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Abstract: 
Allohexaploid bread wheat (Triticum aestivum L.) provides ~ 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 novel 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 unprecedented insight into the transcriptional dynamics and genome interplay among individual grain cell types in a polyploid cereal genome.

One Sentence Summary: 
The grain transcriptome of hexaploid bread wheat reveals regulatory genome asymmetry often allocated to chromosomal domains and associated with functional compartmentalization.
  
Main Text:
Introduction
The vast majority (90%-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 worldwide. Due to 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 inter-genomic gene expression by genetic or epigenetic modifications. This may result in genomic asymmetry and favored expression of individual genes from specific, single genomes (reviewed in (1)). For allopolyploid wheat, partial or complete genome dominance has been indicated as affecting traits including 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 measurement 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 detailed 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 storage proteins and forms the bulk of the grain. The aleurone layer (AL) is a single cell layer surrounding the SE, except on the ventral crease side, where transfer cells (TC) develop. Aleurone cells accumulate lipids and play an essential role in grain germination, whereas the transfer cells actively transport sucrose from the photosynthetic tissues to the endosperm and embryo. We applied RNA sequencing (RNA-seq) to monitor gene expression in different cell types at three different developmental stages that reflect the progression of starch and storage protein accumulation (10, 20 or 30 days post anthesis, DPA) (Fig. 1A).  The 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 novel transcripts and isoforms (7). 
In total, 46,487 out of 85,173 high-confidence (HC) wheat genes (55%; HC1-3 (6)) were expressed during endosperm development (Fig. 1B), consistent with observations in Arabidopsis thaliana and barley (8, 9). The number of genes from any genome preferentially expressed in individual cell types and developmental stages (i.e. up-regulated compared to the other samples (7)) varied substantially from 136 in 20 DPA TC to 644 in 20 DPA AL (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 for lipid metabolism, structural development, carbohydrate metabolic processes, and amino acid biosynthesis (4), SE-specific genes for carbohydrate and saccharide metabolism (11) and TC-specific genes for proteolysis and defense response genes (12). Low numbers of preferentially expressed genes in grain development have also been observed in A. thaliana (8). This suggests that there may be conserved regulatory principles across >100 million years of angiosperm evolution. Moreover, the three wheat genomes contribute about equally to the number of expressed genes in the endosperm as a whole (18-19%, 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, aleurone and starchy endosperm cells are widely different in that aleurone cells accumulate lipid bodies and are desiccation-tolerant, whereas starchy endosperm cells accumulate starch granules and storage proteins and die towards grain maturation (13). The difference between aleurone cells and starchy endosperm cells was also apparent from our whole genome transcriptome analysis, where aleurone cells exhibit a separate 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 DAP), while the clean starchy endosperm sample from 30 DAP (SE at 30 DAP) and endosperm from 10 DAP (W at 10 DAP) form separate clusters. Although transfer cells and starchy endosperm cells are highly different, in that transfer cells have extended cell walls to facilitate sucrose transport, the transfer cell sample clustered with the starchy endosperm samples, which is most likely due to tightly attached starchy endosperm cells. Taken together, these observations fit with characterized endosperm cell function and the progression of endosperm development towards grain maturation (5, 13, 14). 

Spatiotemporal gene expression control
Endosperm development progresses through four phases; the syncytial phase, the cellularization 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 differentiation and maturation, where the industrially important characteristics of the wheat grain are developed. They contained from 2,257 to 5,369 genes (24,826 in total) without evident genome dominance. Each cluster showed clear and distinct characteristics in terms of gene expression profiles, enrichments of preferentially expressed genes, and gene function enrichment (7). For example, cluster I exhibited increased expression in 10 DPA W when cell divisions are still occurring in the periphery of the endosperm and the transcription of storage proteins and the accumulation of starch have been initiated. Cluster II was expressed during the early differentiation phase, where storage protein and starch accumulation reach their maximum. Cluster IV included a significant proportion of genes preferentially expressed in 20 DPA AL, and was enriched for processes related to catalytic activity, lipid metabolic processes, and carbohydrate metabolism. The remaining clusters were characteristic for specific cell types (IV & VI: aleurone layer, III & VII: starchy endosperm and V: transfer cells) in the intermediate (III, IV & V) and late phase (VI & VII). 
We identified 6,576 homeologous gene loci that had exactly one representative member from each genome (referred to as homeologous triplets; 6,576 x 3= 19,728 genes). Among these homeologous triplets, 5,939 (88%) had at least one homeolog assigned to one of the co-expression clusters (7). We found that only 28% of the homeologous triplets (1,663) had all three homeoalleles assigned to the same co-expression cluster. For 41% (2,416) of the triplets, two out of three homeoalleles were assigned to the same co-expression cluster while for the remaining 31% (1,860) all homeoalleles fell in separate clusters. Co-expressed homeoalleles were uniformly distributed across genome pairs (A and B: 818 genes, 12%; A and D: 794, 12%; B and D: 804, 12%) (7). Therefore, if major expression divergence between A and B homeologs occurred in the ancestral tetraploid, our data suggests that this expression divergence has been reprogrammed in the hexaploid genome. Interestingly, clusters that are spatiotemporally related (e.g. early and intermediate development) often shared significant numbers of homeoalleles from the same triplets, while functionally different co-expression clusters only rarely did (one-sided Fisher’s exact test with Bonferroni adjusted p-value <0.05) (Fig. 2). Analyzing homeologous genes with single copies in only two of the genomes gave similar results (7). Therefore, while there is apparent expression divergence among homeologs, most of this divergence is due to non-radical alterations 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 
Analysis of genome-wide expression patterns of the homeologous triplets was carried out using principal component analysis (PCA) and hierarchical clustering. Samples grouped according to genomes rather than cell types (7), a finding that is consistent with observations of transcriptomes from different wheat organs (6). This result demonstrated that genome-specific gene expression dominates over tissue-specific gene expression also during endosperm development. To gain deeper insights into the transcriptional dynamics of homeologs we inferred a co-expression network which was partitioned into 25 modules (Fig. 3A) (7). These transcriptional modules display different spatiotemporal characteristics, as revealed by integrating the information on gene expression at different developmental stages and in different cell types. We found spatiotemporal clustering of the network that separated cell types, but also a clustering of grain developmental stages (7). AL-related modules (turquoise nodes in left panel of Fig. 3A) formed a large cluster of genes that were expressed at 20 DPA and 30 DPA, and were enriched for functions connected to e.g. energy metabolism, vitamin biosynthesis, and hydrolase activity. Starchy endosperm related modules (red nodes) were more scattered, and could be linked to e.g. polysaccharide catabolism, the glyoxylate cycle and autophagy. Transfer cells (yellow nodes) formed dense, separated clusters enriched for “response to stimulus” functionality. Transcriptional modules enriched for more general functionalities (e.g. transport, translation) without cell type or developmental phase specificity were also found (grey nodes). In total AL related modules constituted more than one third of the nodes (2,207), whereas the other cell types contributed to a lesser extent (SE: 658 (11%); TC 149 (2%)). The remaining nodes grouped either with the early phase of endosperm development or unspecific clusters. 
We tested the transcriptional network for genome asymmetry. Different genomes dominated expression for 23 of the modules (92%) and no single genome proved to be overly dominant (Fig. 3A right panel) (7). Highly connected genes in the network (hub genes) were significantly more likely to show a genome bias than non-hub genes (one-sided Fisher’s exact test; p-value <0.001). They were significantly enriched in modules that serve as connecting layers among different regions of the network (highlighted red in the inset in Fig. 3A; one-sided Fisher’s exact test; p-value <0.001). As hub genes display characteristic expression profiles for network modules (15), our observations suggest that these genes might play an important role in orchestrating genome-specific expression in the grain transcriptome network.
We superimposed the observed genome asymmetry to a semantic aggregation (16) of significantly overrepresented GO categories. Both general cellular functions as well as specific functions during bread wheat grain development were attributable to distinct contributions from individual genomes (Fig. 3B). These findings illustrate at least partial functional compartmentalization of the endosperm transcriptome among the three genomes.
Sequence divergence analysis comparing homeologous gene pairs corroborated the hypothesis of homoploid hybrid speciation of the D-genome lineage (7, 17). The numbers of synonymous 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 independent 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 is linked to chromosomal domains
While 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 spatial distribution of gene expression was to a large extent similar between genomes. However, we also observed chromosomal domains with asynchronous homeologous expression patterns indicating local genome asymmetry affecting neighboring genes (Fig. 4B). One of these domains (indicated by a blue rectangle in Fig. 4) showed significantly elevated gene expression in the D genome. We also found overrepresentation of differentially expressed homeologous triplets that were dominated by the D genome (Fisher’s exact test; p-value <0.05), which excludes gene expression divergence due to variation in local gene content between genomes. Genes located in this chromosomal domain encoded proteins involved in basal cellular processes such as DNA packaging and transport activity. The genome-wide contribution of each genome appears to be balanced, but, besides genetic effects such as variation in gene copy number, there is local genome asymmetry for neighboring genes. This suggests that epigenetic regulatory mechanisms act differently 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 & LMW-Glu), the α-, γ-, and ω-gliadins (Gli) (14), the grain hardness locus genes encoding puroindoline A (pin-A) and puroindoline B (pin-B) (26) and finally the storage protein activators (SPA) (27) (Fig. 5A). 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%) supporting 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 chromosome 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 substantially lower levels (31). For the single-copy gene in each genome encoding the storage protein activator (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 starchy endosperm cells at 20 DPA. For the highly repetitive α, γ, and ω-gliadins (32-34), expression levels varied substantially both in the number of genes and their expression levels between the A, B, and D genomes (Fig. 5B). While gene copies of the B and D genome dominated total gene family expression, copies of the A genome accumulated fewer transcripts. For the α-gliadines, encoded on chromosome 6S, we found several gene copies for the A and B genomes, but strikingly, the entire α-Gli locus was absent from the D genome. Most likely, this lack was caused by a previously undescribed deletion of a small segment of chromosome 6DS (comprising approximately 200 genes) (Fig. 5C). Interestingly, we found the corresponding chromosomal region to be present in Ae. 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 find large genome-specific variation in the number and abundance of genes, which implies the presence of genomic asymmetry and preferential expression of mostly the B and D genomes. Moreover, we observed discrepancies in genome expression dominance in the absence of homeologous counterparts (α-Gli), potentially indicating trans-regulatory mechanisms and cross-talk between genomes (discussed in (1)). This comprehensive 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 to provide a complete picture of relevant genes for a trait under study. Valuable information of associations between homeologous gene levels and traits of interest for wheat breeding, including baking quality, has to be learned from crosses between appropriate genotypes. While this asks for future experimentation, our work and findings build an important foundation that allows monitoring similarities and differences from a genomic, a transcriptional, and a network-derived angle.

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 indications for regulation of chromosomal domains were found. The study forms an important basis for addressing the inter- and intragenomic regulation within a polyploid genome. It enables studying the functional output in a wide range of wheat cultivars and under different environmental regimes to allow the identification of the underlying genetic and epigenetic factors and their interplay. This will impact the improvement of agronomical and industrial traits of one of the world’s most important crops and contribute to global food security.

Materials and Methods
Plant material and transcriptome sequencing - Grains of bread wheat cv. 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 sequencing (RNA-seq) using paired-end libraries with 200 bp inserts for 30 samples with four biological replicates per cell type and time point (2 replicates per room) and two additional technical replicates. Libraries were sequenced using Illumina HiSeq2000.
Gene annotation, RNA-seq mapping, and expression profiling - RNA-seq reads were aligned against the repeat-masked chromosome-sorted sequence (CSS) sequence assembly (6) with Bowtie2 (35) and Tophat2 (36). Returned alignments were stringently filtered 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 identify endosperm-specific genes and alternative splicing transcripts following the procedure of (6) and employing a reference-guided gene assembly with Cufflinks (37). Gene expression and tests for differentially expressed genes were computed on RNA-seq data using CuffDiff 2 (38) and expression levels were log2(FPKM+1)-transformed. To exclude small gene fragments and pseudogenes further statistical analysis was constrained on high-confidence bread wheat genes of the class levels HC1-3 (6). Reproducibility of expression measurements were evaluated based on Pearson’s correlation of gene expression between biological and technical replicates. The accuracy of computed expression levels was elucidated by an in silico simulation of an RNA-seq experiment of comparable size. Hierarchical clustering of gene expression was performed based on Pearson’s correlation distance and average linkage method in R. Preferentially expressed genes were defined by comparing the 95% confidence interval of gene expression and significance tests of differentially gene expression (FDR-adjusted p-value <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 predicted protein sequences of genes from the A, B, and D genomes (BLASTP, e-value ≤10-5, alignment identity ≥90%) requiring strictly persistent best-bidirectional hits in all pairwise combinations. Homeologous duplets (i.e. one gene copy is absent in one genome) were determined from a global OrthoMCL (39) gene family clustering of individual 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 using Pearson’s correlation distance on log2-transformed gene expression levels to group genes that showed similar spatiotemporal expression profiles.  Different values for k were validated and k=10 selected as the most appropriate cluster number based on 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 homeologous genes among the co-expression clusters was evaluated and tested for a significant number of transitions of homeologs between co-expression clusters using a one-sided Fisher's exact test (Bonferroni corrected p-value <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 (1,000 iterations) for each condition and genome pairing. 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 network was then inferred by using the WGCNA approach (42) and network modules defined accordingly (43). Module-related genome dominance and cell type and stage-specific expression were assessed by presence of differentially expressed homeologs, module-wise gene expression profiles, and correlation of module eigengenes to pre-defined spatiotemporal expression patterns. We performed functional analysis for individual modules using the gene ontology terms inferred from the bread wheat gene annotation (6) and hypergeometric tests as implemented in the GOstats package (p-value <0.05) (44). These enrichments were summarized and visualized with the REVIGO webserver, which arranges semantically 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 modules, according to the enrichment tests (p-values). For sequence divergence analysis of homeologous genes we estimated the number of synonymous substitutions per synonymous site (KS), the number of nonsynonymous substitutions per nonsynonymous site (KA) based on the pairwise best scoring protein alignments (BLASTP (45)) using the yn00 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 artificial scaffolds were generated by integrating syntenic genes from Brachypodium (47), rice (48), and sorghum (49) using gene order information from barley (50). Bread wheat genes were anchored on the scaffolds using BLASTP and a first best-hit criterion. Gene expression distribution along the chromosomes was analyzed using a sliding window approach and median gene expression. 
Identification and analysis of wheat grain quality genes - Grain quality genes were identified using orthologous genes from Ae. tauschii (41) and publically available wheat sequence information deposited at the NCBI. The corresponding genes within the bread wheat genome and gene annotation were defined utilizing BLAST (45) and GenomeThreader (51) sequence homology searches as well as OrthoMCL gene family clustering (39). Based on this collective evidence and considering the RNA-seq alignment information, the candidate loci were manually refined. Gene expression for these genes was quantified as RPKM (52) using HTSeq (http://www-huber.embl.de/users/anders/HTSeq) and custom python scripts. Phylogenetic trees were inferred using multiple protein sequence alignments (CLUSTALW algorithm) (53) and a neighborhood-joining algorithm and the average percentage identity method. Circoletto (54) was used for comparative analysis of bread wheat genome sequences with known gliadin query proteins.
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Fig. 1. Overview of the wheat endosperm transcriptome.
(A) At 10 days post anthesis (DPA), we sampled the whole endosperm (W). At 20 DPA, we also separated the starchy endosperm (SE), the aleurone layer (AL), and the transfer cell layer (TC) by manual dissection. At 30 DPA, the aleurone layer adheres tightly to the outermost starchy endosperm (SE) cells causing aleurone tissue to contain contamination from starchy endosperm cells (ALSE). (B) The number of wheat genes expressed, black outside line, and not expressed (shaded), gray outside line, in endosperm (all cell types and developmental stages) distributed across the three genomes (green: A, purple: B, orange: D). (C) The number of genes expressed (hollow bars), and preferentially expressed (filled bars), in each cell type and developmental stage. Genes are considered preferentially expressed in a sample if they are up-regulated in that sample as compared to 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 and green: bootstrap probability (bp) p-value).

Fig. 2. Spatiotemporal control of endosperm gene expression. 
Seven co-expression clusters (node I to VII) which span the phases of progression of starch and storage protein accumulation were identified with k-means clustering and spatially arranged 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 (e.g. homeologous A and B genome encoded genes were located in cluster I, while 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 towards spatiotemporal related clusters (e.g. 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 using 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.

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 lower central inset depicts the segmentation into 25 co-expression network modules. The center panel 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 panel) and genome dominance (right panel) (7). Selected gene ontology (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-values >0.05. Circle radiuses depict the size of aggregated GO terms. 



Fig. 4. Local regulatory divergence at chromosomal domains. 
Distribution of gene expression in 20 DPA AL and 20 DPA SE was analyzed along Triticeae prototype (Tp) chromosome 1 by using a sliding window algorithm (sliding window, size 50 Tp loci and shift 10 Tp loci). (A) Line charts show the median gene expression measured in aleurone and starchy endosperm cells at 20 DPA. We observed a strong correlation between the expression within chromosomal domains among the three genomes. However, in several cases a single genome dominates the expression at specific domains, e.g. the region indicated by the rectangle. (B) Heat maps display the pairwise log2-fold changes in gene expression for each window between genomes. Triangles indicate chromosomal regions that are significantly enriched for homeologous triplets up-regulated in a single genome (Fisher’s exact test; p-value <0.05,). In the marked area the D genome expression strongly dominates indicating at a chromosomal-specific regulation of expression.

Fig. 5. Genome asymmetry in gene families affecting baking quality.
Gene family composition and gene expression was analyzed for major seed storage proteins affecting baking quality of bread wheat. (A) Dendrograms depict phylogenetic trees for the storage protein activator (SPA), low molecular weight glutenin subunit (LMW-Glu), high molecular weight glutenin subunit (HMW-Glu), and puroindoline (pin) A, B, and B-2 gene families. ψ indicates genes for which the predicted protein sequence is interrupted by premature stop codons, frame shifts or repetitive elements (putative pseudogenes). Heat maps depict relative spatiotemporal gene expression and bar charts visualize the contribution of individual genes and genomes to the total expression measured for each gene family. (B) The bread wheat genome and gene annotation were surveyed for α-, γ-, and ω-gliadine genes (7). Coverage of query gliadin gene sequences is indicated by the connectors. Bar height in the outer circle indicates the relative contribution of all samples to the overall gene expression of the respective family. (C) Comparative analysis between Ae. tauschii and bread wheat revealed a previously undescribed deletion of a small segment on chromosome 6DS in bread wheat “Chinese Spring” including the locus encoding the α-gliadins. Lines connect putative orthologous gene pairs of Ae. tauschii (41) and the three bread wheat genomes as ordered by the IWGSC (6).

