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N IAI VI AN NIOEN SLICING THE WHEAT GENOME

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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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 Consortiumt

Klaus F. X. Mayer,' Odd-Arne Olsen*}

Allohexaploid bread wheat (Triticum aestivum L.) provides approximately 20% of
calories consumed by humans. Lack of genome sequence for the three homeologous
and highly similar 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 progression during endosperm
development. We observed no global but cell type— and stage-dependent genome dominance,
organization of the wheat genome into transcriptionally active chromosomal 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.

he vast majority (90 to 95%) of wheat
produced in the world is the allohexaploid
bread wheat (Triticum aestivum L., 2n =
6x = 42, AABBDD) accounting for ~20%
of calories consumed by humans world-
wide. Because of global economic and social
trends, wheat-processing industries put great
emphasis on enhancing specific grain-quality
attributes. However, an allopolyploid genome
composition requires regulatory mechanisms
within the cell that can orchestrate the complex
intergenomic gene expression through genetic or
epigenetic modifications. This may result in ge-
nomic asymmetry and favored expression of in-
dividual genes from specific, single genomes
[reviewed in (1)]. For allopolyploid wheat, par-
tial or complete genome dominance has been in-
dicated as affecting traits such as grain size and
form. However, the extent and characteristics of
gene expression divergence between genomes in
different tissues at the whole-genome level is
largely unknown. The lack of a genome sequence
for bread wheat that could enable the measure-
ment of A, B, and D genome-specific transcription
has previously hindered examination (2) of the
genetic control of grain components (3, 4).

The global landscape of endosperm
gene expression

We surveyed the genome-wide patterns of cell-
type-specific gene expression, providing de-

'Plant Genome and Systems Biology, Helmholtz Center
Munich, 85764 Neuherberg, Germany. “Department of Plant
Sciences/Centre for Integrative Genetics, The Norwegian
University of Life Sciences (NMBU), 1432 Aas, Norway.
3Department of Chemistry, Biotechnology and Food Science,
NMBU, 1432 Aas, Norway.

*These authors contributed equally to this work. tInternational
Wheat Genome Sequencing Consortium (IWGSC) authors and
affiliations are listed in the supplementary materials.
fCorresponding author. E-mail: odd-arne.olsen@nmbu.no
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tailed insights into the contributions of the A,
B, and D genomes to the grain transcriptome.
The bread wheat endosperm is composed of
three main cell types (Fig. 1A) (5). The starchy
endosperm (SE) accumulates starch and stor-
age proteins and forms the bulk of the grain.
The aleurone layer (AL) is a single cell layer sur-
rounding the SE, except on the ventral crease side,
where transfer cells (TCs) develop. Aleurone cells
accumulate lipids and play an essential role in
grain germination, whereas the TCs actively
transport sucrose from the photosynthetic tis-
sues to the endosperm and embryo. We applied
RNA sequencing (RNA-seq) in order to monitor
gene expression in different cell types at three
different developmental stages that reflect the
progression of starch and storage protein accu-
mulation [10, 20, or 30 days post anthesis (DPA)]
(Fig. 1A). The International Wheat Genome
Sequencing Consortium (IWGSC) bread wheat
genome survey sequence and annotation (6)
were used as a reference, enabling assignment
of the endosperm transcriptome to the three
homeologous genomes A, B, and D and allowing
the identification of previously unidentified
transcripts and isoforms (7).

In total, 46,487 out of 85,173 high-confidence
(HC) wheat genes [55%; HC1 to HC3 (6)] were
expressed during endosperm development (Fig. 1B),
which is consistent with observations in Arabi-
dopsis thaliana and barley (8, 9). The number of
genes from any genome preferentially expressed
in individual cell types and developmental stages
[up-regulated compared with the other samples
(7] varied substantially from 136 in TCs 20 DPA
to 644 in AL cells 20 DPA (Fig. 1C). Genes that
were preferentially expressed in endosperm at 10
DPA were enriched for gene ontology (GO) (10)
terms related to carbohydrate metabolic processes
and glycolysis (4, 9); AL-specific genes were en-

riched for lipid metabolism, structural develop-
ment, carbohydrate metabolic processes, and
amino acid biosynthesis (4); SE-specific genes
were enriched for carbohydrate and saccharide
metabolism (I1); and TC-specific genes were
enriched for proteolysis and defense-response
genes (12). Low numbers of preferentially ex-
pressed genes in grain development have also
been observed in A. thaliana (8). This suggests
that there may be conserved regulatory princi-
ples across >100 million years of angiosperm
evolution. Moreover, the three wheat genomes
contribute about equally to the number of ex-
pressed genes in the endosperm as a whole (18
to 19%) (Fig. 1B) in each of the individual cell
types and developmental stages (Fig. 1C), as well
as to the number of preferentially expressed genes
in each cell type and stage (Fig. 1C).

Morphologically, as well as functionally, aleu-
rone and SE cells are widely different in that
aleurone cells accumulate lipid bodies and are
desiccation-tolerant, whereas SE cells accumu-
late starch granules and storage proteins and
die toward grain maturation (Z3). The difference
between aleurone cells and SE cells was also
apparent from our whole-genome transcriptome
analysis, in which aleurone cells exhibit a sepa-
rate expression cluster from all other samples
(Fig. 1D). In addition, gene expression profiles
related to the developmental stages were more
similar than that of cell type-expression patterns;
samples from the 20-DPA stage cluster together
(SE, TC, and W at 20 DPA), whereas the clean SE
sample from 30 DPA (SE at 30 DPA) and endo-
sperm from 10 DPA (W at 10 DPA) form separate
clusters. Although TCs and SE cells are highly
different in that TCs have extended cell walls
to facilitate sucrose transport, the TC sample
clustered with the SE samples, which most like-
ly is due to tightly attached SE cells. Taken to-
gether, these observations fit with characterized
endosperm cell function and the progression of
endosperm development toward grain matu-
ration (5, 13, 14).

Spatiotemporal gene expression control

Endosperm development progresses through
four phases: the syncytial phase, the cellulari-
zation phase, the differentiation phase, and the
maturation phase (13). We identified one group
of genes with spatiotemporal unspecific gene
expression (cluster 0) and seven clusters of co-
expressed genes (clusters I to VII) (Fig. 2). The
latter reflected phases of endosperm differentia-
tion and maturation, in which the industrially
important characteristics of the wheat grain are
developed. They contained from 2257 to 5369
genes (24,826 in total) without evident genome
dominance. Each cluster showed clear and dis-
tinct characteristics in terms of gene expression
profiles, enrichments of preferentially expressed
genes, and gene function enrichment (7). For ex-
ample, cluster I exhibited increased expression
in 10 DPA whole endosperm (W) when cell divi-
sions were still occurring in the periphery of the
endosperm and the transcription of storage pro-
teins and the accumulation of starch had been
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Fig. 1. Overview of the wheat endosperm transcriptome. (A) At 10 DPA, we sampled the whole
endosperm (W). At 20 DPA, we also separated the SE, the AL, and the TC layer by means of manual
dissection. At 30 DPA, the AL adheres tightly to the outermost SE cells, causing aleurone tissue to
contain contamination from SE cells (ALSE). (B) The number of wheat genes expressed (dark gray
outside line) and not expressed (lighter gray outside line) in endosperm (all cell types and devel-
opmental stages), distributed across the three genomes (green, A; purple, B; orange, D). (C) The number
of genes expressed (open bars) and preferentially expressed (solid bars) in each cell type and devel-
opmental stage. Genes are considered preferentially expressed in a sample if they are up-regulated in that
sample as compared with the other samples. (D) Hierarchical clustering of gene expression similarities of
the samples across all genes. Bootstrap values indicate the strength of the clustering [red, approximately
unbiased (au) P value; green, bootstrap probability (bp) P value].

initiated. Cluster II was expressed during the
early differentiation phase, in which storage pro-
tein and starch accumulation reach their maxi-
mum. Cluster IV included a significant proportion
of genes preferentially expressed in AL cells
20 DPA and was enriched for processes related to
catalytic activity, lipid metabolic processes, and
carbohydrate metabolism. The remaining clus-
ters were characteristic for specific cell types (IV
and VI, AL; III and VII, SE; and V, TCs) in the
intermediate (III, IV, and V) and late phase (VI
and VII).

We identified 6576 homeologous gene loci
that had exactly one representative member
from each genome (referred to as homeologous
triplets; 6576 x 3 = 19,728 genes). Among these
homeologous triplets, 5939 (88%) had at least one
homeolog assigned to one of the co-expression
clusters (7). We found that only 28% of the
homeologous triplets (1663) had all three homeo-
alleles assigned to the same co-expression cluster.
For 41% (2416) of the triplets, two out of three
homeoalleles were assigned to the same co-
expression cluster, whereas for the remaining
31% (1860), all homeoalleles fell in separate clus-
ters. Co-expressed homeoalleles were uniformly
distributed across genome pairs (A and B, 818
genes, 12%; A and D, 794 genes, 12%; B and D,

1250091-2 18 JULY 2014 « VOL 345 ISSUE 6194

804 genes, 12%) (7). Therefore, if major expres-
sion divergence between A and B homeologs
occurred in the ancestral tetraploid, our data sug-
gests that this expression divergence has been
reprogrammed in the hexaploid genome. Clusters
that are spatiotemporally related (for example,
early and intermediate development) often shared
significant numbers of homeoalleles from the
same triplets, whereas functionally different co-
expression clusters only rarely did (one-sided
Fisher’s exact test with Bonferroni adjusted P <
0.05) (Fig. 2). Analyzing homeologous genes with
single copies in only two of the genomes gave
similar results (7). Therefore, although there is ap-
parent expression divergence among homeologs,
most of this divergence is due to nonradical alter-
ations in spatiotemporal expression. Thus sub-
functionalization, rather than neo-functionalization,
appears to be occurring among the three bread
wheat genomes.

Endosperm cell type function and
module-associated genome dominance
in the grain transcriptional network

We carried out analysis of genome-wide ex-
pression patterns of the homeologous triplets
using principal component analysis and hier-
archical clustering. Samples grouped according

3A, left, red nodes) were more scattered and
could be linked to, for example, polysaccharide
catabolism, the glyoxylate cycle, and autophagy.
TCs (Fig. 3A, yellow nodes) formed dense, sepa-
rated clusters enriched for “response to stimulus”
functionality. Transcriptional modules enriched
for more general functionalities (such as transport
or translation) without cell type or developmental
phase specificity were also found (Fig. 3A, gray
nodes). In total, AL-related modules constituted
more than one third of the nodes (2207), whereas
the other cell types contributed to a lesser extent
(SE, 658 nodes, 11%; TC, 149 nodes, 2%). The
remaining nodes grouped either with the early
phase of endosperm development or unspecific
clusters.

We tested the transcriptional network for ge-
nome asymmetry. Different genomes dominated
expression for 23 of the modules (92%), and no
single genome proved to be overly dominant
(Fig. 3A, right) (7). Highly connected genes in
the network (hub genes) were significantly more
likely to show a genome bias than were non-hub
genes (one-sided Fisher’s exact test; P < 0.001).
They were significantly enriched in modules that
serve as connecting layers among different re-
gions of the network (one-sided Fisher’s exact
test; P < 0.001) (Fig. 3A, inset, highlighted red).
Because hub genes display characteristic expres-
sion profiles for network modules (75), our ob-
servations suggest that these genes might play an
important role in orchestrating genome-specific
expression in the grain transcriptome network.

We superimposed the observed genome asym-
metry to a semantic aggregation (16) of signifi-
cantly overrepresented GO categories. Both general
cellular functions as well as specific functions
during bread wheat grain development were at-
tributable to distinct contributions from individ-
ual genomes (Fig. 3B). These findings illustrate at
least partial functional compartmentalization of
the endosperm transcriptome among the three
genomes.

Sequence divergence analysis comparing ho-
meologous gene pairs corroborated the hypothesis

sciencemag.org SCIENCE
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Fig. 2. Spatiotemporal control of endosperm gene expression. Seven co-expression clusters (nodes |
to VII) that span the phases of progression of starch and storage protein accumulation were identified with
k-means clustering and spatially arranged so as to reflect the phases of maturation. For homeologous
triplets, spatiotemporal differences of expression patterns between individual (triplet) gene members were
analyzed (7). Partitioning of expression for individual triplet genes was frequently observed (for example,
homeologous A and B genome—encoded genes were located in cluster |, whereas the D genome copy
clustered in cluster II). Bidirectional arrows connect pairs of clusters with a significant enrichment for
expression partitioning among homeologous triplets. Assignment of different triplet members to different
co-expression clusters is biased toward spatiotemporally related clusters (such as clusters IV and VI, late
differentiation and maturation phase of aleurone cells). Gene expression profiles across developmental
stages and cell types of each cluster are visualized by use of boxplots. Boxes span the data range between
the first and the third quartiles, and the median is represented as horizontal lines. Whiskers extend to the
most extreme data point, which is no more than 1.5 times the interquartile range away from the first and

the third quartile.

of homoploid hybrid speciation of the D ge-
nome lineage (7, 17). The numbers of synony-
mous substitutions per synonymous site between
A-D and B-D homeologous genes were similar
and significantly smaller than for homeologous
gene pairs from the A and B genomes. Expression
profiles of homeologs and expression dominance
within the co-expression modules were indepen-
dent of evolutionary history and relatedness
(7). This suggests other genetic or epigenetic
regulatory mechanisms as the cause of genome
asymmetry (18-20).

Regulation of endosperm gene expression
linked to chromosomal domains

Although the regulation of gene expression is
expected to affect genes at different loci in the
genome, epigenetic mechanisms often influence
neighboring genes (21). To investigate the impact
of chromosomal positioning of genes on mRNA
abundance, we mapped 57,903 (67%) bread wheat
genes to seven Triticeae prototype chromosomes
(7) that reflect the inferred ancestral linear gene
order in the A, B, and D genomes (22, 23). Along
all chromosomes, the gene expression oscillated
to form chromosomal domains (24, 25) with only
minor divergence between the spatiotemporal
endosperm conditions (Fig. 4A) (7). This spa-
tial distribution of gene expression was to a
large extent similar between genomes. However,

SCIENCE sciencemag.org

we also observed chromosomal domains with
asynchronous homeologous expression patterns,
which indicates local genome asymmetry affect-
ing neighboring genes (Fig. 4B). One of these
domains (Fig. 4, blue rectangle) showed ele-
vated gene expression in the D genome. We also
found overrepresentation of differentially ex-
pressed homeologous triplets that were domi-
nated by the D genome (Fisher’s exact test; P <
0.05), which excludes gene expression diver-
gence because of variation in local gene content
between genomes. Genes located in this chro-
mosomal domain encoded proteins involved in
basal cellular processes such as DNA packaging
and transport activity. The genome-wide contri-
bution of each genome appears to be balanced,
but as well as genetic effects such as variation
in gene copy number, there is local genome
asymmetry for neighboring genes. This suggests
that epigenetic regulatory mechanisms act dif-
ferently on particular corresponding domains of
homeologous chromosomes.

Copy number and homeologous
expression in baking-quality genes

Our data set enabled us to discriminate between
transcripts from A, B, and D homeologous genes
and to identify genes encoding major protein
families known to affect dough quality (7). Genes
identified include the high- and low-molecular-

weight glutenin genes (HMW-Glu and LMW-Glu);
the a-, y-, and o-gliadins (Gli) (74); the grain-
hardness locus genes encoding puroindoline A
(pin-A) and puroindoline B (pin-B) (26); and last,
the storage protein activators (SPAs) (Fig. 5A)
(27). For both subunit types of glutenin genes,
expression levels varied substantially, reflecting
remarkable differences in the contribution of
individual genomes to overall gene expression.
Whereas the total gene expression of the LMW-
Glu was dominated by the B genome (68%), genes
of the D genome accounted for two thirds of
the total expression of the HMW-Glu subunit.
For genes of the A genome, we measured only
marginal contribution (2%), which supports the
observed inactivation of Glu-A homeoalleles in
hexaploid wheat (28, 29). We found dominance
of the D genome in the wheat hardness locus,
including the pin-A and pin-B genes, which are
exclusively encoded on the short arm of chro-
mosome 5D (26, 30) and were expressed at high
levels, as well as the three homeologous genes
of the pin-B2 locus that were expressed at sub-
stantially lower levels (31). For the single-copy
gene in each genome encoding the SPA (27), B
genome expression strongly dominated over the
expression of the A and the D homeologous gene
copies. Although the B and the D genome copies
were predominantly expressed at 10 DPA, the A
genome-derived SPA allele was almost uniformly
expressed at 10 DPA and in SE cells at 20 DPA.
For the highly repetitive a-, y-, and o-gliadins
(32-34), expression levels varied substantially
both in the number of genes and their expres-
sion levels between the A, B, and D genomes
(Fig. 5B). Whereas gene copies of the B and D
genome dominated total gene family expression,
copies of the A genome accumulated fewer tran-
scripts. For the o-gliadins encoded on chromo-
some 6S, we found several gene copies for the A
and B genomes, but strikingly, the entire o-Gli
locus was absent from the D genome. Most
likely, this lack was caused by a previously un-
described deletion of a small segment of chro-
mosome 6DS (comprising ~200 genes) (Fig. 5C).
We found the corresponding chromosomal re-
gion to be present in Aegilops tauschii, which
suggests a partial chromosomal deletion that
likely occurred after the hybridization event that
formed hexaploid bread wheat.

For the inspected gene families, we found
large genome-specific variation in the number
and abundance of genes, which implies the
presence of genomic asymmetry and preferen-
tial expression of mostly the B and D genomes.
Moreover, we observed discrepancies in genome
expression dominance in the absence of homeol-
ogous counterparts (0-Gli), potentially indicating
trans-regulatory mechanisms and cross-talk be-
tween genomes [discussed in (I)]. This com-
prehensive analysis of major grain-quality gene
families in Chinese Spring, although not a wheat
used for making bread, illustrates the utility of
measuring the number and expression levels of
homologous genes in order to provide a com-
plete picture of relevant genes for a trait un-
der study. Valuable information of associations
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Fig. 3. Analysis of homeologous gene expression. (A) The dynamics of homeologous triplet gene
expression patterns were captured in a co-expression network. Node coloring in the bottom central inset
depicts the segmentation into 25 co-expression network modules. The inset denotes the network, with red
circles around those modules that were significantly enriched for hub genes. The transcriptional network is
colored for cell type and developmental stage (left) and genome dominance (right) (7). Selected GO
categories in the center exemplify the relationship between the spatiotemporal layer and genome
asymmetry (green, A; purple, B; orange, D). (B) Significantly enriched biological process GO categories
were projected onto a two-dimensional semantic space (7, 16). Semantic representation of GO categories
was colored according to the significant overrepresentation in co-expression modules (green, A; purple, B;
orange, D). Color intensity reflects significance of enrichment test, with dark colors corresponding to lower

P values and white to P > 0.05. Circle radiuses depict the size of aggregated GO terms.

between homeologous gene levels and traits
of interest for wheat breeding, including baking
quality, has to be learned from crosses between
appropriate genotypes. This asks for future
experimentation, and our work and findings
build an important foundation that allows
monitoring similarities and differences from
genomic, transcriptional, and network-derived
angles.

Conclusions

Our findings reveal the complex interplay in gene
expression regulation during grain development
in the hexaploid bread wheat at several levels.
Genome autonomy, asymmetric contribution of
genomes to particular functions, as well as indi-
cations for regulation of chromosomal domains
were found. The study forms an important basis
for addressing the inter- and intragenomic reg-
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ulation within a polyploid genome. It enables
studying the functional output in a wide range of
wheat cultivars and under different environmen-
tal regimes so as to allow the identification of
the underlying genetic and epigenetic factors
and their interplay. This will affect the improve-
ment of agronomical and industrial traits of one
of the world’s most important crops and con-
tribute to global food security.

Materials and methods

Plant material and
transcriptome sequencing

Grains of bread wheat cultivar Chinese Spring
were of the same origin as those used for
generating the reference genome sequence (6).
Plants were grown in two phytotron chambers,
and grains were harvested at 10, 20, and 30 DPA

and hand-dissected into individual cell types.
RNA was isolated and prepared for RNA-seq
by using paired-end libraries with 200-base
pair inserts for 30 samples with four biolog-
ical replicates per cell type and time point (two
replicates per room) and two additional tech-
nical replicates. Libraries were sequenced with
Illumina HiSeq. 2000 (Illumina, San Diego,
California).

Gene annotation, RNA-seq mapping, and
expression profiling

RNA-seq reads were aligned against the repeat-
masked chromosome-sorted sequence (CSS) se-
quence assembly (6) with Bowtie2 (35) and Tophat2
(36). Returned alignments were stringently fil-
tered so as to remove ambiguously mapped reads
and read pairs with conflicting alignments. The
transcriptome information was used to refine the
IWGSC reference gene annotation and to iden-
tify endosperm-specific genes and alternative
splicing transcripts following the procedure of
(6) and using a reference-guided gene assembly
with Cufflinks (37). Gene expression and tests
for differentially expressed genes were computed
on RNA-seq data by using CuffDiff 2 (38), and
expression levels were log,(FPKM+1)-transformed.
To exclude small gene fragments and pseudogenes,
further statistical analysis was constrained on
HC bread wheat genes of the class levels HCI to
HC3 (6). Reproducibility of expression measure-
ments were evaluated based on Pearson’s cor-
relation of gene expression between biological
and technical replicates. The accuracy of com-
puted expression levels was elucidated by means
of an in silico simulation of an RNA-seq experi-
ment of comparable size. Hierarchical cluster-
ing of gene expression was performed based
on Pearson’s correlation distance and average
linkage method. Preferentially expressed genes
were defined by comparing the 95% confidence
interval of gene expression and significance
tests of differential gene expression (false dis-
covery rate-adjusted P < 0.05) between groups
of samples.

Identification of homeologous gene
triplets and duplets

Homeologous gene triplets were defined by the
protein sequence homology between the pre-
dicted protein sequences of genes from the A,
B, and D genomes [Basic Local Alignment Search
Tool, Protein (BLASTP), e value < 107, alignment
identity 290%], requiring strictly persistent best-
bidirectional hits in all pairwise combinations.
Homeologous duplets (one gene copy is absent
in one genome) were determined from a global
OrthoMCL (39) gene family clustering of indi-
vidual wheat genomes and A. thaliana (40) and
Ae. tauschii (41).

Identification of co-expression clusters
and analysis of homeologous genes
sub-functionalization

k-means clustering was performed by using
Pearson’s correlation distance on log,-transformed
gene expression levels to group genes that showed
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SCIENCE sciencemag.org

similar spatiotemporal expression profiles. Dif-
ferent values for k& were validated, and k& = 10
was selected as the most appropriate cluster
number according to highest overall Silhouette
coefficient. Thereby, all co-expression clusters
with instable gene-to-cluster assignments and
negative Silhouette coefficients were combined
to a “zero” cluster. The distribution of homeolo-
gous genes among the co-expression clusters was
evaluated and tested for a significant number of
transitions of homeologs between co-expression
clusters by using a one-sided Fisher’s exact test
(Bonferroni corrected P < 0.05).

Analysis of single-copy
homeologous genes

For identifying homeologous genes that were
significantly differentially expressed between the
genomes, we performed a permutation test (1000
iterations) for each condition and genome pair-
ing. To analyze the expression of strict single-
copy homeologous genes, expression values from
the A, B, and D genomes were concatenated into
a triplet expression matrix. A co-expression net-
work was then inferred by using the Weighted
Correlation Network Analysis (WGCNA) approach
(42), and network modules were defined accord-
ingly (43). Module-related genome dominance
and cell type- and stage-specific expression were
assessed by use of the presence of differentially
expressed homeologs, module-wise gene expres-
sion profiles, and correlation of module eigen-
genes to predefined spatiotemporal expression
patterns. We performed functional analysis for
individual modules using the GO terms inferred
from the bread wheat gene annotation (6) and
hypergeometric tests as implemented in the
GOstats package (P < 0.05) (44). These enrich-
ments were summarized and visualized with
the REVIGO Web server, which arranges seman-
tically similar GO terms in a two-dimensional
space (16). For each genome, we colored those
terms, which were significantly enriched in the
respective genome-dominated co-expression mod-
ules, according to the enrichment tests (P values).
For sequence-divergence analysis of homeolo-
gous genes, we estimated the number of synon-
ymous substitutions per synonymous site (Kg)
and the number of nonsynonymous substitu-
tions per nonsynonymous site (K,) based on
the pairwise best-scoring protein alignments
(BLASTP) (45) using the yn0O module of the
PAML 4 suite (46).

Gene expression along the
Triticeae prototype

The strong conservation of synteny between grass
genomes and the availability of high-quality grass
genomes allowed for an approximation of linear
gene order. To position the A, B, and D genes in
a common sequential order, they were mapped
onto seven chromosome scaffolds named the
Triticeae prototype chromosomes. These arti-
ficial scaffolds were generated by integrating
syntenic genes from Brachypodium (47), rice
(48), and sorghum (49) by using gene order in-
formation from barley (50). Bread wheat genes
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were anchored on the scaffolds by using BLASTP
and a first best-hit criterion. Gene expression
distribution along the chromosomes was ana-
lyzed by use of a sliding window approach and
median gene expression.

Identification and analysis of wheat
grain-quality genes

Grain-quality genes were identified by use of
orthologous genes from Ae. tauschii (41) and
publically available wheat sequence informa-
tion deposited at the National Center for Bio-
technology Information. The corresponding genes
within the bread wheat genome and gene an-
notation were defined with BLAST (45) and
GenomeThreader (51) sequence homology searches
as well as OrthoMCL gene family clustering (39).
On the basis of this collective evidence and con-
sidering the RNA-seq alignment information,
the candidate loci were manually refined. Gene
expression for these genes was quantified as
reads per kilobase per million (RPKM) (52) using
HTSeq (www-huber.embl.de/users/anders/HTSeq)
and custom python scripts. Phylogenetic trees
were inferred by using multiple protein se-
quence alignments (CLUSTALW algorithm) (53),
a neighborhood-joining algorithm, and the av-
erage percentage identity method. Circoletto
(54) was used for comparative analysis of bread
wheat genome sequences with known gliadin
query proteins.
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