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

The International Wheat Genome Sequencing Consortium
(IWGSC)

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

ever, across th.e genomes there was evidence of dynamlc.gene gain, Ancestral wheat

loss, and duplication since the divergence of the wheat lineages. A

high degree of transcriptional autonomy and no global dominance Wheat varieties and species (shown) believed to

was found for the subgenomes. These insights into the genome be the closest living relatives of modern bread wheat
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. occurred among most of these species, many of which

are cultivated, and along with T. aestivum represent

(T aestivum). Multiple ancestral hybridizations

Lists of authors and affiliations are available in the full article online. i N
Corresponding author: K. X. Mayer, e-mail: k. mayer@helmholtz-muenchen.de a dominant source of global nutrition.

Read the full article at http://dx.doi.org/10.1126/science.1251788

Ancient hybridizations N
among the ancestral genomes
of bread wheat

Thomas Marcussen, Simen R. Sandve,* Lise Heier,

Manuel Spannagl, Matthias Pfeifer, The International Wheat
Genome Sequencing Consortium, Kjetill S. Jakobsen,
Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer,
Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely
related subgenomes (A, B, and D), but a clear understanding

of their phylogenetic history has been lacking. We used genome
assemblies of bread wheat and five diploid relatives to analyze
genome-wide samples of gene trees, as well as to estimate evolu-
tionary relatedness and divergence times. We show that the A
and B genomes diverged from a common ancestor ~7 million years
ago and that these genomes gave rise to the D genome through
homoploid hybrid speciation 1 to 2 million years later. Our findings
imply that the present-day bread wheat genome is a product of
multiple rounds of hybrid speciation (homoploid and polyploid)
and lay the foundation for a new framework for understanding
the wheat genome as a multilevel phylogenetic mosaic.

Triticum boeticum

Thelist of author affiliations is available in the full article online.*Corresponding author.
E-mail: simen.sandve@nmbu.no {The International Wheat Genome Sequencing Consortium
(IWGSC) authors and affiliations are listed in the supplementary materials.

Read the full article at http://dx.doi.org/10.1126/science.1250092
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Genome interplay in the
grain transcriptome of hexaploid
bread wheat

Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan,
Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome
Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsent

Allohexaploid bread wheat (Triticum aestivum L.) provides
approximately 20% of calories consumed by humans. Lack of
genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression
analysis of the grain transcriptome. We used previously unknown
genome information to analyze the cell type-specific expression
of homeologous genes in the developing wheat grain and identified
distinct co-expression clusters reflecting the spatiotemporal pro-
gression during endosperm development. We observed no global
but cell type- and stage-dependent genome dominance, organiza-
tion of the wheat genome into transcriptionally active chromo-
somal regions, and asymmetric expression in gene families related
to baking quality. Our findings give insight into the transcriptional
dynamics and genome interplay among individual grain cell types
in a polyploid cereal genome.

Thelist of author affiliations is available in the full article online. *The International Wheat
Genome Sequencing Consortium (IWGSC) authors and affiliations are listed in the supplementary
materials. TCorresponding author. E-mail: odd-arne.olsen@nmbu.no

Read the full article at http://dx.doi.org/10.1126/science.1250091

Structural and functional
partitioning of bread wheat
chromosome 3B

Frédéric Choulet,* Adriana Alberti, Sébastien Theil, Natasha
Glover, Valérie Barbe, Josquin Daron, Lise Pingault, Pierre
Sourdille, Arnaud Couloux, Etienne Paux, Philippe Leroy, Sophie
Mangenot, Nicolas Guilhot, Jacques Le Gouis, Francois Balfourier,
Michael Alaux, Véronique Jamilloux, Julie Poulain, Céline Durand,
Arnaud Bellec, Christine Gaspin, Jan Safar, Jaroslav Dolezel, Jane
Rogers, Klaas Vandepoele, Jean-Marc Aury, Klaus Mayer, Héléne
Berges, Hadi Quesneville, Patrick Wincker, Catherine Feuillet

We produced a reference sequence of the 1-gigabase chromosome
3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial
chromosomes in pools, we assembled a sequence of 774 megabases
carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of
transposable elements. The distribution of structural and functional
features along the chromosome revealed partitioning correlated
with meiotic recombination. Comparative analyses indicated high
wheat-specific inter- and intrachromosomal gene duplication activi-
ties that are potential sources of variability for adaption. In addition
to providing a better understanding of the organization, function,
and evolution of a large and polyploid genome, the availability of a
high-quality sequence anchored to genetic maps will accelerate the
identification of genes underlying important agronomic traits.

The list of author affiliations is available in the full article online.

*Corresponding author. E-mail: frederic.choulet@clermont.inra.fr
Read the full article at http://dx.doi.org/10.1126/science.1249721
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Structural and functional partitioning
of bread wheat chromosome 3B
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We produced a reference sequence of the 1-gigabase chromosome 3B of hexaploid
bread wheat. By sequencing 8452 bacterial artificial chromosomes in pools, we
assembled a sequence of 774 megabases carrying 5326 protein-coding genes,

1938 pseudogenes, and 85% of transposable elements. The distribution of structural
and functional features along the chromosome revealed partitioning correlated with
meiotic recombination. Comparative analyses indicated high wheat-specific inter- and
intrachromosomal gene duplication activities that are potential sources of variability
for adaption. In addition to providing a better understanding of the organization,
function, and evolution of a large and polyploid genome, the availability of a
high-quality sequence anchored to genetic maps will accelerate the identification

of genes underlying important agronomic traits.

read wheat (Triticum aestioum L.) is a
staple food for 30% of the world popula-
tion. It is a hexaploid species (6x = 2n = 42,
AABBDD) that originates from two inter-
specific hybridizations estimated to have
taken place ~0.5 million and 10,000 years ago ().
The predicted closest extant representatives of
the ancestral parental diploid species (2n = 14)
are Triticum urartu (A genome), Aegilops speltoides
(S genome related to the B genome), and Aegilops
tauschii (D genome). Each of the three ancestral
genomes is about 5.5 Gb in size and, therefore,
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results in a highly redundant 17-Gb hexaploid
genome with three homeologous sets of seven
chromosomes (1A to 7A, 1B to 7B, and 1D to 7D),
each carrying highly similar gene copies. More-
over, most of the genome was shaped by the
amplification of transposable elements (TEs)
that include 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 sci-
entists and breeders to have access to a complete
gene set, with the gene order along each chro-
mosome, and to identify candidate genes be-
tween markers associated with important traits.
It also enables the identification of recent dupli-
cates, which may be involved in species-specific
evolution (3), and tracing of their evolutionary his-
tory. Before obtaining a full genome sequence, the
wheat gene space has been investigated through
various genome and transcriptome survey se-
quencing approaches and through microarray
hybridizations (4-7). Recently, whole-genome shot-
gun sequencing of cultivar Chinese Spring using
Roche/454 technology and synteny-driven as-
sembly yielded ~95,000 gene models [N50 = 0.9 kb
(8)]. Furthermore, the gene space of the diploid
wild relatives Ae. tauschii (DD) and T. urartu
(AA) has also been assembled and led to describe
43,150 and 34,879 genes, respectively (9, 10). Al-
though these sequences are useful templates
for marker design and comparative analyses, as
a result of assembly limitations of short-read-
based sequencing (11, 12), they are still very frag-
mented, and a large fraction of the genes are
unanchored to chromosomes. The maize (Zea
mays) and potato (Solanum tuberosum) sequenc-
ing projects, both representing species with highly

repetitive genomes, were able to avoid overfrag-
mentation by combining multiple sequencing
technologies and through the use of DNA libraries
with a diversity of insert sizes (13, 14).

The International Wheat Genome Sequenc-
ing Consortium (IWGSC) road map focuses
on physically mapping and obtaining a high-
quality reference sequence of each of the 21
individual wheat chromosomes rather than ap-
proaching the hexaploid genome as a whole.
This strategy relies on flow-sorting individual
chromosomes and/or chromosome arms from
ditelosomic lines of the cultivar Chinese Spring
to construct bacterial artificial chromosome
(BAC) libraries (15). The largest chromosome
is 3B (~1 Gb). It was the first chromosome for
which a BAC library was constructed (16) and
a physical map achieved (I7). A pilot sequenc-
ing study on 13 contigs (2) suggested that genes
tend to be mainly clustered into small islands,
the presence of a twofold gene density increase
from the centromere toward the telomeres, and
a high proportion of nonsyntenic genes inter-
spersed within a conserved ancestral grass gene
backbone. It provided a proof of principle for
this strategy and opened the way for producing
a reference sequence of the large and polyploidy
wheat genome.

Sequencing and construction
of a pseudomolecule

We used a hybrid sequencing and BAC pooling
strategy to sequence 8452 BAC clones from the
minimal tiling path (MTP) that was established
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., half of the chromo-
some sequence is assembled in scaffolds larger
than 892 kb). We estimated that about 6% of
the chromosome sequence was not present in
the MTP BAC-based assembly through compar-
ison with the 546,922 contigs assembled from
whole-chromosome shotgun sequencing of flow-
sorted 3B DNA (79). This suggests that the size
of chromosome 3B is nearly 886 Mb—that is,
about 11% smaller than originally predicted
(16, 20). We built a pseudomolecule of chromo-
some 3B by ordering 1358 scaffolds along the
chromosome using an ordered set of 2594 an-
chor single-nucleotide polymorphism (SNP) mark-
ers. The pseudomolecule 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 elite cultivar) and refined by
integrating linkage disequilibrium data from
two panels and physical BAC contig information
(18). This sequence corresponds to an annotation-
directed improved high-quality draft (21) sit-
uated between the high-quality finished rice
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genome sequence and the improved draft maize
genome (13).

Annotation of genes, transcribed loci,
and transposable elements

Gene modeling led to the prediction of 7264
coding loci on the 3B pseudomolecule (Table 1),
including 5326 with a functional structure and
1938 (27%) likely corresponding to pseudogenes.
An additional 251 gene models and 188 pseudo-
genes were annotated in unanchored scaffolds.
RNA-Seq data revealed that 71.4% of the pre-
dicted genes/pseudogenes are transcribed and
led to the identification of 3692 unannotated
transcribed loci that may encode functional non-
coding RNAs or unknown proteins, hereafter
referred to as novel transcribed regions (NTRs)
(Table 1). In addition, 791 highly conserved non-
coding RNA genes involved in RNA maturation
and protein synthesis were also predicted (Table
1). Chromosome 3B appears to contain a high
number of small nuclear RNA genes (U1 to U6)
including nine Ul-snRNAs (small nuclear RNAs),
seven of which are tandemly duplicated. As a
comparison, there are 14 Ul-snRNAs in the en-
tire Arabidopsis thaliana genome (Www.plantgdb.
org). The higher number of Ul-snRNAs may reflect
a higher level of duplication in the wheat ge-
nome. We found 53,288 complete and 181,058
truncated copies of TEs, belonging to 485 TE fam-
ilies and representing 85% (640 Mb) of the 3B
pseudomolecule, through a similarity-search ap-
proach. Further de novo repeat detection (78) iden-
tified 3.6% putatively new TEs.

We estimated the putative location of the cen-
tromeric region by plotting the density of the
long terminal repeat retrotransposons (LTR-RTSs)
CRW (centromeric retrotransposons of wheat)
and Quinta along the pseudomolecule. These
LTR-RTs are recognized by the centromere-
specific histone CenH3 and thus are centromere-
functional sequences (22). Two major peaks
covering a region of 122 Mb (265 to 387 Mb) (fig.
S1)—which includes 1 Mb previously shown as
interacting with histone CenH3 (22) and en-
compassing the centromere of the ortholo-
gous rice chromosome 1 (23)—were identified.
This region was defined as the centromeric-
pericentromeric region of chromosome 3B. A
strong correlation has been observed between
the size of the centromeres and the chromo-
somes in grasses (24), and it is likely that large
chromosomes have centromeres larger than
10 Mb. This may be critical to ensure the struc-
tural rigidity of the pericentromeric regions
needed for kinetochore co-orientation (25). Marker
assignation to either the short or the long arm
indicated the presence of a break point between
349.4 and 350.0 Mb that might be the position
of the core centromere.

Variability in recombination rate and
gene density along the chromosome

We found 787 crossover (CO) events on chro-
mosome 3B in the Chinese Spring x Renan popu-
lation, with on average 2.6 COs per chromosome
per individual, which is similar to maize [2.7 to

1249721-2 18 JULY 2014 » VOL 345 ISSUE 6194

3.4 (26)]. Distribution of meiotic recombination
rates revealed extreme variations along the chro-
mosome. Whereas the average recombination
rate is 0.16 cM/Mb, actual values range from 0
to 2.30 cM/Mb (per 10-Mb window) (Fig. 1A).
Segmentation analysis (18) revealed partitioning
with the two distal regions of 68 Mb (region R1)
and 59 Mb (region R3) on the short and long
arms, respectively, showing recombination rates
of 0.60 cM/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 cM/Mb (Table 2 and Fig.

1A). This provides insight into the actual phys-
ical size of the highly recombinogenic regions
previously detected at the end of the wheat chro-
mosomes (27, 28). When a narrower window of
1 Mb was used, variations ranged from 0 to 12
cM/Mb (Fig. 1A), a range similar to that observed
in maize [0.8 to 11.5 cM/Mb (26)] and sorghum
[0 to 10 cM/Mb (29)]. All crossover events oc-
curred in only 13% of the chromosomes in our
population of 305 individuals. The largest region
totally deprived of recombination corresponds
to 150 Mb and includes the putative 122-Mb
centromeric-pericentromeric region. This was

Table 1. 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 1095 + 807 1187 +£821 840+ 710
(£ standard deviation)
Average number of exons
(+ standard deviation) 42+44 44+46 36+38
Gene density (kb™) 107 145 400
No. of expressed genes 5185 4125 1060
No. of genes with 3185 2596 589
alternative splicing
% genes V,V'th N 61 63 56
alternative splicing
Av_erage no. 58 58 58
isoforms/expressed gene
NTRs 3692
Noncoding RNA genes
tRNA 589
5S rRNA 85
Others (snRNA, snoRNA) 117
Total 791
Transposable elements (TEs)
Class | Copia 15.6%
Gypsy 46.9%
Unclassified
LTR-retrotransposons 3.5%
LINEs 1.2%
SINEs 0.01%
Total class | 67.1%
Class Il CACTA 16.4%
Harbinger 0.19%
Mariner 0.19%
Mutator 0.43%
hAT 0.02%
Unclassified class Il
with TIRs 0.22%
Unclassified class Il 0.10%
Helitron 0.01%
Total class |l 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 higher than 1.6 cM/Mb—i.e.,
>10 times the average for this chromosome—and
thus may contain recombination hot spots (Fig.
1A). However, no significant correlation was ob-
served between the recombination rate and gene
content, coding DNA, or TE content of these
regions.

The 7264 genes are not evenly distributed, and
gene density is increasing on both arms along the
centromere-telomere axis, correlating with the
distance to the centromere (7, = 0.79, P < 2.2 x
107, R? = 0.61) (Fig. 1B). Using a 10-Mb window, the
average gene density estimate is 9 £ 5 genes/Mb,
ranging from 13 in the centromeric-pericentromeric
region up to 27.9 at the most telomeric end of the
short arm, a pattern commonly observed in grass
genomes. Variation of the gene density in wheat
chromosome 3B is higher than for chromosomes
in the more compact rice genome (30); lower
than in sorghum, where genes are mostly found
in the telomeric regions (31); and in the same

A 20-

s

range as in maize, which also contains a high
percentage of TEs (13). Segmentation analysis
revealed five major regions with contrasted gene
densities (Fig. 1B) and a fourfold gradient of the
gene density—i.e., twice as many as suggested
by the pilot study on chromosome 3B (2). The
distal segments exhibiting the highest gene den-
sity (19 genes per Mb) correspond nearly to the
highly recombinogenic R1 and R3 regions (Fig.
1A). The R2 region was subdivided into 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 large region
completely devoid of coding sequence (maximum
of 3.7 Mb). We confirmed that the intergenic
distances (IGDs) are extremely variable (aver-
age 104 = 190 kb) and that a majority (73%) of
the genes are organized in small islands, or in-
sulae (32). This suggests that most of the inter-
genic regions are under selective constraint
prevented from TE insertion. Indeed, only 29%
of the IGDs are larger than 104 kb, but they

12

O N B~ O

E 90

80 —

70

60 —

0 68 265

387 715 774 Mb

R1 R2

R3

Fig. 1. 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 1 Mb in red); (B) gene density (CDS/10 Mb); (C) expression breadth; (D) average number of
alternative spliced transcripts per expressed gene; and (E) TE content along the 3B pseudomo-
lecule. Distal regions of the chromosome R1 and 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-
onstrating that TE-mediated genome expan-
sion likely occurred within a limited number of
intergenic regions.

Relationships between gene expression,
function, and chromosome location

Of all annotated genes on chromosome 3B, 71.4%
are expressed in at least one of the 15 conditions
analyzed [five organs at three developmental
stages each (table S2)], 33% in all conditions, and
5% in one only (fig. S3). On average, genes are
expressed in 10.8 of 15 conditions (considering all
predictions), and expressed genes are transcribed
into 5.8 alternative transcripts, or isoforms. Both
the expression breadth and the average number
of isoforms are distributed unevenly along the
chromosome, with a clear decrease of the two
parameters toward the telomeres (Fig. 1, C and
D). Segmentation revealed distal segments with
boundaries similar to that of regions R1 and R3
and with genes expressed in fewer conditions
than in the proximal region: 8.7 versus 11.7,
respectively (P < 2.2 x 1076, Welch ¢ test) (Table
2). Similarly, the average number of alternative
transcripts is higher in the proximal (6.5) than in
the distal (4.3) regions (P < 2.2 x 1076, Welch ¢
test) (Table 2).

Gene ontology (GO) term enrichment was es-
timated for the R1, R2, and R3 regions (I8)
(tables S3 to S5). The distal regions are enriched
in many GO categories, some being related to
adaptation (response to abiotic stimulus or re-
sponse to stress). Well-known examples of genes
related to adaptation are those involved in resist-
ance to pathogens. Chromosome 3B carries 171
genes putatively associated with disease resist-
ance (I8), and their distribution is highly biased,
with 135 (79%) of them located in the distal re-
gions (whereas these regions contain just 33% of
the gene set). Such uneven distribution and the
correlation with the distribution of crossovers
suggest that meiotic recombination acts as a main
driver for creating variability in distal regions of
chromosome 3B.

To investigate whether such partitioning is a
common pattern of large plant genomes, we
analyzed the distribution of the gene expression
breadth in maize and barley, which both exhibit
large genome size (>1 Gb) and increased re-
combination rates at chromosomal extremities
(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 observed that the two high-recombination
distal regions carry genes expressed in fewer con-
ditions than those carried by the low-recombination
proximal regions (5.9 versus 6.7; P = 2.2 x 1076,
Welch ¢ test) (fig. S4A). Using GO terms, we found
a significant enrichment of these regions in the
categories “cell death” and “defense response,”
which support previous findings that barley dis-
ease resistance genes are clustered in the distal
regions (34). In contrast, in maize, although we

18 JULY 2014 » VOL 345 ISSUE 6194 124.9721-3



SPECIAL SECTION SLICING THE WHEAT GENOME

observed partitioning of the recombination
rate, no gene-expression partitioning was de-
tected using RNA-Seq data of 18 conditions
(35). Overall, the expression breadth is 13.2 and
12.7 in high- and low-recombination regions,
respectively, with chromosome-specific patterns
(fig. S4B). Nevertheless, high-recombination re-
gions are also enriched in GO categories “cell
death” and “defense response to fungus and bacte-
ria,” suggesting that such genes are consistently
found in distal recombinogenic regions in large
plant genomes. These results suggest that the
partitioning observed on wheat chromosome 3B
is conserved in the 7Triticeae and may not reflect
a general pattern of large genomes. Alternatively,
it is possible that the active rearrangements ob-
served in the maize genome have modified this
pattern. Additional evidence will come once other
large plant genomes (>1 Gb) are sequenced and
analyzed.

Uneven distribution of
transposable elements

LTR-RTs represent 66% of the chromosome 3B
sequence (gypsy, 47%; copia, 16%; unclassified,
3%) (Table 1), which is slightly lower than the
~75% of LTR-RT identified in the whole maize
genome (36). Only 4% (3 out of 85) of the LTR-
RT families were found in single copies, com-
pared with 41% in maize (36) and 48% in the
rice genome (37). Sixteen percent of the sequence
is composed of class II DNA transposons that
mostly correspond to CACTA elements (Table 1),
compared with 3.2% in the maize genome (13).
Only six families account for 50% of the wheat
chromosome 3B TE fraction, as previously sug-
gested from partial sequence analyses (2, 38)
and from observations in other large genomes
(86). However, in contrast to the maize genome,
in which most of the intact elements are found
in 1 to 10 copies (36), the majority of the TE fam-
ilies annotated on chromosome 3B have a higher
number of copies (10 to 1000 copies). Estimated
insertion dates for the most abundant LTR-RT
families showed a major peak at 1.5 million years
(My) but also quite specific patterns of TE activ-
ity for each family (fig. S5). Our data support the
hypothesis (2, 38) that most of the transposable
elements that shaped the B genome were in-
serted before polyploidization [0.5 million years
ago (Ma)] and have been less active since then.
Distribution of recently inserted elements re-
vealed that TE insertion occurred at a similar
rate in the distal and proximal regions. In con-
trast, older insertions (>1.5 Ma) were 1.7 times as
abundant in the R2 region compared with the R1
and R3 regions, suggesting a higher rate of TE
elimination in the distal ends of chromosome 3B.

The TE density distribution was not random
(Fig. 1E), with a lower density in the R1 (73%)
and R3 (68%) regions compared with the R2
region (88%) (Table 2). The 122-Mb centromeric-
pericentromeric region displayed the highest den-
sity (93%) of TEs. Beneath the global TE distribution
pattern, each superfamily presents its own speci-
ficities (fig. S6). For example, CACTA transposons
are more abundant in the distal gene-rich regions
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(Table 2), supporting in situ hybridization find-
ings at the whole-genome level (39). In addition,
the distribution of TE families varied on the basis
of their relative distance to genes (I18) (fig. S7).
DNA transposons Mutator, Harbinger, and MITEs
are found close to genes, whereas LTR-RTs and
CACTAs tend to be located at much larger dis-
tances from the genes. For instance, the 17,479
annotated MITEs were found to be significantly
associated with genes (7 = 0.89; P <1 x 107%), as
previously observed in plant genomes (40).

Synteny between chromosome 3B
and related grass genomes

Comparative genomics in grasses has been used
to define syntenic relationships between different
species (41, 42) and to provide insight into their
evolution since the divergence from a common an-
cestor 50 to 70 Ma (43). We compared the wheat
chromosome 3B genes (Ta3B) with the closest
sequenced relative, Brachypodium distachyon
[common ancestor, 32 to 39 Ma (44)], and with
one representative of each of the Ehrhartoideae
and Panicoideae grass subfamilies: Oryza sativa
indica [rice (30)] and Sorghum bicolor (31), re-
spectively. Wheat chromosomes of group 3 are
syntenic with chromosome 1 of rice (Osl), chro-
mosome 3 of sorghum (Sb3), and the distal parts
of B. distachyon chromosome 2 (Bd2). We first

investigated potential gene loss after polyploid-
ization by using the conserved and syntenic genes
found on chromosomes Osl, Bd2, and Sb3. These
represent the grass core genes that are expected
to be present on wheat homeologous group 3,
unless they have been lost by fractionation after
polyploidization. The finding that 94% of the
conserved genes are also present on the 3B se-
quence (Fig. 2A), which represents 94% of the
chromosome (see above), suggests that no major
gene loss has occurred in the B subgenome yet.
This is confirmed at the whole-genome level by the
results of the chromosome survey sequences
(19). In contrast, 2065 genes on chromosome 3B
(34.6%, including pseudogenes) shared similar-
ity with genes on nonorthologous chromosomes
in the other grass genomes. This proportion of
nonsyntenic genes is much higher than the 5%
(between 149 and 207) of nonsyntenic genes
found in the other grass species analyzed (Fig.
2A and table S6). It confirms previous results
showing substantial modifications and rearrange-
ments of the wheat gene space (2). When looking
at the conservation of the gene order, collinear
genes represent 42 to 68% of the genes present
on Osl, Bd2, and Sb3, whereas they represent
less than 30% of the Ta3B genes (including
pseudogenes) (table S7 and fig. S8). The spatial
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 1,101
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 breadth

(per expressed gene; /15) 88 17 86
Average FPKM (per expressed gene) 141 255 156
Average number of isoforms 42 6.5 a4

(per expressed gene)
Proportion of nonsyntenic genes* (%) 44 28 53
Proportion of intrachromosomally

duplicated genes* (%) 49 33 42
Proportion of tandemly duplicated genes* (%) 24 14 22
Proportion of dispersed duplicated genes* (%) 26 18 20
Proportion of interchromosomally

duplicated genes* (%) 36 33 37

Transposable elements (%) 73.0 88.3 68.4

Copia (%) 147 158 141
Gypsy (%) 317 50.3 271
CACTA (%) 18.7 15.9 195

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

each region.
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along the 3B pseudomolecule (Fig. 2B) shows an
increased proportion of nonsyntenic genes in the
R1 (44%) and R3 (563%) regions compared with
the R2 region (28%) (Table 2). This supports the
hypothesis that accelerated evolution occurred in
the wheat lineage compared with other grasses
(2, 45, 46), with insertions of nonsyntenic genes
intercalated in the ancestral grass genome back-
bone through gene duplications or translocations
that preferentially occurred in the distal recom-
bining regions.

Origin and evolution of nonsyntenic genes

With such a high proportion of nonsyntenic
genes, one key question is whether these genes
are under selection pressure or in the process of
becoming pseudogenes. On the basis of the cod-
ing sequence structure, 32% of the nonsyntenic
genes (versus 17% of syntenic genes) were an-
notated as likely pseudogenes or gene fragments.
This ratio is not surprising, given that TE activ-
ity can duplicate gene fragments that are dead
upon arrival. Expression patterns revealed that
a majority of the nonsyntenic genes (69% versus

(%) 100

[
(%) 100

82% of syntenic genes) are expressed in at least
one condition tested (table S8), thereby suggest-
ing that a large fraction of these relocated genes
are unlikely to be pseudogenes and may con-
tribute to recent wheat genome evolution and,
therefore, to adaptation. Interestingly, a majority
(51%) of the genes expressed in a single condi-
tion corresponds to nonsyntenic genes, whereas
80% of the genes that are expressed in all 15 con-
ditions are syntenic genes (fig. S9). This suggests
that nonsyntenic genes are involved in specific
processes that may be related to adaptation,
whereas syntenic genes tend to be associated
with essential biological processes. This hypoth-
esis is supported by the fact that putative resist-
ance genes identified on chromosome 3B are
mainly nonsyntenic genes (I8). In addition, GO
term enrichment of nonsyntenic genes revealed
an overrepresentation of genes involved in re-
sponse to stress (table S9).

The fact that chromosome 3B exhibits a higher
number of genes than its orthologs in other
grasses and that at least 94% of the ancestral
grass gene backbone is conserved indicates that

148
138
2333 153
2240
2343
2370

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
(Ta3b, blue) and orthologous chromosomes in rice (Osl, red), Brachypodium (Bd2, green), and sorghum
(Sb3, purple). The number of nonsyntenic genes is indicated in bold for each species. Distribution along the
774 Mb of the chromosome 3B pseudomolecule of the relative proportion of (B) syntenic (blue) 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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most insertions of nonsyntenic genes result from
interchromosomal duplication with retention of
the parental copy. To test this hypothesis, we used
the sequences of the 18 bread wheat chromo-
somes nonhomeologous to group 3 chromosomes
(19) to search for potential parental copies of
chromosome 3B genes elsewhere in the genome
(18) (table S10). A paralog was identified for 87%
of the nonsyntenic genes (I8), with no bias re-
garding the chromosomal origin of the interchro-
mosomally duplicated genes (fig. S10). Duplications
of DNA fragments to different locations in a
genome have been shown to result from double-
strand break (DSB) repair (in which a copy of the
foreign DNA is used as filler to repair the break)
or capture by active TEs (46, 47). We analyzed the
composition of the regions flanking the syntenic
versus nonsyntenic genes (20 kKb on each side)
and found a high association of nonsyntenic
genes with a class II transposon superfamily:
41% more CACTAs were found around nonsyn-
tenic genes than around syntenic genes (fig. S11).
CACTA transposons are known to capture genes
(81, 48) and may have contributed substantially
to interchromosomal gene duplications in wheat.

We also investigated the time since dupli-
cation of nonsyntenic genes through the analysis
of nucleotide substitution rates (K;) (I8). In total,
63% of these duplications were older than 10 My
and, thus, are likely shared within other Triticeae
species, whereas 37% are potentially wheat-specific.
Comparison with the barley genome survey se-
quence data (34) showed that at least 29% of the
3B nonsyntenic genes (versus 51% of the syntenic
genes) are orthologous with barley chromosome
3H, confirming that part of the nonsyntenic
genes were relocated before the divergence of
wheat and barley 10 to 14 Ma.

We next asked if the high gene duplication
activity is also observed at the intrachromosomal
level. We identified 809 gene families with two
or more copies comprising 2216 genes on chro-
mosome 3B, which is about three times as much
as in rice, Brachypodium, and sorghum (table S11).
This indicates that, in proportion, more than twice
as many genes were duplicated or retained after
intrachromosomal duplications in wheat (~37%)
compared with the other three grasses (~15 to
18%). About 46% of the duplicated genes of chro-
mosome 3B are found in tandem, whereas 54%
are dispersed duplicates (I18) (table S12). In other
grass species, a majority of the duplicated genes
are organized in tandem. Given the high inter-
chromosomal duplication activity observed in our
analyses (see above), it is possible that some dis-
persed duplicates on chromosome 3B originated
through independent interchromosomal duplica-
tions rather than through intrachromosomal dupli-
cations, thereby leading to overestimates of the
latter. However, even when considering syn-
tenic dispersed duplicates—i.e., those genes that
have remained at their ancestral locus and have
undergone intrachromosomal duplication—23%
of the whole gene set appears to have originated
from recent intrachromosomal duplications, which
is still higher than in other grass species. Thus,
we conclude that both inter- and intrachromosomal
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rates of duplication are higher in wheat than in
the other grass species analyzed so far. Inter-
estingly, interchromosomal duplicates were
distributed uniformly along the chromosome,
whereas the proportion of tandem duplicates
slightly increased in the distal regions (Fig. 2D).
This suggests that long-distance and tandem
duplications likely arose through different mech-
anisms. Finally, expression analysis of intra-
chromosomal duplicated genes indicated that
49% of the families show expression of all co-
pies in at least one condition. Similar to what
was observed for the interchromosomal dupli-
cated genes, the intrachromosomal duplicated
genes tend to be expressed in fewer conditions as
compared with nonduplicated genes (fig. S9 and
table S8), suggesting that they may be under-
going subfunctionalization.

QTL mining

As exemplified in rice and other crops, a refer-
ence genome sequence provides a resource for
gene discovery, marker development, and allele
mining in support of crop improvement (49). We
identified 153,190 insertion site-based polymor-
phism (ISBP) markers (50) and 35,579 micro-
satellite markers along the 3B chromosome. We
also located 121 quantitative trait loci (QTLs) for
50 different traits on chromosome 3B (table S13).
Using these data, we conducted a meta-analysis that
integrates QTLs defined in independent studies (57)
and identified 18 metaQTLs with confidence
intervals covering between 1.5 and 620 Mb of the
chromosome 3B sequence. The largest one en-
compasses the centromeric region, where recombi-
nation is suppressed. Five metaQTLs with small
intervals (<10 Mb) that contain between 23
and 266 protein-coding genes and between 511
and 4049 markers are suitable for fine map-
ping (table S14).

Discussion

We present a reference sequence of chromo-
some 3B that can be used to precisely delineate
structural and functional features along a chro-
mosome and establish correlations between recom-
bination intensity, gene density, gene expression,
and evolution rate. Our results indicate that
during evolution, regions with distinct features
become delineated along chromosome 3B, in-
cluding relatively small distal regions that are
preferential targets for recombination, adaptation,
and genomic plasticity. Whether our observa-
tions reflect a general pattern for the wheat ge-
nome will need to be confirmed by the analysis
of other chromosome reference sequences. Al-
ready, some of the features—such as the CACTA
distribution, the high rate of intrachromosomal
duplication, the absence of major gene loss since
polyploidization, and the gradient of gene density—
have been confirmed at the whole-genome level
(19, 39). Moreover, the ordered chromosome 3B
sequence allowed us to distinguish duplicated
genes and provided evidence for superimposed
mechanisms of gene duplications. The high lev-
el of gene duplication (allopolyploidy and inter-
and intrachromosomal duplications) provides the
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wheat genome with a vast reservoir of functional
genes that likely contribute to wheat adaptation.
On the basis of this work, the IWGSC has al-
ready defined an adapted BAC pooling strategy
to reach the same sequence quality while reducing
sequencing costs for the remaining chromosomes.
Although progress in sequencing technologies
and cost reduction allows for more cost-efficient
sequence production, the challenge of bioinfor-
matics and limitations of current sequencing
technologies remain (72). Solving these issues
and improving methods to efficiently anchor and
orient scaffolds within pseudomolecules should
make the assembly of high-quality reference se-
quences of complex genomes routine work in the
future. There is no doubt that, as witnessed after
the release of the rice genome sequence (49), the
number of genes cloned from wheat will grow
exponentially in the near future, thereby enabling
wheat researchers and breeders to cope with the
urgent need to improve wheat yield in the face of
climate change and food-security challenges (52).

Materials and methods
Sequencing, assembly, and scaffolding

A total of 8452 BACs representing the MTP of
wheat chromosome 3B were pooled into 922
BAC pools. Each pool was used to create a bar-
coded Roche/454 8-kb long paired-end library.
In total, 150 sequencing runs were performed,
leading to an average of 36-fold sequence cover-
age. After assembly with Newbler (Roche), we
integrated 42,551 BAC end sequences to validate
and improve scaffolding. Illumina reads gener-
ated from sorted DNA of chromosome 3B were
used to fill gaps within scaffolds and correct
potential sequencing errors remaining in the
consensus sequence (I8).

Anchoring scaffolds

SNP discovery was performed through sequence
capture for 52,265 loci flanking TE junctions
representing an average density of one locus per
16.2 kb (I8). Out of 39,077 SNPs distributed
along the chromosome, a subset of 3075 evenly
distributed (38.2 £ 9.4 SNPs per 10 Mb) SNPs
was selected to genotype 1025 lines from recom-
binant inbred and association panels. An an-
chor genetic map was built first by linkage
analysis and integration of linkage disequilib-
rium data. A consensus map comprising 5318
markers was also built using 40 different genetic
maps to anchor additional scaffolds (78). Finally,
a position in the pseudomolecule was inferred
for scaffolds without marker information but be-
longing to an anchored physical BAC contig.

Sequence annotation

Gene modeling was performed using an im-
proved version of the TriAnnot pipeline (53).
Noncoding RNA genes were predicted using 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 development of a
specific program (I8) that automatically curates
similarity-search results obtained with a dedi-

cated databank comprising 4929 known wheat
TEs classified into 521 families.

Gene expression analyses

Thirty RNA samples, corresponding to RNAs
extracted in duplicates from five organs (root,
leaf, stem, spike, and grain) at three develop-
mental stages each from hexaploid wheat cultivar
Chinese Spring (4), were used for gene expres-
sion analyses. RNA-Seq libraries were constructed
using the IlluminaTruSeq (Illumina, CA, USA)
RNA sample preparation kit and sequenced.
An average of 50 = 11 million paired-end reads
per sample were mapped on the chromosome 3B
scaffolds and used to reconstruct transcripts
and estimate transcript abundance in units of
fragments per kb of exon per million mapped
reads (FPKM). Regions with FPKM values higher
than zero were considered as expressed.

Distribution and segmentation analyses

Distributions of recombination rate, gene and TE
densities, and expression breadth were calculated
within a sliding window of 10 Mb (and 1 Mb for
the recombination rate), with a step of 1 Mb along
the chromosome sequence using a homemade
Perl script. Segmentation analyses of these distribu-
tions were performed using the R package change-
point v1.0.6 (54), with Segment Neighborhoods
method and Bayesian information criterion pe-
nalty on the mean change.

Comparative genomics, gene
duplications, and molecular evolution

We performed an all-by-all Basic Local Align-
ment Search Tool for Proteins (BLASTP) [cutoff
expected value (Evalue), 1 x 10™°] comparison
between the amino-acid sequences of predicted
genes of wheat chromosome 3B, rice (Michigan
State University version 7.0), Brachypodium
(Brachypodium Sequencing Initiative, 2.0), and
sorghum (phytozome, version 1.4). We filtered
out genes with no homology with at least one
other gene in a compared species (cutoff 35%
amino acid identity and 35% sequence overlap).
Syntenic genes were defined as genes with a
best BLAST hit on an orthologous chromosome
in at least one other species. Nonsyntenic genes
were defined as genes for which the best BLAST
hit was on a nonorthologous chromosome in
the other species. Clustering of orthologous and
paralogous genes was performed using OrthoMCL
[Evalue cutoff, 1 x 107°; percentage match cut-
off, 35% (55)]. All 3B genes clustered into the
same family were considered intrachromosomal
duplicates. 3B genes clustered in a family with
wheat gene models annotated on another chro-
mosome (I19), not including genes from group 3,
were considered as interchromosomal duplicates.
Tandem duplicates were defined as genes in the
same family with five or fewer spacer genes sep-
arating them on the pseudomolecule, and dis-
persed duplicates were defined as having more
than five spacer genes. Synonymous (K;) and non-
synonymous (K,) substitution rates were calcu-
lated based on ClustalW 2.1 (56) coding sequence
alignments by the Nei and Gojobori method
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using codeml [part of the PAML package (57)].
Age of gene divergence was estimated by the
equation K,/2r, where r = 6.5 x 107,
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