase domain. TaMET-5A1
and 5D1 may be considered as pseudogenes, while all the
remaining genes are expected to be functional.

TaMET1 loci originated from two successive duplication
events

In a first attempt to understand the genome rearrange-
ments, which have led to the nine TaMET1 genes present
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in the T. aestivum genome, we retraced the phylogenetic
history of TaMET1 genes using METI1 orthologs from
monocotyledonous and dicotyledonous species. Two
distinct copies of MET1 (i.e. two distinct paralogs) are
usually found in monocots such as rice, sorghum and bra-
chypodium species. Phylogenetic analysis suggests that
homoeologous TuMETI genes from group 2 are ortholo-
gous to OsMET1b on chromosome 7 while homoeologous
TaMET]I genes from group 5 and 7 are orthologous to
OsMETIa on chromosome 3 (Figure 2A). Hereafter, these
two phylogenetic groups are called MET-1a and MET-1b
lineages in respect to the METI genes from rice. The
phylogenetic tree suggests that a first duplication event
occurred early during monocot speciation resulting in the
MET-1a and the MET-1b lineages (Figure 2A). Since these
two copies of MET1 are common to all grass species, the
first TaMET1 duplication is likely to be a consequence of
the WGD that took place in all grasses and occurred
about 56-73 MYa. The second duplication is shared only
within the Triticea tribe (barley and wheat in our phylo-
genetic tree). Since wheat diverged from brachypodium
32-39 MYa and from barley 10-13 MYa [1,9], this second
duplication probably occurred between 32 and 13 MYa. In
order to understand if this duplication was the result of
segmental or single gene duplication, syntenic relation-
ships between regions surrounding the TaMETI genes
from chromosome 5 and 7 and their orthologous loci in
rice and brachypodium were investigated. For chromo-
some 5A, 5B and 5D, up to 80% of the genes were
conserved, whereas only 10-15% were for group 7, sug-
gesting that a single gene duplication occurred (Figure 2B).
This hypothesis is consistent with the evolutionary model
of grass genomes [11,31].

In order to date the duplication event leading to group
5 paralogs, BLASTn analyses were conducted between
hexaploid wheat (Triticum aestivum), diploid wheat
species (Triticum urartu, Aegilops tauschii) and barley
(Hordeum vulgare). Triticum urartu (genome A ancestor)
shares the same deletion with TaMET-5A1 while Aegilops
tauschii (genome D ancestor) and TaMET-5DI do not
(Figure 2C). It can then be suggested that 5A was already
in the process of pseudogenization before polyploidiza-
tion while 5D pseudogenization occurred in the course
of, or after, polyploidization. Consistent with this hypoth-
esis, 5A displays a more pronounced gene structure alter-
ation than 5D (large deletion and numerous stop codons;
see also Figure 1).

TaMET1 genes display distinctive evolution rates

We then investigated the putative functional differences
between the nine TaMETI genes by evaluation of the
evolution rate, which is a good indicator for the bio-
logical function of a given gene [32]. We chose the codon
substitution model to estimate the rate of synonymous
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(dS) and non-synonymous (dN) substitutions and com-
puted the dN/dS ratio as evolution rate (w) [33]. In this
model, for genes with a significant biological function
undergoing purifying selection non-synonymous muta-
tions are expected to be kept at a low level whereas
synonymous mutations accumulate randomly according
to the neutral theory of evolution [33].

As a first approach, pair-wise divergences were investi-
gated between TaMETI genes and METI genes from
fully sequenced monocot species (i.e. divergence between
orthologous pairs). Mean values for A, B and D homoeo-
logs were then calculated per homoeologous group of
chromosomes (group 2, 5 and 7) and are displayed in

Figure 3A. Consistent with the neutral theory of evolu-
tion, dS rates were not significantly different between the
three homoeologous groups. However significant differ-
ences were observed for dN and  indicating a lower rate
of evolution for homoeologous group 2 which belongs to
the MET-1b lineage. Homoeologous group 7 is evolving
at an intermediate evolution rate compared to group 2
and group 5 but does not display any deleterious muta-
tions within the coding sequences (see also Figure 1). As
expected for pseudogenes, higher dN and o values were
found for TaMET1 at homoeologous group 5.

Secondly, various hypotheses concerning evolution
rates were then tested and Likelihood Rate Tests (LRT)
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were computed. Eleven hypotheses were evaluated to
test an increased evolution rate at various branch points
in the phylogenetic tree (Additional file 1). Evolution
rates are summarized in Figure 3B. The results support
the existence of three evolution rates (indicated as w0,
wl and w2 in Figure 3B) consistent with the two dupli-
cation events and the pair-wise analysis performed previ-
ously (Figure 3A). After gene duplication, long-term
changes were observed in our phylogenetic tree. »0, wl
and w2 evolution rates indicate that negative selection
occurs in the MET-1b lineage, which has the smallest
evolution rate (w0 =0.12193) suggesting its functional

role in monocots. Following the first duplication event, a
two fold increase in evolution rate (w1l =0.21988) is ob-
served in the Met-1a lineage except for barley chromo-
some 5 and wheat homoeologous group 5 for which a
fourfold increase (w2 = 0.48706) is observed.

Altogether, evolution rate analyses indicate that
TaMETI homoeologous genes of group 2 are submitted
to stronger purifying selection and are evolving at a
slower rate suggesting their predominant role in DNA
methylation maintenance in hexaploid wheat. Following
the second duplication event, asymmetric acceleration of
the evolution rate is observed between homoeologous
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group 5 and 7 leading eventually to the formation of
pseudogenes within group 5 that accumulated deleteri-
ous mutations within their coding sequences.

Expression of TaMET1 genes is mainly driven by
homoeologous group 2

The above analysis of evolution rates suggests that homo-
eologous genes from group 2 are under purifying selec-
tion. As it is well documented that expression patterns
influence non-synonymous substitution [34], expression
levels and profiles of the nine TaMETI genes were inves-
tigated using RNA seq data from five different organs at
three developmental stages each. Expression levels of
TaMETI homoeologous genes from group 2 were found
to be 10 to 40 times higher than the TuMET-5B1 and
TaMET group 7 ones. For TuMET-5A1 and 5DI1, no
significant expression was detected in any of the 15
conditions (Figure 4A). Homoeologous group 2 were
expressed in most tissues at nearly all developmental
stages, named according to the Zadoks (Z) scale [35], but
with highest expression levels at Z30 in the stem and Z32
in the spike. METI expression levels in other species
peak in proliferating cells such as in meristems and in re-
productive organs [27,28,36]. In wheat we observed
TaMET]I expression at early developmental stages espe-
cially during early stem extension (Z30-Z32) when wheat

is switching from the vegetative to reproductive phase.
At that stage the spike tissue is proliferating requiring
active replication during which DNA methylation main-
tenance should occur. Similarly, homoeologous group 7
were found to be expressed in almost all conditions but
at a very low level compared to group 2 genes. A similar
situation was observed in rice where OsMET1a is 10-12
times less expressed than OsMET1b [37]. For homoeolo-
gous group 5, only 5B is expressed at low level in grain
(Figure 4A).

RNA-seq-based expression profiles were subsequently
confirmed by RT-PCR. Various primer pairs were de-
signed at the 3'UTR. Semi-quantitative and quantitative
analyses confirmed the expression of TaMETI from
homoeologous group 2 (Figures 4B and 4C) but tran-
scripts were hardly or not detectable for group 5 and 7
(Figure 4B). Expression levels for 2A, 2B and 2D homo-
eologs were investigated by RT-qPCR but did not show
strong differences, although 2B was found to be slightly
more expressed (Figure 4C). Thus TaMET-2A1, 2B1 and
2D1 are expressed in an additive mode.

Recent analyses at the whole genome level indicated
that housekeeping genes in wheat are enriched at pericen-
tric positions while genes expressed with tissue-specific
patterns and pseudogenes are usually found at more
sub-telomeric positions [38]. To check whether there is a
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for each homoeologous group. FPKM were computed according to the following formula: FPKM = 10° x (C/NL) where C is the number of
mappable reads on a feature, N is the total number of reads in the experiment and L (length) is the sum of exonic sequences in base pairs.
Genes were considered to be expressed only for FPKM values >0.15. Samples covering various tissues (root, leave, stem, spike and grain) and
developmental stages indicated as Zadoks (Z) scales are indicated at the bottom. Expression levels from TaMETT genes of a given homoeologous
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homoeologous copies were consistent for groups 5 and
7, we extrapolated the position of all TaMETI genes

correlation between the observed gene expression differ-
ences and the physical position of TaMET1 copies on the

chromosomes, we genetically mapped TaMETI loci
using 57 SNPs identified in the course of our sequence
capture experiments (see Methods). Out of the 57 SNPs,
18 produced high quality results that led to the genetic
mapping of five out of nine TaMETI genes, namely
TaMET-2B1, 5A1, 5B1, 7A1 and 7B1. As positions of

from these five copies. Homoeologous group 2 were
found to be located in the pericentromeric regions of the
short arm of chromosomes 2 whereas group 5 and 7
were mapped to subtelomeric positions of the long arms
of chromosomes 5 and 7 respectively (Figure 4D and
Additional file 2).
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Thus MET1 expression is mainly driven by homoeolo-
gous group 2 indicating specific mechanisms to keep a pre-
dominant expression of homoeologous group 2 over
groups 5 and 7. This observation resembles a phenomenon
observed after METI gene duplication in Arabidopsis
where METI transcripts accumulate to 10,000 fold higher
levels than those of the duplicated METIla and b, while
METIII is considered to be a pseudogene [39]. Expression
of a specific member of a given gene family is referred to
as predominance [40] or transcriptional dominance [16]
and in our case occurs for TaMETI genes at homoeolo-
gous group 2. The pericentric position of group 2 genes is
consistent with the conclusions drawn from a recent large
scale analysis indicating that genes expressed in most
tissues are located in more proximal position than those dis-
playing tissue-specific expression patterns [38]. Thus expres-
sion studies reinforce the idea that METI homoeologous
group 2 genes might provide methyltransferase activity.

CG-rich isochores appear at TaMET1 promoters and
exhibit high DNA methylation

While low, or absent expression of specific TaMET1 genes
might be explained by several factors including genetic
mutations or insertion of transposable elements, epigen-
etic marks at promoter regions are good candidates to
explain differences in gene expression [23,24,41,42].
Among these, cytosine methylation that occurs in CG
sequence contexts has been shown to modulate gene
expression in plants [23,24,41,42]. To investigate the
potential role of DNA methylation in the regulation of the
MET]I genes, MET1 coding sequences as well as putative
promoters were scanned for potential methylation sites in
CG, CHG and CHH sequence contexts.

The putative promoters of the nine genes were defined
as ~2-3 kb regions upstream of the coding sequence de-
pending upon the availability of the genomic sequences
(Figure 1). Comparisons between upstream and coding
sequences for potential methylation sites in CHG and
CHH contexts revealed similar amounts of CHG and
CHH sites for all nine genes (data not shown). In con-
trast, cytosines in the CG context were enriched at poten-
tial promoter regions of homoeologous group 5 (4.4 fold)
and group 7 (5.5 fold) compared to group 2 putative pro-
moters regions (Figures 5A and 5B). This result was unex-
pected because CG-rich regions (also known as CG-rich
isochores), although already described in Arabidopsis
genes, were shown to be mainly located in introns [43].

As CG-rich isochores at TaMETI upstream regions
could be the result of new insertions of CG-rich DNA
sequences, we looked for such events. Indeed, two
DNA insertions of 786 and 122 bp overlapping with
CG-rich isochores were observed for the TaMET-7D1
upstream region (Additional file 3). Both insertions
were already present within the ancestral D genome
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(Aegilops tauschii) suggesting their integration prior to
polyploidization (Additional file 3). BLASTn analysis
against the TREP database indicated a short but signifi-
cant homology with a stowaway Miniature Inverted
Repeat (MITE) for the 122 bp insertion while no sig-
nificant homology was detected for the larger 786 bp
insertion. BLASTn against TREP performed with the
five remaining upstream regions (7A, 7B, 5A, 5B and
5D) failed to detect any transposable elements as
shown in Figure 1. Instead of a new large DNA inser-
tion enriched in CG observed at 7D, the CG-rich iso-
chores are more dispersed along the 5A, 5B, 5D, 7A
and 7B putative promoter regions (Figure 5A). This
may argue in favor of a progressive CG accumulation
in the course of evolution.

To determine whether these regions enriched in cyto-
sine residues on homoeologous group 5 and 7 are
indeed methylated, we performed bisulfite sequencing.
We designed bisulfite primers in a way to simultan-
eously amplify all three homoeologous copies that we
subsequently discriminated upon sequencing. Consist-
ent with our expression studies, putative promoter
regions from homoeologous groups 5 and 7 display
DNA methylation in CG sequence contexts. Homoeolo-
gous group 5 also displays significant CHG methylation
(Figure 5C and Additional files 4 and 5). Among all the
analyzed putative promoter regions, the highest DNA
methylation levels overlap with the 786 bp insertion
specific to 7D (Figure 5C and Additional file 5).

Taken together, our results suggest that the presence
of CG-rich isochores in the putative promoters of group
5 and 7 TaMETI homoeologous genes may be due to a
progressive and dispersed CG-enrichment as well as to
an insertion-mediated CG-enrichment, at least for the
7D copy. In addition, the high methylation levels ob-
served in the promoter regions of the two low-expressed
homoeologous groups may suggest the existence of an
autoregulatory loop controlling METI gene expression.

Discussion

Bread wheat is a plant species with a large genome of
about 17 Gb containing up to 80% of repetitive sequences.
Much attention has been focused recently to understand
how this genome, highly enriched in repetitive sequences,
controls its transposable element fraction, which will
otherwise lead to genome instability. One such mechan-
ism is likely to involve DNA methylation in the CG con-
text, which is maintained by MET1. It is therefore of
importance to understand how MET1 expression is regu-
lated in an organism with a complex hexaploid genome.
In the course of our work, we observed that TaMET]I
genes contain a record of many evolutionary events,
which have occurred prior and after the emergence of
bread wheat.
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We identified nine copies of TaMETI organized in three
homoeologous groups at chromosomes 2, 5 and 7. At the
chromosomal level, segments bearing TaMET1 originated
from two duplication events. Phylogenetic and micro-
synteny confirmed that chromosome 2 and 5 paralogs
originated from a WGD about 50-70 MYa in the ancestor
of grass species. Then the chromosome 7 paralog emerged
from a more recent gene duplication about 13-32 MYa in
the Triticea tribe. Our analysis of the evolution rate re-
vealed functional differences between the nine TauMETI
genes. The MET-1b lineage (homoeologous group 2) was
shown to display a lower evolution rate than the MET-1a
lineage (homoeologous group 5 and 7). Lower evolution

rate is observed for genes with biological function and this
is best explained by purifying selection, which counter
selects deleterious mutations [34,44]. Functional signifi-
cance of homoeologous group 2 genes was reinforced by
our observations of expression levels and DNA methyla-
tion. Low evolution rate in the MET-1b lineage matches
with a predominant expression of homoeologous group 2
over group 5 and 7. Predominant expression of one mem-
ber of the METI gene family was already observed in
other species such as Arabidopsis [39] and rice [37] sug-
gesting that MET1 expression level and pattern needs to
be carefully controlled. Interestingly, we mapped TaMET1
homoeologous group 2 to peri-centric (proximal) position
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while group 5 and 7 were located at more sub-telomeric
(distal) regions. Recent large scale analyses in wheat sug-
gested that distal regions are more dynamic, displaying
higher level of recombination and accumulate more pseu-
dogenes and gene duplications than proximal peri-centric
regions [38]. Furthermore, genes at distal position display
more tissue specific expression than those at more prox-
imal position. It is then tempting to hypothesise that a
distal chromosome position may have a direct influence
on expression leading as a consequence to the predomin-
ance of the more proximal genes as observed in our case
for homoeologous group 2. Homoeologous group 2 did
not show any differences in gene expression among the
three homoeologs. Consistent with the whole genome
analyses was the fact that genome-wide transcriptional
dominance of an individual subgenome (A, B or D) was
not observed [18]. Besides its position along the chromo-
some, our data indicated that DNA methylation observed
in the promoter region of homoeologous group 5 and 7
may have contributed to their transcriptional repression
and may have favored an increased evolution rate at
TaMET-5A1 and 5D1 leading to the accumulation of dele-
terious mutations, a process known as pseudogenization
[45,46]. Interestingly, distinctions can be made between
group 5 homoeologs: 5A already accumulated large dele-
tions and numerous stop codons before polyploidization,
while stop codons occurred at 5D after polyploidization
but are absent at 5B which however displays an elevated
level of non-synonymous mutations and is expressed only
in grains. Pseudogenes are usually rapidly eliminated and
the fact that TaMET-5A1 and 5D1 pseudogenes are main-
tained suggests that pseudogenization may not be fully
achieved or that these genes contribute in a significant but
yet unknown manner to TaMET1 activity.

Our data support a functional role of DNA methylation
in the initiation or the maintenance of gene silencing at
specific TaMET1 genes. Considering that the chromosome
2 paralog is the ancestral locus and shows low occurrence
of potential CG methylation sites, the observed CG-rich
isochores at chromosome 5 and 7 paralogs associated with
DNA methylation imply CG-enrichment at these putative
promoter regions. CG-enrichment was unexpected as
usually CG dinucleotides are under-represented due to 5-
methylcytosine deamination [43]. At the moment we can
only speculate about their possible origin. First, GC-rich
and GC-poor isochores are known to occur in animals
and several hypotheses have been proposed to explain
their emergence [47]. Among them the GC-biaised gene
conversion (gBGC) has been proposed as one of the main
driving forces in the evolution of nucleotide composition.
gBGC favors GC over AT bases in alleles during mismatch
repair following heteroduplex formation in the course of
meiosis. gBGC results from Base Excision Repair (BER)
and involves a DNA glycosylase that specifically removes
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thymine in DNA heteroduplexes. Secondly, animal ge-
nomes display unmethylated CG-rich elements known as
CpG islands (CGIs). CGlIs are defined as DNA sequences
of a few hundred base pairs, with high CG occurrence,
high G + C frequency and are involved in the regulation of
gene expression [48]. CGIs have been divided into start
and non-start CGIs. Non-start CGI are the most abundant
and best explained by insertion of repeated sequences
such as transposable elements (in the human genome 79%
are due to Alus) while start CGIs located at the transcrip-
tion start sites are only poorly explained by transposable
element insertion (in the human genome 5,6% are due to
Alus) [49]. Interestingly, Suzuki et al., [50] also proposed
gBGC as one of the possible mechanisms to explain the
emergence of start CGIs. Recently, it was suggested that
gBGC occurs in plants [51]. gBGC can be considered as
one of the possible mechanisms explaining the emergence
of CG-rich isochores at TaMET1 putative promoter re-
gions. Indeed, it may be an attractive mechanism to explain
the progressive CG enrichment we observed at TuMET]I
upstream regions especially at homoeologous group 5 and
7 located at distal chromosome positions where higher
recombination rates have been reported [38,52]. Further-
more, the MET-7D1 copy would have also undergone
insertion of CG-rich DNA fragments in a mechanism very
reminiscent to the one observed for non-start CGlIs, argu-
ing for shared evolutionary mechanisms between animal
and plants toward the emergence of CG-rich isochores.
Once CG-rich isochores appeared, they can be methyl-
ated in order to silence gene expression. Although CGIs
were not described in plant promoters, “dense CG
methylation clusters” have been reported and are pro-
posed to silence cryptic promoters within the coding se-
quence [43]. Silencing of these cryptic promoters is
established first through the RNA-directed DNA Methy-
lation (RADM) pathway and results in methylation at
cytosine residues at CG, CHG and CHH sequence con-
texts. Once methylation is set up, only methylation in
the CG context, which does not rely on siRNA produc-
tion, can be maintained in the course of evolution lead-
ing to high methylation only in CG sequence contexts
[43]. If such a mechanism occurred within the putative
promoter region of TaMETI genes, it can explain how
homoeologous group 7 became progressively repressed.
Given the correlation between DNA methylation in
promoter regions and gene silencing [23,24], we suggest
that DNA methylation may be part of a possible auto-
regulatory mechanism among TaMETI genes. In this
model, MET1 mainly encoded by homoeologous group
2 regulates group 7 gene expression through CG DNA
methylation maintenance. CG methylation at homoeolo-
gous group 7 may be alleviated in specific organs, develop-
mental stages or upon changing environmental conditions.
However possible roles for the homoeologous group 7
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(MET1-a lineage) is challenged by recent data collected in
rice indicating that the main MET1 function is ensured by
Metlb and not Metla. Indeed, RNAi against Metla does
not significantly affect plant development while a metlb
null mutant is lethal [28,53].

Conclusions

From our data, we propose a chronology (Figure 6) of the
genomic events observed at TaMETI genes, which in-
clude WGD, gene duplication, expression predominance
of homoeologous group 2, CG-rich isochores emergence,
DNA methylation and pseudogenization. The unexpect-
edly rich evolution history observed at TaMET1 makes
these loci a very attractive model to study further gene
evolutionary mechanisms occurring in hexaploid wheat.
Increased copy number finally leads to TaMET] silencing
at homoeologous group 5 and 7 (the MET-1a lineage),
keeping genes of group 2 (the MET-1b lineage) in an active
state. We hypothesize that CG methylation was used as a
mean to control gene expression in the MET-1a lineage
favoring low expression at homoeologous group 7 and
pseudogenization at group 5. For the latter the different
evolutionary stages are still observed between homoeologs.
CG methylation might be required to limit homoeologous
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group 7 transcription using CG-rich isochores, which are
the target of CG DNA methylation. At that point, we can
only speculate about the possible involvement of methyla-
tion in limiting homoeologous group 7 expression in tissues
or developmental stages where group 2 is expressed, maybe
leading to tissue-specific expression patterns of group 7
genes and their subfunctionalization.

Taken together, our data suggest that DNA methyla-
tion at TaMET1 loci can act as an epigenetic determin-
ant required to drive genome evolution.

Methods

Analysis of IWGSC sequence surveys

Access to the IWGSC physical map sequences from
hexaploid wheat cv Chinese Spring has been established
by the URGI (http://urgi.versailles.inra.fr/) on the behalf
of IWGSC. BLASTn analyses were performed at the
URGI database. Identification of transposable elements
in selected IWGSC contigs was performed by BLASTn
analyses against the TREP database at http://wheat.pw.
usda.gov/ITMI/Repeats/. CG, CHG and CHH profiles
(where H is A, C or T) were detected using an in house
Perl script available upon request. Gene structures were
predicted by cDNA alignment against genomic sequences

MYa Genomic events
I MET1-ancestor
| Whole Genome Duplication
56-73 T (Grass species)
Predominance of MET-1b
MET1-2 MET1-5/7 (over MET-1a)
Gene Duplication
10-13  + (in Triticae tribe)
CG -rich isochores
METI-5 METI-7 (MET-1a)
05-0.6 -+ Pseudogeneization
(5A)
A
' Polyploidization
Today v 2A 2B 2D 5A 5B 5D 7A 7B 7D Pseudogeneization
Yy v (5D)
) —
MET-1b MET-1a
Figure 6 Scheme of the genome dynamics at TaMETT1 loci in the course of evolution. Scheme of the emergence of the nine TaMET1 genes
is given at the left. Evolution time is given from the top to the bottom in MYa. The MET-1a lineage is expressed (green) and evolved at a low
evolution rate while genes in the MET-1b lineage are repressed (red) or evolved as pseudogenes (¥, black boxes). The hypothetic succession of
genomic events occurring at or including TaMET1 is proposed at the right.
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using SIM4 (http://pbil.univ-lyonl.fr); protein domains
are according to the Pfam database (http://pfam.sanger.
ac.uk/). Gene structures were subsequently designed by
FancyGene (http://bio.ieo.eu/fancygene/).

Sequence capture

Sequence capture experiments [54,55] were designed to
isolate and sequence DNA segments using probes synthe-
sized on a microarray. Two runs of sequence capture were
performed according to the NimbleGen Arrays User’s
Guide followed by 454 Optimized Sequence Capture
method. Briefly, MET1 specific probes ranging from 60 to
90 nucleotides were designed at a density of ~1.10°
probes/Mb of sequence by Roche-Nimblegen from one
Triticum aestivum public EST (accession number
TA8302), one private EST (GPIC:S:720428) and from the
two coding sequences from Brachypodium distachyon
(Accession numbers [Phytozome: Bradilg05380 and Bra-
di1g55290]). The absence of repeated sequences was veri-
fied using repeatMasker and TREP release 10 database.
Genomic DNA from wheat elite lines cv Brigadier, Alcedo,
Renan and Recital were used to build up four distinct gen-
omic DNA libraries by nebulization with an average of
fragment sizes of ~600 bp. Libraries were then hybridized
onto capture arrays, captured DNA was eluted and ampli-
fied prior to 454 sequencing on a GS FLX Titanium plat-
form according to the manufacturer. Overall, sequence
captures yielded 8,184 reads specific to MET1 and de novo
assembly was subsequently performed using gsAssembler
(Roche) with specific parameters set at 98% similarity and
20 bp overlap. Sequences were verified in the course of
the project by BLASTn analysis against the IWGSC sur-
veys and by PCR amplification on diploid and hexaploid
species.

Genetic mapping

Two mapping populations were used: recombinant Inbred
Lines derived from a cross between Triticum aestivum cv
Renan and Recital [56] and a doubled haploid population
derived from a cross between Triticum aestivum cv Brig-
adier and Alcedo (Biogemma personal communication).
DNA from all four elite lines was used in the sequence
capture experiments and reads were grouped according to
the four DNA origins. As a whole, 57 putative Single
Nucleotide Polymorphisms (SNPs) were identified and
genotyping was subsequently performed on genomic
DNA from the two mapping populations using KASPar
(KBioscience) fluorescent competitive allele-specific
amplification. Primers were designed with Primer picker
(KBioscience) and PCR amplifications were performed
on a hydrocycler (LGC genomics), for 41 to 50 cycles at
57°C and then run onto a Genotyper (Applied Bio-
system). The list of primers used to perform the genetic
mapping is provided in Additional file 6. SNP mapping
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was performed on the two genetic maps using an in-
house bioinformatic pipeline available at Biogemma.
Genetic positions are given according to the Renan x
Recital recombination map [56]. Physical positions are
according to the names of the IWGSC contigs obtained
by BLASTn analysis against the virtual map and are in-
cluded within the virtual map designed by synteny.

Phylogenetic reconstruction and substitution rate
calculation

TaMETI coding sequences were used for phylogenetic
reconstruction and substitution rate calculation. Selected
sequences were first aligned with MUSCLE multiple se-
quence alignment [57] and then refined using Gblocks
[58]. Maximum likelihood analysis was performed with
PhyML using default parameters with 1,000 bootstraps
[59]. Phylogenetic trees were drawn using ITOL [60].
Substitution rate studies were performed as follows: first,
a new phylogenetic tree was built with the same species
except that here, dicot species were not considered and
the tree was based on protein sequences instead of
¢DNA. For TaMETI, genomic sequences were used to
predict exonic sequences using FGENESH [61] and sub-
sequently assembled into a predicted cDNA. Predicted
cDNAs were validated in the course of this study by
RNA-seq data. cDNAs were translated using Transeq and
Sixpack from the EMBOSS package [62]. The phylogen-
etic tree was then built from predicted proteins as
described above. ® (the ratio of nonsynonymous/syn-
onymous substitution rates) was determined using
Codeml from the PaML package [33]. A likelihood ratio
test (LRT) was used to compare various hypothesis
models in which w values are expected to differ among
branches, in comparison to a null hypothesis in which
all the branches have similar w. LRT values were then
compared to a chi-squared distribution with degrees of
freedom equal for a given tree to the number of values
of w -1, as described in Yang [33]. The phylogenetic
data sets supporting the results of this article are avail-
able in the TreeBASE repository [http://purl.org/phylo/
treebase/phylows/study/TB2:516421]. The data sup-
porting the evolution rate investigated in this study are
included within the article and its additional files
(Additional file 1).

Micro-synteny analyses

Starting from Murat et al [31], chromosomal segments
including MET1 loci were selected from rice and brachy-
podium. To be able to compare our results with those of
Murat et al. [31], the same fragment boundaries were
retained but in our case, all the coding sequences of a given
genomic fragment have been considered. Briefly, rice
chromosome 3 [Phytozome: LOC_Os03g58040.1 to
LOC_0s03g58920.1] (covering 510.70 kb of genomic DNA
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and including 80 genes) and brachypodium chromosome
1 [Phytozome: Bradilg05680 to Bradilg04980] (covering
531.9 kb of genomic DNA and including 72 genes)
chromosomal segments are syntenic to wheat chromo-
some 5 and 7 (Additional file 7). Gene sequences from
model species were then used to perform BLASTn ana-
lysis against the IWGSC sequence surveys as described in
Salse et al. [11] using 70% CIP (Cumulative Identity Per-
centage) but only 30% CALP (Cumulative Alignment
Length Percentage). The CALP parameter was kept at a
low value in order to detect all the micro-syntenic rela-
tionships. Percentage of syntenic conservation was then
computed as 100 x the number of conserved genes in
wheat/number of genes in the syntenic region from bra-
chypodium or from rice. The data set supporting the re-
sults is included within the article and its additional files
(Additional file 7).

RNA-seq

RNA-seq non-oriented libraries were constructed in two
replicates from total RNAs of hexaploid wheat cv Chinese
Spring. RNAs were prepared with the TruSeq kit (Illu-
mina) for 15 biological samples including 5 organs (root,
leaves, stem, spike, grain) and 3 developmental stages (be-
ginning, middle, and end of development) as described in
[63] (Additional file 8). For oriented libraries, samples
were pooled by organs, rRNAs were removed from total
RNAs with the riboZero kit (Ambion) and RNA-seq li-
braries were constructed with the ScriptSeq kit (Epi-
centre). All the libraries were sequenced using a HiSeq200
(Mlumina) with reads of 100 bp sequenced in both di-
rections. Reads from RNA-seq libraries were mapped
using Tophat2 v2.0.8 [64] and Bowtie2 [65] onto the
MET1 genomic sequences with neither mismatches nor
splice-mismatches allowed. Transcript reconstruction and
expression levels were analyzed with Cufflinks v2.0.2 [66]
without annotation. Because sequencing was bidirectional,
which is to say that two reads correspond to the same
c¢DNA molecule, expression data results of transcription
levels are expressed in Fragments per Kilobase of Exon
Model (FPKM) per million mapped reads [67]. The RNA-
seq data sets supporting the results of this article are avail-
able in the Sequence Read Archive (SRA) repository,
[http://www.ncbi.nlm.nih.gov/sra/ERP004714].

RNA analyses

Wheat plantlets of cv Chinese Spring were grown in a
greenhouse and collected at Z61-65 stage according to
Zadoks scale [35]. Tissues were frozen in liquid nitrogen
and ground to a fine powder. Total RNAs were extracted
from 250 mg of plant material using an RNA extraction
method adapted from [68]. RNA was subsequently
treated with 100 units of DNase I (Invitrogen) in the
presence of 20U RNaseOUT™ Recombinant Ribonuclease
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Inhibitor (Invitrogen). Quantity of extracted RNA was es-
timated using a Nanodrop (Thermo Scientific) and RNA
quality was checked by migration on a 2% agarose gel
containing MOPS 2% and 0,05% formaldehyde.

Reverse Transcription was performed from 2 pg of total
RNA using an oligo(dT) 15 Primer and M-MLV Reverse
Transcriptase (Promega) in presence of Recombinant
RNasin Ribonuclease Inhibitor (Promega) according to
the supplier’s recommendation. Homoeologous specific
primers were designed manually and validated with Oligo
Analyzer (Gene Link) to avoid secondary structure for-
mation. Sequences of selected primer pairs can be found
in Additional file 6. Semi-quantitative analyses were per-
formed using primer pairs with similar efficiencies and
on the same ¢cDNA sample by comparing the TaMET1
PCR product to Ta4045 and Ta54227 as reference genes
(primer pairs as as in [69]). Quantitative analysis was per-
formed on a LightCycler® 480 System using LightCycler®
480 SYBR Green I Master reagent (Roche) according to
the supplier’s recommendation. Primer pair efficiencies
were calculated through serial dilutions from 1/3 to 1/81
for each RNA sample and only primer pairs with a PCR
efficiency between 80 and 110% were selected. As in
semi-quantitative analyses, Ta4045 and Ta54227 were
used as reference genes.

Bisulfite sequencing

1 g of plant material was collected from stem and leaves
at the Z30 stage and DNA extracted using the DNeasy
plant maxi kit (Qiagen). 200-500 ng of DNA was sub-
jected to bisulfite (BS) treatment using the EZ DNA
Methylation-Gold™ Kit (Zymo Research). BS-treated DNA
was PCR-amplified using specific primers (Additional
file 6) and cloned in pGEMT vectors (Promega) prior to
sequencing. 10-20 clones were analyzed for each genomic
region using Kismeth software [70]. Two PCR fragments
from the VERNALIZATION1 (VRNI) gene previously
studied by bisulfite experiments [71] were used as internal
controls. Incomplete conversion was excluded by analyz-
ing the 0.0 k fragment from VRN-AI, which is devoid of
CG methylation, while optimal bisulfite treatment were
assessed by analysis of the 9.2 k fragment, a highly CG
methylated region from VRN-A1. Examples of results are
given in Additional file 9.

Availability of supporting data

The following additional data is available with the online
version of this paper. Additional file 1 is a table listing
the results of the Likelihood ratio tests. Additional file 2
is a table listing the genetic positions of TaMETI loci.
Additional file 3 is a sequence alignment of the promoter
region of TuMET]I from homoeologous group 7 with close
species. Additional files 4 and 5 are detailed bisulfite ana-
lyses performed at TaMETI from homoeologous group 5
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and 7 respectively. Additional file 6 is a table listing the
primers used in this study. Additional file 7 is a table
describing micro-synteny data between wheat, rice and
brachypodium. Additional file 8 is a table listing the RNA-
seq samples used in this study. Additional file 9 is an ex-
ample of control experiment in bisulfite sequencing analysis.

Additional files

Additional file 1: Likelyhood ratio tests (LRT). A) Likelihood ratio
test (LRT). LRT has been used to compare 11 hypotheses (H_;1) in
respect to the null hypothesis (Ho) in which all the branches have

the same evolution rate (w0). Hypotheses were designed to test if the
MET1 phylogenetic tree includes up to three evolution rates (w0, w1
and w2) and if these variations in w values are long term changes

(ie. if all the branches below a duplication event display the same w
value) or increase only after a duplication event and then is relaxed
to w0. B) Details of the 11 hypotheses tested in the branch model
described in Figure 3B. For each hypothesis tested, a tree file in Newick
format and a graphic representation highlighting the branches
considered in the tested hypothesis are given.

Additional file 2: Genetic positions of TaMETT1 loci. Distal and
proximal markers from the ITMI reference map and flanking the 2B,
5B and 7A TaMETT loci are given in cM.

Additional file 3: Alignment at putative promoter regions of
TaMET1 genes from homoeologous group 7. Hordeum vulgare
chromosome 7 [Ensembl Genomes: MLOC_10988.2], Triticum aestivum
chromosome 7A [IWGSC: 7AL:4532056], 7B [IWGSC: 7BL:6682174] and 7D
[IWGSC: 7DL:3392185), Triticum urartu chromosome 7 [Ensembl Genomes:
scaffold38640], Triticum tauschii chromosome 7 [Ensembl Genomes:
scaffold2203], Alignment were performed with MUSCLE and refined

by jalview.

Additional file 4: Bisulfite analysis of putative promoter region of
homoeologous group 5. A) Frequencies of CG dinucleotides were
computed every 50 bp of the putative promoter regions of
homoeologous group 5. 5A (black), 5B (white) and 5D (grey). Black bars
numbered from 1 to 4 highlight the two regions studied by bisulfite
sequencing. B) Kismeth outputs of the percentage of methylated
cytosines in CG (red), CHG green) and CHH (blue) context.

Additional file 5: Bisulfite analysis of putative promoter region of
homoeologous group 7. A) Frequencies of CG dinucleotides were
computed every 50 bp of the putative promoter regions of
homoeologous group 7. 7A (black), 7B (white) and 7D (grey). Black bars
numbered from 1 to 4 highlight the two regions studied by bisulfite
sequencing. B) Kismeth outputs of the percentage of methylated
cytosines in CG (red), CHG green) and CHH (blue) context.

Additional file 6: Primers used in RT-PCR, RT-qPCR, mapping and
bisulfite experiments.

Additional file 7: Virtual physical map reconstruction at TaMET1
loci from micro-synteny data. Physical maps for Os and Bd, virtual
physical map based on IWGSC surveys organized from rice and
brachypodium orthologs. TaMET1 loci are highlighted in yellow. Note that
two overlapping contigs were found at TaMET-5AT indicating that these
two IWGSC contigs were not assembled together in the course of the
assembly process.

Additional file 8: RNA-seq samples used in this study.

Additional file 9: Controls in bisulfite experiments. A) Methylation
rates at two VRN-A1 regions called 0.0 k and 9.2 k (adapted from [71]).
B) Structure of the VRN-AT gene. C) Typical results from bisulfite

experiments for 0.0 k (no CG methylation) and 9.2 k (high CG methylation).
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