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Abstract: 

 Bread wheat (Triticum aestivum L.) is a staple food for ~40 % of world’s 

population and belongs, together with rice and corn, among the most important crop 

species. Until recently, any wheat genomics study was a challenge, mainly due to its huge 

genome size (~16 Gb), high content of repetitive sequences (85 %) and presence of three 

sub-genomes. Aiming to overcome these obstacles and obtain a complete wheat reference 

genome sequence, the International Wheat Genome Sequencing Consortium proposed 

a strategy involving separation of individual chromosomes and their arms by flow 

cytometry. These were used to construct chromosome-specific BAC libraries and BAC-

based physical maps, which became the basic resources for sequencing the wheat 

genome. 

 Within a framework of this thesis, I focused on the short arm of wheat 

chromosome 7D (7DS). A previously constructed 7DS physical map was used to select 

the minimal set of BAC clones covering the arm, which were sequenced by Illumina pair-

end and mate-pair sequencing and assembled. Contigs of the physical map were anchored 

on the chromosome using one radiation hybrid map and three high resolution genetic 

maps. Thus we assigned 73 % of the assembly to distinct genomic positions. The process 

of physical-map assembly and anchoring included the integration of the 7DS physical 

map with a whole-genome physical map of Aegilops tauschii and a 7DS Bionano genome 

(BNG) map, which together enabled efficient scaffolding of physical-map contigs even 

in the non-recombining region of the genetic centromere. Moreover, this approach 

facilitated a comparison of bread wheat and its ancestor at BAC-contig level and revealed 



a reconstructed region in the 7DS pericentromere. The obtained 7DS physical map, BAC 

assemblies and the BNG map were then applied as supporting resources for assembling 

and validating the reference genome of bread wheat and for a gene cloning project. 

The chromosome arm 7DS carries multiple genes underlying agronomically 

important traits, including a Russian wheat aphid resistance gene Dn2401, the cloning 

of which was the aim of the second part of the thesis. Previously, we mapped Dn2401 

into an interval of 0.83 cM and spanned it with five BAC clones. Within the framework 

of this thesis, we used a targeted strategy combining traditional approaches towards gene 

cloning, comprising genetic mapping and Illumina sequencing of BAC clones, with novel 

technologies, including optical mapping and long-read nanopore sequencing. The latter, 

with reads spanning the entire length of a BAC insert, enabled us to assemble the whole 

region, the task not achievable with short reads. Long-read optical mapping validated 

the DNA sequence in the interval and revealed a difference in the locus organization between 

resistant and susceptible genotypes. The complete and accurate sequence of the Dn2401 

region facilitated identification of new markers and precise annotation of the interval, 

revealing six high-confidence genes, including Epoxide hydrolase 2 as the most likely 

Dn2401 candidate. 
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Abstrakt: 

Pšenice setá (Triticum aestivum L.) je zdrojem potravy pro přibližně 40 % světové 

populace a patří tak společně s rýží a kukuřicí k nejvýznamnějším zemědělským 

plodinám. V nedávné minulosti představovalo jakékoli studium pšeničného genomu 

velkou výzvu, a to především díky značné velikosti genomu (~16 Gb), vysokému obsahu 

repetitivních sekvencí (85 %) a přítomnosti tří homeologních subgenomů. Řešení těchto 

problémů přinesla strategie založená na třídění jednotlivých chromozómů a jejich ramen 

pomocí průtokové cytometrie, z nichž byly následně tvořeny knihovny dlouhých insertů 

a fyzické mapy, jež představovaly základní genomové zdroje pro získání kompletní 

referenční sekvence.  

Předkládaná práce se zabývá studiem krátkého ramene chromozómu 7D pšenice. 

S pomocí již dříve sestavené fyzické mapy 7DS byla vybrána minimální sestava BAC 

klonů, která reprezentuje celé rameno 7DS (tzv. minimal tilling path, MTP). Klony MTP 

pak byly osekvenovány pomocí platformy Illumina a sestaveny do sekvenčních kontigů. 

Pro ukotvení kontigů fyzické mapy byly využity tři genetické mapy s vysokým rozlišením 

a mapa radiačních hybridů. Díky tomu se podařilo určit konkrétní genomovou pozici 

pro 73 % sestavené mapy. Jedním z přístupů pro ukotvení fyzické mapy bylo i využití 

integrace fyzické mapy ramene 7DS s celogenomovou fyzickou mapou Aegilops tauschii 

a Bionano optickou mapou ramene 7DS. Kombinace těchto zdrojů umožnila efektivní 

ukotvování kontigů fyzické mapy, včetně nerekombinující oblasti genetické centromery, 

ale i bezprostřední porovnání pšenice s jejím předchůdcem. Díky tomu se podařilo 

identifikovat přestavby na úrovni BAC kontigů v  pericentromerické oblasti ramene 7DS. 

Kromě toho byly ukotvená fyzická mapa, sekvence BAC klonů a optická mapa ramene 



7DS využity jako podpůrné zdroje pro sestavení a kontrolu referenční sekvence pšenice 

a navazující projekt pozičního klonování. 

Rameno 7DS je nositelem celé řady genů pro agronomicky významné znaky, mezi 

něž patří i gen Dn2401 podmiňující rezistenci ke mšici zhoubné. Závěrečná část 

dizertační práce je věnována projektu pozičního klonování tohoto genu. V předchozí 

studii byla pomocí genetického mapování stanovena velikost intervalu, v němž se gen 

Dn2401 nachází, na 0.83 cM. Současně bylo identifikováno pět BAC klonů fyzické mapy, 

které daný interval překlenují. V rámci předkládané práce byla zvolena strategie 

kombinující tradiční přístupy klonování genů, jako jsou genetické mapování 

a sekvenování BAC klonů na platformě Illumina, s novými technologiemi zahrnujícími 

optické mapování nebo sekvenování pomocí nanoporů. Takto získaná dlouhá čtení, která 

překlenula celý insert sekvenovaného BAC klonu, pak umožnila sestavení kontinuální 

sekvence celého intervalu. Optické mapování následně potvrdilo správnost sekvence 

a odhalilo rozdíly mezi rezistentním a citlivým genotypem. Kompletní a přesná sekvence 

zájmové oblasti umožnila identifikaci nových markerů a detailní anotaci, která odhalila 

šest genů kódujích proteiny, včetně Epoxid hydrolázy 2 jakožto nejpravděpodobnějšího 

kandidáta genu Dn2401.  
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zhoubná, Diuraphis noxia, rezistence, poziční klonování genů 
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1 LITERATURE OVERVIEW 

1.1 Bread wheat (Triticum aestivum L.) 

 Bread wheat (Triticum aestivum L.) is a monocotyledonous species belonging 

to the family Poaceae, subfamily Pooideae and the tribe Triticeae. 

It is an allohexaploid species (2n = 6x = 42), whose genome arose through 

spontaneous hybridization of three progenitors resulting into a highly complex genome 

of ~16 Gb (Doležel et al., 2018) consisting of three homoeologous sub-genomes A, B 

and D and comprising over 85 % repetitive DNA (IWGSC, 2018).   

 About 10 thousand years ago, early farming practices made use of wild diploid 

wheat species from Aegilops and Triticum genera, but as agriculture advanced, wild 

wheats were gradually substituted with domesticated diploid and polyploid wheat 

species, including hexaploid bread wheat (Marcussen et al., 2014). Thus bread wheat 

represents one of the first domesticated crops, which has spread worldwide due to its 

adaptability to a wide range of climatic conditions. Nowadays, wheat is the most 

widely cultivated cereal in the world with more than 220 million ha of harvested area 

(http://www.fao.org/faostat/en/#data/FBS). The rapid growth of the productivity 

of wheat, sometimes designated as the “miracle crop” of the last century (Shiferaw 

et al., 2013), has helped to overcome famines and thus wheat has become the most 

important food grain source for 40 % world’s population providing about 20 % 

of the total dietary calories and proteins worldwide. Even though wheat is grown 

on more land area than any other commercial crop and its production reached almost 

750 million tonnes in 2016 (Figure 1), and even 7 million tonnes more in 2017 

(http://www.fao.org/worldfoodsituation/csdb/en/), the first place in world cereal 

production belongs to maize (Figure 1). Majority (about 92 %) of wheat production 

belong to the bread wheat (T. aestivum), utilized mainly as a flour for manufacturing 

a wide variety of baking products. The remaining 8 % are represented by durum wheat 

(T. turgidum ssp. durum), which is used for making pasta or other semolina products 

(https://www.ers.usda.gov/data-products/wheat-data/). Einkorn wheat 

(T. monococcum) and other hulled wheats, namely emmer (T. dicoccum) and spelt 

(T. spelta) are considered relic crops of minor economic importance (Dubcovsky 

and Dvorak, 2007). 
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Figure 1: Comparison of wheat, maize and rice world production between 2000 and 2016 

(http://www.fao.org/faostat/en/#data/FBS). 

 

1.1.1 Evolution of the bread wheat genome 

 The modern bread wheat is a result of cultivation and domestication that began 

together with the progress and spread of agriculture in the area of Fertile Crescent 

(Marcussen et al., 2014). However, the origin of the bread wheat genome can be dated 

back to millions years ago (MYA) when independently evolved three ancestral diploid 

species, each with seven pairs of chromosomes – Triticum urartu (genome AA), 

species from Sitopsis section related to Aegilops speltoides (genome BB) and Aegilops 

tauschii (genome DD) (IWGSC, 2014). Bread wheat is an allohexaploid species arisen 

through two spontaneous hybridization events, each accompanied by polyploidization. 

The first hybridization occurred <0.82 MYA ago, resulting in allotetraploid Triticum 

turgidum (2n = 4x = 28; AABB) (Marcussen et al., 2014), an ancestor of wild emmer 

wheat cultivated in the Middle East, which gave rise to T. turgidum ssp. durum grown 

for pasta nowadays (IWGSC, 2014). The second hybridization, occurring <0.43 MYA 

(Marcussen et al., 2014), combined T. turgidum and diploid goatgrass Ae. tauschii 

(Figure 2I) to produce the huge and complex hexaploid wheat genome with individual 

chromosomes bigger than the whole rice genome.  All three progenitors have large 
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genomes, about 5.5 Gb in size, that contributed to the final wheat genome size of about 

16 Gb. Subsequent to the hybridization and polyploidization events, a number 

of structural and functional rearrangements led to genome stabilization (Feldman 

and Levy, 2009).  

 

 

Figure 2: Two models of bread wheat genome (AABBDD) origin. I) Standard model of bread 

wheat genome origin (IWGSC, 2014). II) Model of wheat phylogenetic history including 

hypothetical D genome origin by homoploid hybrid speciation (Marcussen et al., 2014). 

 

An alternative, quite controversial hypothesis about the origin of bread wheat 

is described in Marcussen et al. (2014). In that study, authors used draft genome 

assemblies of bread wheat and its diploid relatives to analyse genome-wide samples 

of gene trees, as well as to estimate evolutionary relatedness and divergence times. 

First of all, they revised dating of the divergence time between the A and B lineages 

from initial ~4.0 MYA (Feldman et al., 2005) to ~6.5 MYA, as well as dating 

of the hybridizations events. Moreover, they proposed three hybridization events 

leading to the origin of hexaploid wheat genome (Figure 2II). The first hybridization 

occurred about ~5.5 MYA between A and B lineages and led to the origin 

of the D lineage by homoploid hybrid speciation. The second hybridization between 

two diploid closely related ancestors, T. urartu (AA) and a relative (BB) of Ae. 

speltoides, occurred about 4.7 million years later and gave rise to the allotetraploid 

emmer wheat, T. turgidum (AABB). This tetraploid wheat subsequently hybridized 

with Ae. tauschii, the diploid progenitor of the D genome. This model was questioned 

by Li et al. (2015) who proposed that the history of Ae. tauschii might be even more 
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reticulated than suggested by Marcussen et al. (2014), involving several rounds of both 

recent and ancient hybridization events between the Aegilops and Triticum species.  

Despite bread wheat is a structurally allopolyploid species with three sets 

of homeologous chromosomes belonging to the three sub-genomes, it behaves during 

meiosis like a diploid with pairing and crossovers between homologous chromosomes 

only. This diploid-like behaviour is preserved due to the action of Ph1 gene lying 

on chromosome 5B (Martinez-Perez et al., 2001).  

Comparing the bread wheat gene sequences with gene repertoires of wheat’s 

closest relatives showed a gene loss during the evolution of the hexaploid wheat 

genome and frequent gene duplications after these genomes had got together (Eversole 

et al., 2014). Smaller gene loss and significantly lower number of pseudogenes were 

observed in the D sub-genome (81,905) compared to the A and B sub-genomes (99,754 

and 109,097 pseudogenes, respectively; IWGSC, 2018) (Figure 3). Gene flow between 

the two species of A and B lineages resulted in greater sequence diversity within 

the A and B sub-genomes when compared with the D sub-genome (Dvořák et al., 

2006). The D sub-genome shows a significantly lower level of polymorphism, which 

may be due to a differential loss of low frequency alleles during the population size 

bottleneck that accompanied the development of modern commercial cultivars (Chao 

et al. 2006) or to its more recent hybridization with the AABB genome.  

1.1.2 Composition of the bread wheat genome 

 Components of the wheat genome can be divided into two main parts, each 

with different dynamics of evolution and importance. The first one is the conservative 

part that is subjected to selection pressure and mostly corresponds to the gene-space. 

The second part is the much larger and variable component that is under more dynamic 

evolution and comprises the transposable-element (TE) space as well as duplicated 

genes and gene fragments (Choulet et al., 2014b). 

Knowledge of the whole genome reference sequence (IWGSC, 2018) allowed 

identifying 107,891 high confidence (HC) protein-coding genes with relatively equal 

distribution across A, B and D sub-genomes (35,345, 35,643 and 34,212, respectively). 

In addition, 161,537 other putative protein-coding loci were classified as low-

confidence (LC) genes, representing partially supported gene models, gene fragments 

and orphans (IWGSC, 2018) (Figure 3). Interestingly, individual sub-genomes show 
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high degree of regulatory and transcriptional autonomy (Pfeifer et al, 2014), but no 

evidence was found for sub-genome dominance in gene expression (IWGSC, 2018), 

as observed for maize and other grasses (Schnable et al., 2012; Woodhouse et al., 

2010). 

 

 

Figure 3: Gene annotation of the bread wheat genome and gene distribution across the sub-

genomes (IWGSC, 2018). 

 

Even though genes are distributed along the entire chromosome length with no 

gene deserts larger than a few Mb (Choulet et al, 2014b), they represent only a minor 

part (< 2 %, IWGSC, 2014) of the whole wheat genome. The majority of the genome 

is occupied by transposable elements, which are inventoried in several dedicated 

databases, including TREP (Transposable Elements Platform), listing TEs 

from wheat, barley and rye (Wicker et al, 2002), in curated databank of repeated 

elements – ClariTeRep (github.com/jdaron/CLARI-TE/) or in PGSB Repeat Element 

database (PGSB-REdat) (pgsb.helmholtz-muenchen.de/plant/index.jsp). Wicker et al., 

(2018), in a complex study based on the IWGSC RefSeq v1.0 assembly, identified 

total of 3,968,974 TEs, belonging to 505 families and representing 85 % 

of the IWGSC RefSeq v1.0. Though sizes of the wheat sub-genomes differ (4.93 Gb, 

5.18 Gb and 3.95 Gb for A, B and D, respectively), the TE proportion is similar in all 

three sub-genomes, as they represented 86, 85 and 83 % of the A, B and D sub-genome 

sequence, respectively. The repetitive fraction is mostly dominated by TEs belonging 
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to class I Gypsy and Copia and class II CACTA superfamilies. Other superfamilies 

contribute to the overall genome size only marginally (Figure 4). The smaller size 

of the D sub-genome (about 1 Gb less than the A and B) is mainly due to a smaller 

amount of Gypsy elements. Interestingly, particular TE families show strong 

preferences for distinct chromosomal “niches” such as centromeric and telomeric 

regions. Despite majority of TEs annotated in the IWGSC RefSeq v1.0 showed 

relatively equal distribution across the three sub-genomes, a few were found 

associated with individual sub-genomes, such as DTC_Pavel family (CACTA 

element), which evolved centromere specificity in the D genome lineage (Wicker et 

al., 2018).  

 

 

Figure 4: Composition of wheat sub-genomes with respect to particular TE superfamilies, 

coding DNA (yellow) and unannotated sequences (white) according to Wicker et al. (2018). 

 

1.2 Sequencing of the wheat genome 

 The ambitious project of whole-genome sequencing of the 16-Gb bread wheat 

genome began as early as in 2005 with founding of the International Wheat Genome 

Sequencing Consortium (IWGSC). The effort towards getting the wheat reference 

genome took 12 years and was characterized by changes in sequencing and assembling 
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strategies, that reflected advances in sequencing technologies and assembling 

pipelines. The final outcome of this joint effort, published as IWGSC RefSeq v1.0 

(IWGSC, 2018), arose from combination of multiple genomic resources 

and approaches described in the following chapters. 

1.2.1 Reduction of genome complexity 

For a long time, whole-genome sequencing of the bread wheat genome was 

considered a highly challenging task due to its huge size, polyploidy and a high content 

of repetitive DNA. The earliest efforts towards reducing the wheat genome complexity 

were focusing on genomes of its diploid relatives, taking advantage of smaller genome 

sizes and absence of polyploidy. Several BAC libraries of diploid wheat progenitors 

have been constructed (Akhunov et al., 2005; Lijavetzky et al., 1999) and employed 

in cloning agronomically important genes. However, wheat genomes have undergone 

revolutionary changes following the polyploidization events including losses of DNA. 

This partial diploidization and other genomic changes suggest that wheat diploid 

ancestors, although useful resources for wheat genomics, cannot fully substitute 

for the genomic sequence of hexaploid wheat itself (Šimková et al., 2011). 

Dissection of the nuclear genome into smaller well defined parts such 

as chromosomes or chromosomal arms, enabling ~20-40fold complexity reduction, 

appeared the most efficient solution for the enormous genome complexity. 

Microdissection of mitotic chromosomes, applied for this purpose in other cereal 

species (Fukui et al. 1992), has not become established in wheat, mainly due 

to laboriousness and low DNA yields obtained by this technique. Thus the best 

approach to dissecting the complex genome without any unintended losses 

of information became sorting of particular chromosomes by flow cytometry (Doležel 

et al., 1994, 2014), which allows reduction of wheat genome complexity to fractions 

of 224 – 580 Mb, representing 1.3 – 3.4 % of total wheat genome size (Šafář et al., 

2010). 

1.2.1.1 Flow-cytometric sorting of chromosomes 

 Flow cytometry was initially developed for human as a technique allowing 

counting blood cells and rapid measurement of individual metaphase chromosomes 

(Carrano et al., 1979). In the course of time, it was modified for farm animals (Dixon 

et al., 1992) and also for plant species (reviewed in Doležel, 1991). Depending 
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on sample type and quality, the samples are run at 1,000-2,000 particles per second 

and chromosomes of interest are sorted at rates of 10-40 chromosomes per second 

(Vrána et al., 2012). Chromosomes held in liquid suspension are stained 

by a fluorochrome and passed into a flow chamber containing sheath fluid. 

The geometry of the chamber forces the chromosome suspension into a narrow stream, 

in which the chromosomes become aligned in a single file, and so are able to interact 

individually with an orthogonally directed laser beam(s). Pulses of scattered light and 

emitted fluorescence are detected and converted to electric pulse. If the chromosome 

of interest differs in fluorescence intensity from others, it is identified and sorted. 

The sorting is achieved by breaking the stream into droplets and by electrically 

charging droplets carrying chromosomes of interest. The droplets are deflected during 

passage through electrostatic field between deflection plates and collected in suitable 

containers (Figure 5) (Doležel et al, 2014). 

 

 

Figure 5: The mechanics of flow-sorting (Doležel et al., 2014). 
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 The outcome of the flow cytometric analysis is a flow karyotype, a histogram 

of relative fluorescence intensity (Figure 6). Chromosomes with the same DNA 

content are characterized by identical fluorescence intensity and form a separate peak 

in the histogram providing they differ sufficiently from other chromosomes 

in the genome. 

Standard flow karyotype of wheat cv. Chinese Spring is composed of three 

peaks, each representing a mixture of chromosomes of similar size, and a minor peak 

composed largely of chromosome 3B, which is the only chromosome that can be 

discriminated and sorted from bread wheat with a standard karyotype (Vrána et al., 

2000, Figure 6A). This limitation can be overcome by using aneuploid ditelosomic 

lines that carry individual chromosome arms as telosomic chromosomes. These can be 

prepared from polyploid species because of their ability to tolerate aneuploidy. All 

telosomic chromosomes are significantly smaller in size than the standard 

chromosomes and thus are presented in a flow karyotype as a separated peak, which 

allows their discrimination and efficient sorting (Doležel et al., 2014; Figure 6B). 

Utilization of ditelosomic lines makes it possible to sort all wheat chromosome arms 

except 5BL, which can be sorted from a line carrying this chromosome arm 

as an isochromosome (Vrána et al., 2012). 

 

 

Figure 6: Chromosome analysis and sorting in wheat. A) Standard flow karyotype 

of hexaploid wheat (cv. Chinese Spring) showing three composite peaks (I-III) carrying 

groups of chromosomes and one peak containing only chromosome 3B obtained after flow 

cytometric analysis of DAPI-stained chromosome suspension. B) Flow karyotype of double 

ditelosomic line dDt3A of cv. Chinese Spring carrying two telocentric chromosomes 3AS and 

3AL (according to Šafář et al., 2010). 
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 The set of wheat ditelosomic lines has been generated for individual 

chromosome arms of cv. Chinese Spring only (Sears et Sears, 1978), which for a long 

time restricted the use of the chromosome sorting to this single cultivar. Recently, this 

limitation was overcome by a cytogenetic technique termed FISHIS (fluorescence 

in situ hybridization in suspension) developed by Giorgi et al. (2013), in which mitotic 

chromosomes are differentially labeled by hybridizing them with fluorescently-labeled 

oligonucleotide probes targeting specific microsatellite sequences, typically GAA. 

This facilitated sorting of any chromosome from a cultivar of choice with a reasonable 

purity. The method was successfully used to sort chromosomes from several species 

of Triticum, Aegilops or Agropyron genera (Akpinar et al., 2015b; Molnár et al., 2016). 

1.2.2 Sequencing strategies 

 There are two strategies applied in whole-genome sequencing projects, namely 

shotgun and clone-by-clone (CBC) sequencing (Figure 7). In the past, the CBC 

strategy was the major approach towards obtaining quality sequence of large genomes 

(IHGSC, 2001; Schnable et al., 2009; Mascher et al., 2017), while shotgun sequencing 

represented an alternative approach, applied mainly for small genomes or those with 

limited funding. It used to provide more fragmented and less complete assemblies with 

limited ordering and anchoring of sequences. Both strategies have their pros and cons 

and can be applied individually or combined.  

1.2.2.1 Whole-genome shotgun sequencing  

 Whole-genome shotgun (WGS) sequencing (Figure 7A) is in comparison with 

the CBC less laborious, cheaper and faster. If combined with the Illumina sequencing 

technology, it includes preparation of sequencing libraries with inserts of minimum 

two size categories. DNA fragments of 300-1,000 bp are sequenced from both ends 

producing “pair-end” reads that are 150-300 bp in size. Besides, it is possible 

to generate “mate-pair” reads, which are derived from fragments up to 12 kb in length. 

These long-distance pair-end reads are able to span problematic regions, such as longer 

stretches of DNA repeats, and thus are indispensable in assembling complex genomes. 

Alternatively, the long-distance information can be provided by long-read 

technologies, such as single-molecule real-time sequencing of Pacific Bioscences 

(PacBio) (Zimin et al, 2017b) or nanopore sequencing of Oxford Nanopore 

Technologies. 
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Figure 7: Two sequencing strategies. A) Whole-genome shotgun sequencing B) Clone-by-

clone sequencing (Staňková, 2015) 

 

1.2.2.1.1 Wheat assemblies obtained through the WGS 

 WGS is connected with the first efforts towards obtaining the wheat reference 

sequence. Brenchley et al. (2012) sequenced wheat cultivar Chinese Spring with 5x 

genome coverage using Roche/454 technology. The assembly comprised only 5.42 Gb 

of sequence, which is approximately one-third of the genome size, and resulted 

in prediction of ~95,000 genes. Later, Chapman et al. (2015) produced another wheat 

assembly generated by WGS. They sequenced wheat line “Synthetic W7984” with 30x 

coverage using Illumina platform. Also in this case, the resulting 9.1 Gb assembly did 

not cover the entire wheat genome.  

 In parallel with the above efforts, the IWGSC worked on generating another 

draft sequence of bread wheat genome on Illumina platform. The major difference 

between this and the previously described sequences of Brenchley et al. (2012) and 

Chapman et al. (2015) was the application of chromosomal approach, which employed 

flow cytometry to separate individual wheat chromosome or their arms (Doležel et al., 
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2007). This step ensured significant reduction of complexity and avoided problems 

due to the presence of three homoelogous sub-genomes A, B and D (Choulet et al., 

2014b). This draft chromosomal sequence assembly covered 10.2 Gb of the wheat 

genome and comprised 124,201 predicted genes, which were virtually ordered based 

on synteny with three sequenced wheat relatives (IWGSC, 2014). All three studies 

demonstrated that the WGS approach combined with short-read technologies enabled 

assembling low-copy regions of the wheat genome, but failed in capturing and 

correctly assembling the repetitive ones. 

  In 2017, Clavijo et al. (2017) reported a wheat genome assembly representing 

>78 % of the genome with scaffold N50 of 88.8 kb, which represented almost four 

times longer scaffolds in comparison with older wheat assemblies (Table 1). These 

results were achieved due to employing of mate-pair reads in scaffolding 

of the sequence. Besides, Clavijo et al. (2017) applied PacBio-sequenced full-length 

cDNA and Illumina RNAseq data for sequence annotation, which resulted 

in identification of 104,091 high-confidence genes.  

 

Table 1: Comparison of published bread wheat assemblies  

Assembly reference 
Sequencing Assembly 

Platform Depth 
Total lenght 

(% genome) 

Scaffold 

N50 

HC gene 

content 

1 Brenchley et al. (2012) Roche/454 5x 5.4 Gb < 1 kb 95,000 

2 IWGSC (2014) Illumina 30 - 241x* 
10.2 Gb 

(48.9 %)  
1.7 – 8.9 kb* 124,201 

3 Chapman et al. (2015) Illumina 30x 
9.1 Gb  

(48.2 %) 
24.8 kb - 

4 Clavijo et al. (2017) Illumina 15 - 53x**  
12.7 Gb 

(78 %) 
88.8 kb 104,091 

5 Zimin et al. (2017b) 
Illumina 

PacBio 

65x 

36x 

15.3 Gb 

(94 %) 
232.6 kb† - 

6 IWGSC (2018) Illumina 35 – 76x** 
14.5 Gb 

(92 %) 
7.1 Mb 107,891 

*Parameters vary among chromosomes 

**Parameters vary among sequencing libraries applied 

† Contig-size N50 
 

 

The advent of long-read sequencing technologies enabled using novel 

approaches towards obtaining the wheat whole-genome assembly. Zimin et al. (2017b) 

applied long-reads obtained by single-molecule real-time sequencing technology 

of Pacific Biosciences (PacBio) in combination with Illumina reads for sequence 
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assembling. The resulting assembly contained 15.3 Gb of sequence with contig-size 

N50 of 232.6 kb. A comparison of all hitherto generated bread wheat assemblies is 

shown in Table 1. 

1.2.2.2 Clone-by-clone sequencing  

 The clone-by-clone sequencing strategy (Figure 7B) involves construction 

of a large-insert genomic library, cloned typically in bacterial artificial chromosome 

(BAC), and ordering of the BAC clones in a physical map. The next step is selection 

of a minimal set of overlapping BAC clones covering the whole genome, so called 

minimal tilling path (MTP). These are the template for sequencing. Positioning 

of the resulting sequences on chromosomes is done through the physical map contigs, 

which reduces demand on number of markers used for the anchoring.  

  A pilot project on the largest wheat chromosome 3B demonstrated that 

the CBC strategy was able to deliver a high quality reference sequence even 

for the complex wheat genome (Choulet et al., 2014b).  

1.2.2.2.1 BAC libraries 

 Availability of a large-insert genomic library is a pre-requisite for construction 

of a physical map and the following CBC sequencing. First large-insert genomic 

libraries were cloned in yeast artificial chromosomes (YAC) with inserts 

up to 1,000 kb in length (Burke et al., 1987). YACs were used in physical mapping 

of human genome (Chumakov et al., 1992), but further studies revealed their insert 

instability and high level of chimerism. Thus the YAC libraries were replaced with 

libraries constructed in bacterial artificial chromosomes (BAC; Shizuya et al., 1992). 

The insert size of BAC clones is significantly smaller than that of YACs, typically 

100 – 200 kb, but BAC libraries are easier to maintain and reproduce, show only a low 

level of chimerism, and are amenable to screening either by PCR or hybridization 

methods. Moreover, the inserts can be easily isolated by simple plasmid extraction 

procedures (Šafář et al, 2010). 

 BAC libraries have been constructed for a number of species from the tribe 

Triticeae, including Aegilops tauschii (Akhunov et al, 2005), Triticum monococcum 

(Lijavetzky et al., 1999), Triticum boeticum (Chen et al., 2002) or Triticum urartu 

(Akhunov et al., 2005). Undoubtedly, the biggest effort towards generating BAC 
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resources was done within the wheat genome sequencing project. In 2005, IWGSC 

adopted a strategy towards obtaining the reference wheat sequence that included 

construction of BAC libraries for each of wheat chromosomes/chromosome arms 

separated by flow cytometry. The first chromosome-based BAC library was 

constructed for the biggest wheat chromosome 3B (Šafář et al., 2004), followed by 

libraries specific for chromosomes 1D, 4D, 6D (Janda et al., 2004) and chromosome 

arm 1BS (Janda et al., 2006). Within twelve-year period, chromosome- 

or chromosome arm-specific BAC libraries were gradually constructed for all wheat 

chromosomes of bread wheat cv. Chinese Spring 

(https://olomouc.ueb.cas.cz/resources/dna-libraries; IWGSC, 2018).  

1.2.2.2.2 Physical maps 

 Clone-based physical maps are represented by contiguous stretches 

of overlapping DNA fragments, inserts of the BAC clones. Their major role 

in sequencing projects declined with the advent of new sequencing technologies 

and assembling algorithms, but the physical maps and BAC clones they comprise can 

still serve as valuable genomic resources in gene cloning, enabling a fast access to and 

a detailed analysis of a region of interest (Tulpová et al., 2019b).  

1.2.2.2.2.1 Physical map construction 

 The construction of a clone-based physical map requires identification 

of groups of clone inserts that overlap with one another. The most common method 

to identify the overlaps was fingerprinting, firstly utilized in case of physical map 

of the nematode Caenorhabditis elegans (Coulson et al., 1986). Generally, 

fingerprinting is based on BAC clone digestion using restriction enzymes (RE), 

separation and subsequent detection of incurred fragments. In early protocols, clones 

were digested with a rarely cutting enzyme and radioactively labelled, then they were 

digested with another enzyme to produce smaller fragments suitable for separation 

and detection on a polyacrylamide gel. Overlapping clones from the same genome 

region were identified based on occurrence of several coincident fragments, and 

the number of shared fragments determined the extent of the overlap (Coulson et al., 

1986). In the two-enzyme protocol, larger genomes with bigger proportion 

of repetitive sequences had relatively high risk of false positive overlaps (Meyers 

et al., 2004). This stimulated development of more advanced fingerprinting techniques 
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involving digestion with three to five restriction enzymes (Xu et al., 2004). Fragments 

were end-labelled with fluorescently labelled ddNTPs and separated using capillary 

electrophoresis (Figure 8). One of the used five REs produced fragments with blunt 

ends, preventing their labelling and thus ensuring a reduction in number and size 

of detectable fragments, which made them accessible to analysis in a capillary 

sequencer. This approach has been called high-information-content fingerprinting 

(HICF) or SNaPshot technology (Luo et al., 2003) and it was used to construct 

a physical map of maize (Wei et al., 2007) barley (IBSC, 2012) and the D genome 

progenitor Aegilops tauschii (Luo et al., 2013). It was also applied in the wheat 

genome sequencing project to produce physical maps of individual 

chromosomes/chromosome arms, starting with 3B (Paux et al., 2008b), followed by 

5A (Barabaschi et al., 2015) and chromosome arms 1AS, 1AL, 1BS, 1BL, 3DS, 5DS 

and 7DS (Breen et al., 2013; Lucas et al., 2013; Raats et al., 2013; Philippe et al., 

2013; Holušová et al., 2017; Akpinar et al., 2015a; Tulpová et al., 2019a) (Table 2). 

 

 

Figure 8: Scheme of the high-information-content fingerprinting. Only the coloured fragments 

are visualised and generate a four-colour restriction pattern 

 

 An alternative approach to obtaining fingerprints of BAC clones is a whole 

genome profiling (WGP) technique (van Oeveren et al., 2011). WGP employs next-

generation sequencing (NGS) technologies to produce sequence tags along the BAC 

clone. BAC pooled samples are prepared from the library and cleaved by two 

restriction enzymes. A subset of resulting fragments are then ligated with adaptors and 

sequenced to produce a short sequence tag from each fragment. Finally, BAC contigs 
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are assembled based on overlapping sets of sequence tags. The WGP was used to 

produce physical maps of wheat chromosomes 6A (Poursarebani et al., 2014), 6B 

(Kobayashi et al., 2015), 2B, 2D, 4B, 5BL and 5DL (IWGSC, 2018). Besides, WGP 

tags were produced from MTP clones of all remaining wheat chromosomes and were 

utilized to support assembly of the bread wheat genome (IWGSC, 2018) (Table 2).  

 

Table 2: Fingerprinting and assembling strategies applied in wheat chromosomal 

physical map projects. 

Chromosome/arm 
Fingerprinting 

method 

Assembling 

algorithm 
Reference 

1AS HICF FPC, LTC Breen et al. (2013) 

1AL HICF FPC, LTC Lucas et al. (2013) 

1BS HICF LTC Raats et al. (2013) 

1BL HICF FPC, LTC Philippe et al. (2013) 

1D, 6D HICF LTC IWGSC (2018) 

2A HICF LTC IWGSC (2018) 

2B WGP LTC IWGSC (2018) 

2D WGP LTC IWGSC (2018) 

3A HICF FPC IWGSC (2018) 

3B HICF FPC Paux et al. (2008b) 

3DS HICF FPC, LTC Holušová et al. (2017) 

3DL HICF FPC IWGSC (2018) 

4A HICF LTC IWGSC (2018) 

4B WGP LTC IWGSC (2018) 

4D HICF LTC IWGSC (2018) 

5A HICF FPC, LTC Barabaschi et al. (2015) 

5BS HICF LTC Salina et al. (2018) 

5BL HICF LTC IWGSC (2018) 

5DS HICF LTC Akpinar et al. (2015) 

5DL WGP LTC IWGSC (2018) 

6A WGP FPC, LTC Poursarebani et al. (2014) 

6B WGP FPC Kobayashi et al. (2015) 

7A HICF FPC, LTC Keeble-Gagnère et al. (2018) 

7B HICF LTC Belova et al. (2014) 

7DS HICF FPC, LTC Tulpová et al. (2019a) 

7DL HICF FPC IWGSC (2018) 
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To assemble a physical map from the fingerprint data, two types of statistical 

software can be applied: FingerPrinted Contigs (FPC; Soderlund et al., 2000) 

and Linear Topology Contig (LTC; Frenkel et al., 2010), which differ in several 

aspects.  If utilizing FPC, the assembling process starts at very high stringency, 

characterized by extensive fingerprint overlaps, which is progressively decreased 

in further steps of the assembly. On the other hand, LTC, which utilizes graphical 

approach considering contig topology, starts assembling at a low stringency, resulting 

in branching contig structures, which is then progressively increased until a linear 

topology of the contigs is achieved (Figure 9). LTC has been considered more reliable 

in building contigs and selecting MTP (Frenkel et al., 2010) and thus was used 

to validate wheat physical maps assembled primarily by FPC. Application of FPC 

and LTC for particular wheat chromosomal physical maps is shown in Table 2. 

 

 

Figure 9: Identification and correction of a branching cluster visualized by LTC. Physical-map 

contigs are visualised as nets of significant overlaps. Red dots represent clones; blue lines 

represent significant clone overlaps. Questionable regions are marked by black ovals. Contig 

A exhibiting non-linear topological structure was split into contigs B and C by removing 

questionable clones causing branching (Staňková, 2015). 
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1.2.2.2.2.2 Physical map anchoring 

  To fully exploit a benefit of a physical map and to lay basis for whole-genome 

sequencing, the physical-map contigs need to be placed on a chromosome. 

The anchored physical map represents then a set of BAC contigs ordered and oriented 

along chromosomes. To place the contigs on a chromosome, two approaches can be 

used, designated as forward and reverse anchoring. 

 Forward anchoring utilizes markers with known genetic position, usually 

obtained from databases, which are subsequently localized in contigs of the physical 

map. The localization is done by screening of a corresponding BAC library by PCR or 

hybridization on high-density membranes bearing replicas of the library (Paux et al., 

2008a; Gardiner et al., 2004). To accelerate the PCR screening and minimize its cost, 

multidimensional BAC pooling strategy was developed. Clones of BAC libraries are 

organized in 384-well plates. To prepare three-dimensional BAC pools, the BAC 

library is divided into several fractions, each comprising a specific number of plates, 

typically eight to ten. For each fraction, pools of BAC clones from three dimensions – 

plates, columns and rows – are prepared (Figure 10). A set of eight plates comprising 

3,072 BAC clones can then be screened in 48 PCR reactions (Paux et al., 2008b). After 

detecting PCR products in particular pools, the BAC clone carrying the analysed 

marker is localized at the interception of all dimensions. Besides the simplest 3D 

pooling strategy, others have been proposed, including 6D, applied in sorghum (Klein 

et al., 2000) and maize (Yim et al., 2007), and 5D, which was considered as the most 

suitable for wheat and its diploid progenitors (Luo et al., 2009). To help with 

deconvolution of ambiguously identified BAC clones, perl software Elephant 

(Electronic Physical Map Anchoring Tool) was developed and used (Paux et al., 

2008a; Holušová et al., 2017). The pooling strategy was also applied for high-

throughput screening on array-based platforms developed originally for highly parallel 

SNP genotyping or expression analysis (e.g. Infinium SNP array, NimbleGen 

UniGene microarrays; Breen et al., 2013; Lucas et al., 2013; Luo et al., 2013; Philippe 

et al., 2013; Raats et al., 2013).  
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Figure 10: Three-dimensional pooling of BAC clones from eight microplates 

(https://cnrgv.toulouse.inra.fr/Services/Screening-services/DNA-Pool-production) 

 

The alternative approach, reverse anchoring, utilized sequence information 

obtained from sequencing BAC clones or their ends (BAC-end sequences, BES). 

These sequences served as a resource for designing new markers that were then 

positioned on the chromosome by linkage mapping or using special cytogenetic stocks 

such as deletion lines (Raats et al., 2013; Philippe et al., 2013) or radiation hybrid 

(RH) panels. RH mapping, which is in wheat based on radiation-induced chromosomal 

deletions (Tiwari et al., 2016), overcomes problems due to low recombination rate 

in centromeric and pericentromeric regions, which is the biggest limitation 

of the genetic mapping (Feuillet et al., 2012; Balcárková et al., 2017; Tulpová et al., 

2019a). The reverse anchoring was used for integration of genetic and physical maps 

in wheat (Paux et al., 2010; Tiwari et al., 2016) and Ae. tauschii (Wanjugi et al., 2009). 

Another possibility to ordering contigs of a physical map, especially 

in the centromeric region, is employing information from chromosome-conformation-

capture-based or optical mapping, as reported for barley whole-genome assembly by 

Mascher et al. (2017) or for wheat 7DS BAC assembly by Tulpová et al. (2019a). 

Chromosome-conformation-base mapping (Hi-C) involves chromatin crosslinking 
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with formaldehyde followed by digestion, biotinylation and ligation of biotinylated 

fragments. The resulting DNA sample thus containes ligation products consisting 

of fragments that were originally in close spatial proximity in the nucleus, marked 

with biotin at the junction. Finally, biotin-containing fragments are selected with 

streptavidin beads and sequenced. Hi-C allows unbiased identification of chromatin 

interactions across an entire genome and thus represented a rich source of long range 

information for assigning, ordering and orienting genomic sequences to chromosomes 

at megabase level (Lieberman-Aiden et al., 2009; Mascher et al., 2017).  

In a contrary Hi-C, a procedure of optical mapping does not employ massively 

parallel sequencing. Optical mapping is based on analysis of recognition site pattern 

along DNA molecules of tens to hundreds kilobases in length stretched in nano-

channels (Lam et al., 2012). Thus the optical mapping can serve as a sapporting data 

set for scaffolding, scaffold ordering or orienting even regions challenging 

for common assemblers, such as centromere. This was demonstrated in Tulpová et al. 

(2019a) in case of (peri)centromeric region of wheat chromosome arm 7DS. Besides 

estimating contig order in the non-recombining region, the optical map helped 

revealing a structural variation close to the 7D centromere between bread wheat and 

its ancestor Aegilops tauschii. 

1.2.3 IWGSC RefSeq v1.0 

After 12 years of a joint effort towards getting a bread wheat reference genome, 

coordinated by the IWGSC, an annotated assembly of 21 chromosomes of cv. Chinese 

Spring has arisen. This assembly consists of 21 chromosome-based pseudomolecules, 

which comprise 96.8% of the assembly, and an additional dataset of unassigned 

scaffolds (3.2% assembly). It was built by integrating a draft de novo whole-genome 

assembly (WGA), generated from Illumina short-read data using NRGene 

deNovoMagic2 assembler (NRGene, Ness Ziona Israel; http://www.nrgene.com/), 

with additional information from multiple genomic resources (Figure 11). 

The assembly was superscaffolded and anchored to the chromosomes using genetic 

and physical mapping information, such as data from population sequencing 

(POPSEQ), Hi-C or chromosome-specific physical maps. Validation of the assembly 

was done using independent genetic and physical mapping evidence, including 

genotyping-by-sequencing maps, radiation hybrid (RH) maps or Bionano optical maps 

for group 7 homeologous chromosomes. Resulting highly contiguous IWGSC 
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RefSeq v1.0 assembly, covering 94 % of the wheat genome, contained 14.5 Gb 

sequence in scaffolds with N50 length of 7.1 Mb. Moreover, the assembly facilitated 

a straightforward access to 107,891 high-confidence genes, including their genomic 

context of regulatory sequences, and enabled a creation of a transcriptome atlas 

representing all stages of wheat development. Breeders can now easily get sequence-

level information to precisely define the necessary changes in the genome for breeding 

programs (IWGSC, 2018). In addition, this assembly provides a deep insight into 

the distribution of genes and meiotic recombination along chromosomes, which laid 

the basis for their partitioning into five zones with distinct characteristics (IWGSC, 

2018). Special attention was devoted to estimating precise position and size of wheat 

centromeres. 

  

 

Figure 11: Integration of all resources applied in IWGSC RefSeq v1.0 building 

(http://www.wheatgenome.org/). 

 

1.2.3.1 Delimiting of wheat centromeres 

 Centromeres constitute a crucial domain of eukaryotic chromosomes. They 

mediate chromosome attachment to microtubules and ensure proper segregation 

of the sister chromatids during mitosis and meiosis. Despite their critical importance, 

they are frequently incompletely covered or misassembled in reference genomes. This 
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is mainly due to high content of repeats and difficulty to order sequences in non-

recombining centromeric regions. The genetic centromere, which is characterized by 

suppressed recombination, can span in wheat over hundreds megabases, covering 

as much as 50 % of chromosomal length (Choulet et al., 2014a; Keeble-Gagnère et al., 

2018). However, the functional centromere is significantly smaller (Jiang et al., 2003). 

 On the sequence level, plant centromeres are frequently characterized 

by presence of GC rich satellites (Houben et al., 2007; Nagaki et al., 2004; Neumann 

et al., 2012; Liu et al., 2015). Besides, they often contain a single class of transposable 

elements, in cereals mainly from Ty3-gypsy superfamily (Presting et al., 1998). These 

retroelements seem to be conserved in cereals since their radiation about 60 million 

years ago (Houben et al, 2007). Several of them have been characterized in grass 

species, namely Cereba in barley (Hordeum vulgare; Houben et al., 2007) or CRW 

in wild einkorn wheat (Triticum boeticum; Liu et al., 2008). According to Neumann 

et al. (2011), transcriptional activity of centromeric retrotransposons represents 

an active component of centromeres, plays an important role in plant centromere 

evolution by generating new insertions, and probably participates in normal 

centromere function. The core centromeric chromatin could also harbour 

transcriptionally active genes (Nagaki et al., 2004). Despite some similarities 

of centromeric sequences across species, the determining feature does not seem 

the primary sequence but specific chromatin modifications, such as CENH3, 

a centromere-specific variant of histone H3, associated with centromeres of cereals 

(reviewed in Henikoff et al., 2001). 

The position of the centromere is relatively easy to estimate using fluorescence 

in situ hybridization (FISH) with probes for centromere-specific repeats, in case 

of wheat and rye derived from a 192-bp segment of a repetitive element from wheat 

clone pHind258 (Ito et al., 2004). Still FISH can indicate the position only roughly 

and does not provide information about the centromere physical size.  

Another possibility to positioning the centromere is utilization of telosomic 

chromosomes (telosomes). These arise through misdivision of centromeres in normal 

chromosomes, which results in chromosome breakage. Such chromosome aberration 

is lethal in diploid organisms but can be tolerated in polyploids as demonstrated 

in several ditelosomic stocks of bread wheat (Sears et Sears, 1978). Sequence overlap 
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of two telosomes corresponding to arms of one chromosome can indicate position 

of the functional centromere. 

Chromatin immunoprecipitation (ChIP) and derived chromatin 

immunoprecipitation sequencing (ChIP-seq) for CENH3 is currently the most 

effective and accurate method to identify the functional centromere, as demonstrated 

in rice (Nagaki et al., 2004) or maize (Wang et al., 2014). This approach was also 

applied for positioning and delimiting centromeres in the IWGSC RefSeq v1.0 

assembly (IWGSC, 2018). Clear ChIP-seq peaks were evident in all wheat 

chromosomes and coincided with peaks of centromere-specific TEs Cereba and Quinta 

(Figure 12). The average centromere size estimated from the ChIP-seq data was 

6.7 Mb. Comparison of this estimate with 0.75 Mb and 1.8 Mb obtained for rice 

(Nagaki et al., 2004) and maize (Wang et al., 2014), respectively, supported previous 

findings that the centromere size increases with the genome size.  

 

             

Figure 12: Positioning of the centromere in the 2D pseudomolecule. Top panel shows density 

of CENH3 ChIP-seq data along the wheat chromosome. Bottom panel shows distribution 

and proportion of the total pseudomolecule sequence composed of TEs of the Cereba 

and Quinta families (IWGSC, 2018). 
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1.3 Cloning a Russian wheat aphid resistance gene 

  Wheat chromosome arm 7DS, which represent the main subject of this thesis, 

carries several agronomically important genes, including those underlying resistance 

to Russian wheat aphid. Knowledge of an accurate sequence of the 7DS, together with 

other resources and technologies including optical mapping, facilitated and accelerated 

identification of the most probable candidate for a RWA resistance gene. 

1.3.1 Russian wheat aphid 

 Russian wheat aphid (Diuraphis noxia, Kordjumov; RWA; Figure 15), 

is a small, yellow-green or gray-green elongated phloem-feeding insect of 1.4-2.3 mm 

in size (Botha, 2013). It belongs into a large group of about 4,500 species 

of hemimetabolous and hemipteran insects called Aphididae, the true aphids (Davis, 

2012). Aphididae, and especially its subfamily Aphidinae, underwent dramatic 

radiation between  ̴ 5 – 26 million years ago, connected with a development of cyclical 

parthenogenesis and viviparity. The cyclical parthenogenesis includes seasonal 

alternating between one or several female parthenogenetic generations, in which 

unfertilized eggs develop into females, and a sexual generation, with a necessity 

of oocytes fertilization by male sperm. Typical life cycle begins in spring with females 

hatched from diapausing and frost-resistant eggs. These asexual females reproduce 

asexually during the summer producing a vast number of clonal offspring by 

viviparous parthenogenesis, resulting in large colonies that infest plants (Cuellar, 

1977). Later in autumn, in a response to the shortening photoperiod, the clonal morphs 

produce sexual females (Davis, 2012). 

 

 

Figure 15: Russian wheat aphid (Diuraphis noxia). A picture of an adult female pest (A) 

and its colony on barley leaves (B) (https://www.invasive.org/browse/detail.cfm?imgnum=5

512060) 
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It has been suggested that RWA had coevolved with crops in the Fertile 

Crescent (Botha, 2013), however its occurrence was first reported in 1978 in South 

Africa, followed by reports from all around the world, most recently from Australia 

(Yazdani et al., 2017). RWA devastates yields of small-grain cereals mainly 

in the USA where it caused economic losses of about $800 million between 1987 

and 1993 (Morrison and Peairs, 1998). Moreover, process of its evolution includes 

adaptations to continual changes of life conditions leading to appearance of new highly 

virulent biotypes that are able to infest previously resistant cultivars (Botha, 2013). 

Thus RWA became one of the most serious invasive pests of wheat and barley but also 

other plants from 43 genera, including over 140 species of cultivated and wild grasses 

(Yazdani et al., 2017). 

1.3.2 Types of arthropod resistance 

 As a defence against pathogens, an innate and adaptive immune system based 

on immunoglobulins evolved in human and animals. Despite of lacking specialized 

defence cells, plant defence strategies show similarities to those of animals, even 

though plants have to defend themselves by a combination of constitutive and induced 

defences (reviewed in Botha et al., 2005). Plant resistance to arthropods is defined 

as the sum of the constitutive, genetically inherited qualities that result in a plant 

of one cultivar or species being less damaged than a susceptible plant lacking these 

qualities. On the contrary, susceptibility is the inability of a plant to inherit qualities 

that express resistance to arthropods (Smith, 2005). 

The pest resistance can be classified in three categories that are frequently 

combined – antibiosis, antixenosis and tolerance. The tolerance is an ability of plants 

to withstand or recover from damage caused by pest feeding. Antixenosis, or non-

preference, is a type of resistance combining morphological and chemical plant factors 

that affect pest behaviour. These include natural physical plant barriers such 

as thickness of plant epidermal layer, waxy leaves, higher density of leave trichomes 

or production of several types of repellents and detergents that discourage the aphid 

from feeding and, consequently, the pest chooses an alternative host plant. Antibiosis 

is manifested as a negative effect of a plant on the developmental biology of the aphid, 

expressed mainly as lower aphid fecundity (Wang et al., 2004, reviewed in Botha 

et al., 2005). Mechanisms of plant defence through antixenosis and antibiosis can be 

overlapping. 
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1.3.2.1 Signalling pathways in aphid resistance 

 During its feeding, aphid is removing plant photoassimilates, which results 

in chlorosis, longitudinal streaking along the main leaf vein, head trapping, substantial 

reduction in biomass and, in severe cases, plant death (Burd and Burton, 1992). 

Resistant plants are able to reduce these devastating changes but the mechanism 

of their response to the aphid attack has not been clarified yet. Smith and Boyko (2007) 

came up with a hypothesis of two different processes involved in elicitation of plant 

response to aphid feeding.  The first one is based on recognition of plant damage, 

leading to a change in plant chemistry, followed by the production of signalling 

molecules that activate a general stress response. The second process triggers 

the aphid-specific resistance by gene-for-gene recognition of elicitors that are most 

probably present in aphid saliva. This type of plant-pathogen interaction acts on a key-

and-lock basis, meaning that the resistant host plant carries a resistance (R) gene 

specific to a pathogen gene termed the avirulence (Avr) gene. If the product 

of the R gene is not present or does not recognize the product of Avr gene, the plant is 

susceptible (Smith, 2005). Both processes elicit cascades of reactions mediated by 

several compounds, including jasmonic acid (JA), salicylic acid (SA), ethylene (ET), 

abscisic acid (ABA) or reactive oxygen species (ROS) (reviewed in Smith and Boyko, 

2007; Figure 16). 

 Plants showing the antibiosis type of resistance generally use the induced gene-

for-gene interaction. They employ hypersensitive response (HR) resulting in necrotic 

lesion on leaves (Botha, 2013) as well as other signalling cascades ending with JA, 

MeJA (methyl jasmonate), ET or SA (Smith and Boyko, 2007). On the contrary, aphid-

tolerant plants, rather than the signalling pathway use a passive resistance, to deal with 

their damage on chlorophyll level and energy and nutrients removal. Thus their main 

aim is to compensate the reduced photosynthetic activity by upregulating components 

of the electron transport chain. 
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Figure 16: Scheme of signalling pathways involved in plant defence response elicited by 

aphid feeding (Smith and Boyko, 2007).  

 

1.3.3 Cloning of RWA resistance genes 

 One of the typical symptoms of the aphid infestation is leaf rolling, which 

provides aphids an additional advantage, because it shelters their colonies against their 

natural predators as well as insecticide spraying, which reduces the effect of chemical 

pest treatment. Thus the most effective strategy to handle RWA attacks lies in using 

natural sources of aphid resistance in breeding of novel resistant cultivars. 

The knowledge of a gene underlying the resistance trait can speed up the breeding 

process by providing markers co-segregating with the trait. Moreover, it can clarify 

mechanisms of the plant defence, which can lead to development of new strategies 

for the pest treatment.  

1.3.3.1 Positional cloning 

 Positional (or map-based) cloning represents a traditional approach towards 

isolation of a gene underlying a trait of interest without previous knowledge 

of the biochemical nature of the gene product. The process of positional cloning can 

be divided into four phases: 1) delimiting the gene region by genetic markers, 
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2) spanning the region by a contig of a physical map, 3) sequencing of co-segregating 

BAC clones, sequence annotation and identification of candidate gene(s), 4) functional 

validation of the candidate(s). 

 The positional cloning approach is primarily suitable for traits coded by major 

genes showing a clear phenotypic effect. Two individuals with a contrasting phenotype 

are crossed and used to derive a mapping population, usually F2 or more advanced 

recombinant inbred lines (RILs). For cloning quantitative trait loci (QTL), polygenes 

with a minor effect contributing to the trait, one of the loci needs to be selected and 

mendelized by preparing a back-crossed mapping population – nearly isogenic lines 

(NILs).  Individuals of the mapping population are then assayed for available 

molecular markers and scored for the phenotype of interest to identify markers closely 

linked (less than 1 cM) with the trait and flanking the gene from both sides. For this 

high-resolution mapping, populations of several thousand individuals, typically RILs, 

may be needed (Krattinger et al., 2009a).  

 The region delimited by flanking markers is to be spanned by BAC clones. 

Before availability of clone-based physical maps, this was achieved by chromosome 

walking (Krattinger et al., 2009a). Availability of the physical maps speeded up this 

phase significantly since screening of a BAC library with the closely linked markers 

identifies BAC contigs rather than individual clones. Spanning of the region with 

available reference sequence of the analysed species is even easier but one has to keep 

in mind that the region of interest may be not completely covered or may be 

misassembled in the reference genome (Tulpová et al. 2019b). This is especially 

relevant if the cultivar bearing the gene of interest differs significantly 

from the reference genome or the region bearing the gene of interest has been 

introgressed from a wheat relative or a landrace. If the region is completely absent 

from the available reference genome, a new genomic resource such as BAC library 

must be prepared from the gene donor (Mago et al., 2014; 2015).    BAC clones within 

the delimited interval are sequenced and the obtained sequences are annotated to get 

a complete catalogue of genes present in the selected region. 

 The final step in a positional cloning project is identification and validation 

of candidate gene(s), which is usually performed by analysis of gene expression 

in the contrasting phenotypes and by methods of functional genomics, such as down-
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regulation of the gene by virus induced gene silencing (VIGS; Gupta et al., 2013a) or 

the most popular gene editing using CRISPR-Cas9 system (Wang et al., 2015) or its 

modifications.  

  The majority of wheat genes hitherto isolated by the positional cloning 

approach are those underlying a resistance to different fungal pathogens, such as leaf 

rust – Lr genes (e.g. Feuillet et al., 2003; Krattinger et al., 2009b), stem rust – Sr genes 

(e.g. Mago et al., 2014; 2015), stripe rust – Yr36 (Fu et al., 2009) or powdery mildew 

– Pm3b (Yahiaoui et al., 2004). The positional cloning approach acted successfully 

also for a few wheat QTLs, including that for a transcription factor controlling 

senescence and grain nutrients (Uauy et al., 2006) and a grain-weight QTL that 

increases grain length through cell expansion in the pericarp (Brinton et al., 2018). 

1.3.3.2 RWA resistance genes 

  To date, more than 15 RWA resistance genes, mostly underlying tolerance and 

antibiosis, have been described in wheat.  Many of these originated from Aegilops 

tauschii as inferred from their map location in the D genome (Du Toit, 1987, 1989; Du 

Toit et al., 1995; Fazel-Najafabadi et al., 2015; Liu et al., 2001; Ma et al., 1998; Miller 

et al., 2001; Peng et al., 2007; Valdez et al., 2012, Voothuluru et al., 2006). At least 

one resistance gene, Dn7, originating from rye was reported (Anderson et al., 2003; 

Marais et al., 1994; Lapitan et al., 2007). New highly virulent RWA biotypes have 

rendered previously resistant cultivars susceptible, which stirred intensive search for 

novel sources of resistance as well as efforts to unravel mechanisms underlying the 

trait. Although several components of the plant defence pathways have been proposed 

(Anderson et al., 2014, Van Eck et al., 2014), to date no aphid resistance gene has been 

cloned in wheat. Nine of the hitherto mapped RWA resistance genes, namely Dn1, 

Dn2, Dn5 (Du Toit, 1987), Dn6 (Saidi and Quick, 1996), Dn8, (Liu et al., 2001), Dnx 

(Harvey and Martin, 1990), Dn2401 (Voothuluru et al., 2006; Fazel-Najafabadi et al. 

2015), Dn626580 (Valdez et al., 2012), and Dn100695 (Tonk et al., 2016) are located 

on the short arm of wheat chromosome 7D (7DS). Except for Dn8 located 

at the terminal part of the arm, the remaining genes were mapped to the interstitial part 

of 7DS and most of them were found linked to marker gwm111 (Fazel-Najafabadi 

et al. 2015; Liu et al. 2002). It has not yet been resolved if these genes are allelic or 

tightly linked.  
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Within the framework of this thesis, we focused on the Dn2401 gene identified 

in line CI2401, originating from Tajikistan. Previously, Staňková et al. (2015) mapped 

the Dn2401 gene into 0.83-cM interval on chromosome arm 7DS and spanned it by 

five overlapping BAC clones from a 7DS-specific BAC library of cv. Chinese Spring. 

This cultivar, used as a reference genome of bread wheat, is susceptible to RWA (Peng 

et al., 2009), which raised the need to inspect the interval also in the resistant line.  

In the current study, we demonstrated that this goal can be facilitated by application 

of novel techniques, such as optical mapping. 
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2 AIMS OF THE THESIS 

I Anchoring and validation of the physical map of the short arm of wheat 

chromosome 7D 

 The first aim of the thesis is to anchor a 7DS physical contig map 

to the chromosome through integration with several types of genetic 

and physical genomic resources, including a physical map of the D genome 

progenitor, Aegilops tauschii. This integration will be used to compare 

structure of the 7DS between bread wheat and its ancestor. 

 

II Sequencing of the chromosome arm 7DS and assembling of the reference 

sequence 

 The second aim of the work will be sequencing of a minimal set of BAC clones 

continuously covering the entire 7DS arm, assembling and annotating 

of the obtained sequence. The generated data and other genomic resources will 

be used to assemble and validate the reference sequence of the 7DS arm.  

 

III Positional cloning of a Russian wheat aphid resistance gene 

The third aim of the thesis will be application of the BAC clone assembly 

in positional cloning of a Russian wheat aphid resistance gene and in analyses 

of other regions of interest.   
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3 RESULTS 

3.1. Summary 

In this thesis I focused on the study of the wheat chromosome arm 7DS. 

The first goal of the current work was to anchor and validate the clone-based physical 

map of the 7DS. This effort ran in parallel with sequencing of 7DS minimal tilling 

path, deconvolution and assembly of BAC clone sequences and completion and 

validation of the 7DS reference sequence. Moreover, all these datasets were exploited 

in identification of a candidate for a gene underlying resistance to Russian wheat aphid, 

a serious cereal pest dispersed worldwide. 

To anchor the 7DS physical map, several approaches were applied, including 

manual anchoring by PCR on 3D BAC pools or in silico anchoring that utilized 

the generated BAC sequences. Final version of the 7DS physical map (Tulpová et al., 

2019a) integrated markers from a radiation hybrid map and three genetic maps, 

including one from the D-genome ancestor, Ae. tauschii. Besides, our approach 

to physical-map assembly included integration of the 7DS physical map with a whole-

genome map of Ae. tauschii (Luo et al., 2013). This together with involvement 

of a Bionano genome (BNG) map of the 7DS arm (Staňková et al., 2016) facilitated 

ordering of physical-map contigs even in the non-recombining region of the genetic 

centromere. 

Within a joint effort coordinated by the IWGSC, 4,608 MTP BAC clones from 

a 7DS-specific BAC library were sequenced in BAC pools of four non-overlapping 

clones using Illumina HiSeq platform. Resulting sequences were assembled into 

contigs with N50 of 72 kb. Their scaffolding was done using mate-pair data obtained 

from MTP-plate pools (384 clones). The final 7DS BAC assembly, composed 

of   9,063 scaffolds with N50 of 117 kb (Tulpová et al., 2019a), became a valuable 

data source contributing to the reference sequence of the 7DS chromosome arm 

(IWGSC, 2018). 

In assembling the 7DS physical map and subsequent analysis of the 7DS 

sequence, we paid a special attention to the 7D centromere. Integration of the 7DS 

physical map with the map of Ae. tauschii enabled comparison of the two genomes 

and revealed a megabase-size rearrangement in the genetic centromere between wheat 

and its ancestor. Using two BNG maps prepared from 7DS of cv. Chinese Spring 
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(Staňková et al., 2016) and line CI2401 (Tulpová et al., 2019b), respectively, 

and a BNG map of chromosome arm 7DL (IWGSC, 2018), we were able to span 

the centromere in the reference sequence of the 7D chromosome (IWGSC, 2018) and 

prove that the assembly was correct and nearly complete in this challenging region. 

Position of the functional 7D centromere was predicted based on alignment of the 7DS 

and the 7DL BNG maps and sequences to the 7D assembly and was confirmed by 

mapping available (Guo et al., 2016) ChIP-seq reads for CENH3, a centromere-

specific histone H3 variant, on the 7D sequence. This delimited the functional 

centromere of the 7D as a region of ~6 Mb. The ChIP-seq based approach was then 

applied to delimiting functional centromeres in all wheat chromosomes and enabled 

an estimate of average wheat centromere size of 6.7 Mb (IWGSC, 2018) (Figure 17). 

   

 
 

Figure 17: Positioning of the centromere in the 7D pseudomolecule. Top panel shows density 

of CENH3 ChIP-seq data along the wheat chromosome. Middle panel shows distribution and 

proportion of the total pseudomolecule sequence composed of TEs of the Cereba and Quinta 

families. Bottom panel shows positions of 7DS- and 7DL-specific sequences mapped 

on the 7D pseudomolecule. The core centromere is highlighted with the pink line (IWGSC, 

2018). 
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The 7DS BAC assembly was also utilized in positional cloning project 

targeting Dn2401 gene underlying resistance to RWA, a serious pest of small grain 

cereals and many grass species. In the previous study of Staňková et al. (2015), ~300-

kb interval containing the Dn2401 resistance gene was delimited and five BAC clones 

spanning this region were selected. Here we used a targeted strategy that combined 

traditional approaches towards gene cloning, comprising genetic mapping 

and Illumina sequencing of BAC clones, with novel technologies including optical 

mapping and long-read nanopore sequencing. Comparison of the obtained BAC hybrid 

assembly covering the gene region with corresponding parts in two wheat whole 

genome assemblies (IWGSC, 2018; Zimin et al, 2017b) revealed misassemblies 

in a close proximity of predicted candidate genes. The highly accurate BAC assembly 

facilitated precise annotation of the Dn2401 region, saturation of the interval with new 

markers and proposing and resequencing of candidate genes. Identification of Epoxide 

hydrolase 2 as the most likely Dn2401 candidate opened an avenue to its validation by 

functional genomics approaches (Tulpová et al., 2019b).  



61 
 

3.2 Original papers 

3.2.1  Integrated physical map of bread wheat chromosome arm 7DS to facilitate gene 

cloning and comparative studies 

 (Appendix I) 

 

3.2.2 Accessing a Russian wheat aphid resistance gene in bread wheat by long-read 

technologies 

 (Appendix II) 

 

3.2.3 Shifting the limits in wheat research and breading using a fully annotated 

reference genome 

 (Appendix III) 
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3.2.1 Integrated physical map of bread wheat chromosome arm 7DS to facilitate 

gene cloning and comparative studies 

 

Tulpová Z, Luo MC, Toegelová H, Visendi P, Hayashi S, Vojta P, Paux E, Kilian A, 

Abrouk M, Bartoš J, Hajdúch M, Batley J, Edwards D, Doležel J, Šimková H 

 

New Biotechnology, 48: 12-19, 2019  

doi: 10.1016/j.nbt.2018.03.0003 

IF: 3.733  

 

Abstract: 

Bread wheat (Triticum aestivum L.) is a staple food for a significant part 

of the world’s population. The growing demand on its production can be satisfied by 

improving yield and resistance to biotic and abiotic stress. Knowledge of the genome 

sequence would aid in discovering genes and QTLs underlying these traits and provide 

a basis for genomics-assisted breeding. Physical maps and BAC clones associated with 

them have been valuable resources from which to generate a reference genome 

of bread wheat and to assist map-based gene cloning. As a part of a joint effort 

coordinated by the International Wheat Genome Sequencing Consortium, we have 

constructed a BAC-based physical map of bread wheat chromosome arm 7DS 

consisting of 895 contigs and covering 94% of its estimated length. By anchoring BAC 

contigs to one radiation hybrid map and three high resolution genetic maps, we 

assigned 73% of the assembly to a distinct genomic position. This map integration, 

interconnecting a total of 1,713 markers with ordered and sequenced BAC clones from 

a minimal tiling path, provides a tool to speed up gene cloning in wheat. The process 

of physical map assembly included the integration of the 7DS physical map with 

a whole-genome physical map of Aegilops tauschii and a 7DS Bionano genome map, 

which together enabled efficient scaffolding of physical-map contigs, even in the non-

recombining region of the genetic centromere. Moreover, this approach facilitated 

a comparison of bread wheat and its ancestor at BAC-contig level and revealed 

a reconstructed region in the 7DS pericentromere. 
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3.2.2 Accessing a Russian wheat aphid resistance gene in bread wheat by long-

read technologies 

 

Tulpová Z, Toegelová H, Lapitan NLV, Peairs F, Macas J, Novák P, Lukaszewski A, 

Kopecký D, Mazáčová M, Vrána J, Holušová K, Leroy P, Doležel J, Šimková H 

 

Plant Genome 

doi: 10.3835/plantgenome2018.09.0065 

IF: 2.923  

 

Abstract: 

Russian wheat aphid (RWA) is a serious invasive pest of small grain cereals 

and many grass species. An efficient strategy to defy aphid attacks is to identify 

sources of natural resistance and transfer resistance genes into susceptible crop 

cultivars. Revealing the genes helps understand plant defence mechanisms and 

engineer plants with a durable resistance to the pest. To date, more than 15 RWA 

resistance genes have been identified in wheat, but none of them has been cloned. 

Previously, we genetically mapped RWA resistance gene Dn2401 into an interval 

of 0.83 cM and spanned it with five BAC clones. Here we used a targeted strategy that 

combines traditional approaches towards gene cloning, comprising genetic mapping 

and sequencing of BAC clones, with novel technologies, including optical mapping 

and long-read nanopore sequencing. The latter, with reads spanning the entire length 

of a BAC insert, enabled us to assemble the whole region, the task not achievable with 

short Illumina reads only. Long-read optical mapping validated DNA sequence 

in the interval and revealed a difference in the locus organization between resistant 

and susceptible genotypes. The complete and accurate sequence of the Dn2401 region 

facilitated its precise annotation, saturation of the interval with new markers 

and suggestion and resequencing of candidate genes. Identification of Epoxide 

hydrolase 2 as the most likely Dn2401 candidate opens an avenue to its validation by 

functional genomics approaches. 
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3.2.3 Shifting the limits in wheat research and breading using a fully annotated 

reference genome 

 

 

International Wheat Genome Consortium 

 

Science 361, eaar7191 

doi: 10.1126/science.aar7191  

IF: 41.058 

 

Abstract: 

 An annotated reference sequence representing the hexaploid bread wheat 

genome in 21 pseudomolecules has been analyzed to identify the distribution 

and genomic context of coding and non-coding elements across the A, B and D sub-

genomes. With an estimated coverage of 94% of the genome and containing 107,891 

high-confidence gene models, this assembly enabled the discovery of tissue and 

developmental stage related co-expression networks using a transcriptome atlas 

representing all stages of wheat development. Dynamics of complex gene families 

involved in environmental adaptation and end-use quality were revealed at sub-

genome resolution and contextualized to known agronomic single gene or quantitative 

trait loci. This community resource establishes the foundation for accelerating wheat 

research and application through improved understanding of wheat biology 

and genomics-assisted breeding. 
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3.3 Published abstracts – poster presentation 

 

3.3.1 Integrated physical map of bread wheat chromosome arm 7DS 

to support evolutionary studies and genome sequencing 

 (Appendix IV) 

 

3.3.2 Completing reference sequence of the wheat chromosome arm 7DS 

 (Appendix V) 

 

3.3.3 Structural variation of a wheat chromosome arm revealed by optical 

mapping 

 (Appendix VI) 

 

3.3.4 Poziční klonování genu pro rezistenci k mšici zhoubné (Diuraphis 

noxia): konstrukce vysokohustotní genetické mapy 

 (Appendix VII) 
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3.3.1 Integrated physical map of bread wheat chromosome arm 7DS to support 

evolutionary studies and genome sequencing 

 

Tulpová Z, Luo MC, Toegelová H, Visendi P, Hayashi S, Vojta P, Hastie A, Kilian 

A, Tiwari VK, Bartoš J, Batley J, Edwards D, Doležel J, Šimková H 

 

In: Abstracts of the “Olomouc Biotech 2017. Plant Biotechnology: Green for Good 

IV“. Olomouc, Czech Republic 2017 

 

Abstract: 

Bread wheat (Triticum aestivum L.) is one of the most important crops species 

worldwide. Polyploid nature of wheat genome (2n = 6x = 42, AABBDD) together with 

huge genome size (~17 Gb) and prevalence of repetitive sequences hamper its 

studying. To overcome these obstacles, BAC-by-BAC sequencing strategy based 

on chromosome-derived physical maps has been used to support a joint effort 

of the International Wheat Genome Sequencing Consortium (IWGSC) towards 

obtaining a reference genome sequence.  

Our work was focused on mapping and sequencing of the short arm of wheat 

chromosome 7D (7DS). Clones from 7DS-specific BAC library were fingerprinted 

using SNaPshot-based HICF technology and automatically assembled into contigs 

using FPC software.  Integration of initial 7DS physical map with that of Aegilops 

tauschii (D genome ancestor) provided a clue for further merging of automatically 

built contigs. The assembly was verified using LTC software. Physical map has been 

anchored on chromosome using different approaches of forward anchoring including 

PCR screening of the 7DS library, or in silico anchoring using several genetic maps 

and markers or 7DS specific optical map. Hitherto, we have positioned 1864 markers 

in 470 contigs and anchored another 37 marker-missing contigs through an optical map 

generated for the 7DS. Thus we anchored 74 % of the 7DS physical map in total.    

Our sequencing strategy involved pair-end sequencing of pools of four non-

overlapping MTP BAC clones and mate-pair sequencing of MTP plate pools 
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(384 clones) using the Illumina HiSeq. Obtained reads were assembled into sequence 

contigs using assemblers Sassy and SSPACE. 
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3.3.2 Completing reference sequence of the wheat chromosome arm 7DS 

 

Tulpová Z, Toegelová H, Luo MC, Visendi P, Hayashi S, Kilian A, Tiwari VK, 

Kumar A, Hastie AR, Leroy P, Rimbert H, Abrouk M, Bartoš J, Batley J, Edwards 

D, Doležel J, Šimková H 

 

In: Abstracts of the International Conference “Plant and Animal Genome XXIV”. 

P.0826. Sherago International, Inc., San Diego, 2016. 

 

Abstract: 

Bread wheat genome is characterized by high complexity (~17 Gb), polyploidy 

(AABBDD) and high content of repetitive sequences (>90%), which hampers genome 

mapping and sequencing. To overcome these obstacles, BAC-by-BAC sequencing 

strategy based on chromosome-derived physical maps has been adopted 

by the International Wheat Genome Sequencing Consortium (IWGSC) as the key 

strategy towards obtaining a reference genome sequence. 

  In the framework of this effort, we focus on mapping and sequencing of the 7DS 

chromosome arm. Clones from a 7DS-specific BAC library were fingerprinted and 

assembled into contigs using FPC and the map assembly was validated by LTC. 

Integration of the 7DS physical map with that of Aegilops tauschii (D genome 

progenitor) provided a clue for further merging and landing the contigs 

on the chromosome. Hitherto, 74% of the physical map length has been anchored 

to genetic and radiation hybrid maps through 1,577 markers.  Our BAC sequencing 

strategy involved sequencing pools of four non-overlapping clones using the Illumina 

HiSeq. Pair-end reads thus obtained were assembled using a custom assembler Sassy. 

Assembling and pool deconvolution were supported by BAC-end sequences and mate-

pair data generated for pools of 384 clones. In the resulting assembly, we reached 

1.9 scaffolds per BAC clone on average and scaffold N50 of 114 kb. The sequences 

were automatically annotated by the TriAnnot pipeline and application of wheat 7DS 

RNAseq data. Moreover, a BioNano genome map has been constructed for the 7DS 
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and used to validate the physical map, anchor and orient BAC contigs, size gaps, 

deconvolute sequences from BAC pool data and support sequence scaffolding. 
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3.3.3 Structural variation of a wheat chromosome arm revealed by optical 

mapping 

 

Tulpová Z, Toegelová H, Vrána J, Hastie AR, Lukaszewski AJ, Kopecký D, Lapitan 

NLV, Batley J, Edwards D, IWGSC, Doležel J, Šimková H 

 

In: Abstracts of the International Conference “Plant and Animal Genome XXV”. 

P.0837. Sherago International, Inc., San Diego, 2017. 

 

Abstract: 

 Optical mapping in nanochannel arrays (BioNano mapping) provides 

an affordable approach to validate and improve DNA sequence assemblies 

and to study structural variation among individuals, cultivars or species. Coupling 

the optical mapping with flow sorting of individual chromosomes of bread wheat 

enables zooming in on particular regions of the complex (17 Gb) and hexaploid 

genome, making the studies more cost-efficient and reliable. In this work we purified 

7DS chromosome arm (381 Mb) from ditelosomic lines of two accessions - 

cv. Chinese Spring (CS) and CI2401 - that carry the 7DS arm as a pair of telocentric 

chromosomes. Using Irys platform, we generated 68 (180x) and 78 Gb (206x) size-

filtered data for CS and CI2401, respectively. The data were assembled into 371 (CS) 

and 468 (CI2401) genome maps with N50 of 1.3 Mb for both accessions. Comparison 

of the two maps showed a high degree of similarity between them. 83% of the CI2401 

optical map length could be aligned to the CS map under high stringency. Alignment 

of the optical maps to a reference genome, generated from ‘Chinese Spring’ by 

IWGSC, revealed a significant variability in (sub)telomeric and (peri)centromeric 

regions. The two accessions differ in susceptibility to Diuraphis noxia and we 

previously located a gene underlying resistance to this pest to a 350-kb region 

on the 7DS. Comparison of optical maps spanning the region disclosed a 8-kb 

insertion in the proximity of a candidate gene in the susceptible ‘Chinese Spring’. 

The variable regions will be scrutinized on the sequence level.    
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3.3.4 Poziční klonování genu pro rezistenci ke mšici zhoubné (Diuraphis noxia): 

konstrukce vysokohustotní genetické mapy 

 

Staňková H, Valárik M, Lapitan N, Berkman P, Edwards D, Luo MC, Tulpová Z, 

Kubaláková M, Stein N, Doležel J, Šimková H 

 

In: Sborník abstrakt, Bulletin České společnosti experimentální biologie rostlin, 

“6. Metodické dny“. Seč, Česká republika, 2014 

[In Czech] 

Abstrakt: 

 Pšenice setá (Triticum aestivum L.) je jednou z ekonomicky nejvýznamnějších 

kulturních plodin, poskytující zdroj potravy pro 35 % obyvatel světa. Jedná 

se o allohexaploidním druh (2n = 6x = 42) s celkovou velikostí genomu téměř 17 x 

109 bp. Genom je tvořen třemi homeologními subgenomy (A, B a D) a jeho podstatnou 

část (přes 80 %) tvoří repetitivní sekvence. Všechny výše zmíněné vlastnosti 

pšeničného genomu znesnadňují jeho analýzu, genetické i fyzické mapování, 

sekvenování či pozičního klonování. Třídění jednotlivých chromozómů a jejich ramen 

pomocí průtokové cytometrie umožňuje rozložit tento obrovský genom na malé 

a snadno analyzovatelné části. Na krátkém rameni chromozómu 7D (7DS) pšenice 

se nachází řada agronomicky významných genů, včetně genu Dn2401 pro rezistenci 

ke mšici zhoubné (Diuraphis noxia). Mšice zhoubná je jedním z nejvýznamnějších 

škůdců pšenice a ječmene. Chemické i biologické postupy hubení nejsou v případě 

mšice zhoubné dostatečně účinné. Z tohoto důvodu se jeví jako nejvýhodnější způsob 

ochrany pěstování odrůd nesoucích geny pro rezistenci vůči tomuto škůdci. 

Konstrukce vysokohustotní genetické mapy pokrývající oblast zkoumaného genu 

je nezbytná pro jeho následné poziční klonování, tedy izolaci genu na základě jeho 

pozice na genetické či fyzické mapě. Za účelem konstrukce této mapy byla vyvinuta 

metoda pro cílené odvozování markerů z úzké oblasti genomu, a to v podmínkách 

polyploidního genomu pšenice. Tato metoda využívá syntenie mezi pšenicí a jejími 

příbuznými druhy (ječmen, Brachypodium, rýže, čirok, Aegilops tauschii) v kombinaci 

se sekvencemi jednotlivých chromozómů skupiny 7, získanými celochromozómovým 
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neuspořádaným (shotgun) sekvenováním. Za pomocí genových markerů vymezujících 

oblast genu na rameni 7DS je možno identifikovat orthologní oblasti v genomech 

příbuzných druhů. Geny z těchto oblastí poté slouží k nalezení odpovídajících 

sekvenčních kontigů pocházejících z chromozómů 7A, 7B a 7D pšenice. Na základě 

polymorfizmů mezi jednotlivými homeologními chromozómy je možno designovat 

jednolokusové, genomově specifické markery. Popsaným postupem bylo odvozeno 

11 nových vysoce specifických markerů, které posloužily k zahuštění mapy v okolí 

genu Dn2401. Skríning BAC knihovny z ramene 7DS umožnil identifikaci kontigu 

v 7DS-specifické fyzické mapě, který kompletně překlenuje oblast genu. BAC klony 

z této oblasti byly osekvenovány a v současné době probíhá jejich anotace. Sekvence 

BAC klonů mohou rovněž posloužit k odvození dalších markerů v blízkosti genu 

Dn2401. Prezentovaná metodika vývoje markerů je obecně aplikovatelná 

pro jakýkoliv chromozóm pšenice. 
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4 CONCLUSIONS  

4.1 Anchoring and validation of the physical map of the short arm 

of wheat chromosome7D  

 Anchored physical map represents a valuable genomic resource to facilitate 

clone-by-clone sequencing and assist map-based gene cloning. In our study, we 

prepared a BAC-based physical map of wheat 7DS arm, interconnecting 1,713 markers 

from a radiation hybrid map and three genetic maps with ordered 7DS BAC clones. 

These clones are available from library depositories, thus providing an opportunity 

to access a region of interest with advanced sequencing technologies in a focused 

and affordable manner. Our approach to the map assembly integrated clones from 

wheat 7DS with those of Ae. tauschii. This enabled comparative analysis of bread 

wheat and its ancestor, indicating regions of potential rearrangement, which could be 

validated using BNG map, as demonstrated for the pericentromeric region of the 7DS 

(Tulpová et al., 2019a). 

 

4.2 Sequencing of the chromosome arm 7DS and assembling 

of the reference sequence 

 Within this work, 4,608 MTP BAC clones selected from the 7DS physical map 

were sequenced on Illumina HiSeq platform. Resulting assemblies became a valuable 

data source contributing to assembly of the7DS reference sequence (IWGSC, 2018). 

 

4.3 Positional cloning of a Russian wheat aphid resistance gene 

The BAC assemblies were also utilized in a positional cloning project focusing 

on Dn2401 gene underlying resistance to Russian wheat aphid. An improved BAC 

hybrid assembly, combining short-read Illumina and long-read nanopore data, 

facilitated precise annotation of the gene region, development of new markers and 

proposing and resequencing of a candidate gene, which opens an avenue to its 

validation by functional genomics approaches (Tulpová et al., 2019b). Our result can 

contribute to breeding novel aphid-resistant cultivars and to revealing molecular basis 

of the resistance trait. 
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5 LIST OF ABBREVIATIONS 

7DS  short arm of wheat chromosome 7D 

ABA   abscisic acid 

BAC  bacterial artificial chromosome 

BES  BAC-end sequence 

BNG  BioNano genome (map) 

bp  base pairs 

Cas9  CRISPR associated protein 9 

CBC  clone-by-clone (sequencing strategy) 

CENH3 centromere-specific variant of histone H3 

CRW  wheat centromeric repeat 

cDNA  complementary DNA 

ChIP  chromatin immunoprecipitation 

ChIP-seq chromatin immunoprecipitation sequencing 

CRISPR clustered regularly interspersed palindromic repeats 

CS  Chinese Spring 

ddNTP  dideoxynucleotide 

DNA  deoxyribonucleic acid 

ET  ethylene 

FISH  fluorescence in situ hybridization 

FISHIS fluorescence in situ hybridization in suspension 

FPC  FingerPrinted contigs 

Gb  gigabase pairs 

HC  high-confidence (gene) 

Hi-C  chromosome-conformation-base mapping 

HICF  high-information-content fingerprinting 

HR  hypersensitive response 

IWGSC International wheat genome sequencing consortium 

JA  jasmonic acid 

kb  kilobase pairs 
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LC  low-confidence (gene) 

LTC  linear topology contig 

Mb  megabase pairs 

MeJA  methyl jasmonate 

MTP   minimal tilling path 

MYA  million years ago 

NGS  next-generation sequencing 

NIL  nearly isogenic line 

PCR  polymerase chain reaction 

POPSEQ population sequencing 

QTL  quantitative trait loci 

RE  restriction enzyme 

RH  radiation hybrid 

RIL  recombinant inbread line 

ROS  reactive oxygen species 

RWA  Russian wheat aphid 

SA  salicylic acid 

SNP  single nucleotide polymorphism 

TE   transposable element 

TREP  transposable elements platform 

VIGS  virus induced gene silencing 

WGA  whole genome assembly 

WGP  whole genome profiling 

WGS  whole genome sequencing 

YAC  yeast artificial chromosome 
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A R T I C L E I N F O
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A B S T R A C T

Bread wheat (Triticum aestivum L.) is a staple food for a significant part of the world’s population. The growing
demand on its production can be satisfied by improving yield and resistance to biotic and abiotic stress.
Knowledge of the genome sequence would aid in discovering genes and QTLs underlying these traits and provide
a basis for genomics-assisted breeding. Physical maps and BAC clones associated with them have been valuable
resources from which to generate a reference genome of bread wheat and to assist map-based gene cloning. As a
part of a joint effort coordinated by the International Wheat Genome Sequencing Consortium, we have con-
structed a BAC-based physical map of bread wheat chromosome arm 7DS consisting of 895 contigs and covering
94% of its estimated length. By anchoring BAC contigs to one radiation hybrid map and three high resolution
genetic maps, we assigned 73% of the assembly to a distinct genomic position. This map integration, inter-
connecting a total of 1713 markers with ordered and sequenced BAC clones from a minimal tiling path, provides
a tool to speed up gene cloning in wheat. The process of physical map assembly included the integration of the
7DS physical map with a whole-genome physical map of Aegilops tauschii and a 7DS Bionano genome map, which
together enabled efficient scaffolding of physical-map contigs, even in the non-recombining region of the genetic
centromere. Moreover, this approach facilitated a comparison of bread wheat and its ancestor at BAC-contig
level and revealed a reconstructed region in the 7DS pericentromere.

Introduction

Bread wheat (Triticum aestivum L.) is the staple food for 40% of the
world’s population. Improvements in yield and tolerance to biotic and
abiotic stresses are essential to improve its production to meet the de-
mands of the growing human population. Knowledge of the genome

sequence would provide a deep insight into the genome composition
and a detailed gene catalogue to facilitate genomics-assisted breeding.
Bread wheat is an allohexaploid species (2n=6x=42, AABBDD),
whose genome arose through spontaneous hybridization between tet-
raploid durum wheat, Triticum turgidum (AABB), and diploid goatgrass,
Aegilops tauschii (DD), less than 400,000 years ago [1]. Allotetraploid T.
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turgidum originated via hybridization between diploid Triticum urartu
(AA) and a diploid species from Sitopsis section (BB). The presence of
three homoeologous subgenomes A, B and D and a high content of re-
petitive sequences (∼85%) contribute to the huge genome size (16 Gb/
1C) [2], which together impede its mapping and sequencing.

The first coordinated efforts towards obtaining a reference wheat
genome date to 2005, when the International Wheat Genome
Sequencing Consortium (IWGSC) was established. At that time, a
proven strategy to obtain high-quality reference sequences of large
genomes was the clone-by-clone approach, i.e. sequencing clones from
large-insert DNA libraries ordered in physical maps. This procedure was
initially used to produce reference sequences of Arabidopsis and rice and
more recently also maize and barley [3–5]. To overcome problems due
to polyploidy and genome complexity, the IWGSC adopted a chromo-
some-based strategy, which relied on dissecting the genome by flow-
cytometric sorting of chromosomes and/or their arms [7,8], thus sig-
nificantly reducing sample complexity. The first wheat chromosome-
specific BAC library was constructed from chromosome 3 B by Šafář
et al. in 2004 [9] and was used to construct a BAC-based physical map
of the largest wheat chromosome [10]. Chromosomal BAC libraries
were then constructed from all wheat chromosome arms of cv. Chinese
Spring [11] (http://olomouc.ueb.cas.cz/dna-libraries/cereals) and laid
the basis for constructing chromosomal physical maps for the whole
wheat genome [10,12–20] (www.wheatgenome.org). They proved a
favorable resource for map-based gene cloning [21] as well as gen-
erating a whole-chromosome sequence [22]. The availability of a new
assembling algorithm DeNovoMAGIC, which is powerful enough to
produce quality assemblies from whole-genome shotgun Illumina data
even in large polyploid genomes, such as tetraploid wild emmer wheat
[23], led to a change in the IWGSC plan and integration of the whole-
genome assembly (WGA) approach as a key component of the se-
quencing strategy. WGA together with chromosomal maps, available
BAC sequences and other resources resulted in a superior bread wheat
reference sequence (www.wheatgenome.org), comparable to that ob-
tained for wild emmer wheat.

Even with the progress in genome sequencing and assembly tech-
nologies, wheat chromosomal physical maps and the BAC clones they
comprise remain a valuable resource, enabling a fast access to and a
detailed analysis of a region of interest. This is because even the latest
genome assemblies do not completely cover the genome. In the case of
emmer wheat, the reference sequence represents 87.5% of the esti-
mated genome size and the missing part is considered a combination of
both unresolved repetitive sequences and difficult-to-sequence regions
[23]. Moreover a part of sequence scaffolds (4.1% of emmer wheat
assembly) remains non-assigned to a specific genome position. A highly
complete and accurate sequence of the region of interest is a pre-
requisite for successful gene cloning. The availability of BAC clones
with known genomic context enables focused and affordable re-
sequencing of the critical region with more advanced technologies, such
as PacBio and Oxford Nanopore, facilitating the identification of the
desired gene or gene cluster [24,25].

In the current work, we targeted the short arm of bread wheat
chromosome 7D (7DS) with the size of 381 Mb [11], which is known to
harbor numerous agronomically important genes and QTLs [26–29]. An
early version of a physical map constructed from a 7DS-specific BAC
library [30], was used to delimit a region of a gene underlying an aphid
resistance [29]. BAC clone Illumina sequences generated in the current
study supplemented with OxfordNanopore sequences of a selected BAC
clone are being used to identify candidate genes for the pest resistance
(Tulpová, unpublished). The presented version of the 7DS physical map
integrates markers from a radiation hybrid (RH) map and three genetic
maps, including one from the D-genome ancestor Ae. tauschii. Our ap-
proach to physical map assembly included the previously published
integration of a 7DS physical map with a whole-genome physical map
of Ae. tauschii [31]. Co-assembly with Ae. tauschii, supported by a re-
cently generated Bionano genome (BNG) map of the 7DS arm [32],

facilitated partial ordering of physical map contigs even in the non-
recombining region of the genetic centromere, which generally poses
the major challenge in whole-genome assemblies. Moreover, this ap-
proach enabled comparison of genomes of bread wheat and its ancestor
at a BAC-contig level and indicated a megabase-size region in the ge-
netic centromere showing structural variation between Ae. tauschii and
bread wheat 7DS.

Materials and methods

Physical map assembly

A total of 49,152 clones from the 7DS-specific BAC library
TaaCsp7DShA [30] were previously fingerprinted using SNaPShot-
based HICF technology [33], the resulting fingerprints were processed
as described in Šimková et al. [30] and 39,765 useful fingerprints were
used for automatic contig assembly in FPC [34]. The initial assembly
was performed by incremental contig building with a cut-off value of
1× 10−75, tolerance of 0.4 bp and gel length 3600 followed by six
iterations of single-to-end and end-to-end (Match: 1, FromEnd: 50)
merging with decreasing cut-off up to the terminal value 1× 10−45.
The DQer function was used after each merge to break up all contigs,
that contained more than 10% questionable (Q) clones (Step: 3). In
parallel, fingerprints of clones from the TaaCsp7DShA library were FPC-
assembled together with fingerprints of all clones from Ae. tauschii BAC
libraries previously used to produce the Ae. tauschii physical map [31].
This co-assembly resulted in Ae. tauschii supercontigs with embedded
7DS clones (Fig. 1), which were associated with contig signatures from
the initial 7DS assembly. 7DS contigs showing apparent overlap in the
co-assembly were subjected to end-merging in FPC with decreased
stringency (Sulston-score value rising up to 1×10−15).

As the next step, the 7DS assembly was validated using LTC software
[35]. 3D view in LTC allowed visualization of missassembled or chi-
meric contigs, which were disjoined in FPC. Subsequently, contigs of
two clones, likely originating from low-quality fingerprints or other
wheat chromosomes that contaminated the 7DS fraction in the process
of BAC library preparation, were removed (kill function). MTP clones
were selected from this (pre-final) 7DS assembly using FPC with the
following parameters: min FPC overlap= 25, from end= 0,min shared
bands= 12. Final contig assembly merging was done upon the avail-
ability of MTP sequence data (see below). Deconvoluted sequence
contigs of MTP BAC clones or whole BAC pools were compared using
BLASTn (http://blast.ncbi.nlm.nih.gov/) with default parameters.
Subjects of comparison were i) clones from different contigs sharing a
marker, ii) clones proposed as overlapping by Ae. tauschii co-assembly,
that could not be joined at 1×10−15, and iii) clones, whose overlap
was indicated by 7DS BNG map [32]. Physical-map contigs were
merged if fulfilling at least three out of four criteria: marker sharing,
sequence overlap, overlap in Ae. tauschii co-assembly, overlap sup-
ported by BNG map.

MTP sequencing and BNG map alignments

A total of 4608 MTP BAC clones were pair-end sequenced using a
pooling strategy in which 96 pools, each consisting of four non-over-
lapping clones, were indexed and sequenced on a single lane of the
Illumina HiSeq2000 platform [32]. DNA sequences were de-multi-
plexed and assembled using SASSY as described in detail by Visendi
et al. [36]. DNA sequence deconvolution was supported by BAC-end
sequences (BES), obtained by Sanger sequencing of all MTP clones from
both ends, and by utilizing overlaps between BAC clones in physical
map contigs. Mate-pair data was obtained by Illumina sequencing MTP-
plate pools (384 clones per pool), and mate-pair reads were then ap-
plied to build scaffolds by SSPACE as described in Visendi et al. [36].
Alignments of sequence scaffolds to the 7DS BNG map were performed
in IrysView 2.1.1. Cmaps were generated from fasta files of individual
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MTP BAC clones or BAC pools. Query-to-anchor comparison was per-
formed with default parameters and variable P-value threshold ranging
from 1e−6 to 1e−10.

Physical map anchoring and inter-map comparison

The physical map of 7DS was anchored by combining three ap-
proaches. First, the TaaCsp7DShA library was screened with 35 pub-
lically available markers (Suppl. Table A) from GrainGenes database
(https://wheat.pw.usda.gov/GG2/) using PCR on three-dimensional
BAC pools following the procedure described in Šimková et al. [30].
The second approach utilized the 7DS-Ae. tauschii map integration de-
scribed above. Ae. tauschii contigs were previously anchored to a
linkage map comprising 1159 7D-specific SNP markers [31], part of
which could be assigned to particular 7DS BAC clones based on Ae.
tauschii-7DS clone overlap, as visualized by FPC (Fig. 1). The third
approach – in silico anchoring – was used to anchor physical map
contigs to Ae. tauschii linkage map, Chinese Spring x Renan F6 RIL map
(2413 7D SNP markers [37]), Chinese Spring consensus map v.3 (2323
7D DArTseq markers, Suppl. Table B) and Chinese Spring radiation
hybrid map (485 7DS SNP markers from iSelect 90 K SNP array,
[38,39]). Sequences of all markers were analyzed for homology with
7DS MTP sequences using BLASTn. Only unique hits with> 98%
homology along the whole marker length were considered. For markers
from the CsxRe map, CSS sequence contigs [40] comprising the markers
were applied. To anchor Ae. tauschii markers, overlap with marker-
bearing Ae. tauschii clones in the FPC visualization was required.

To perform inter-map comparison, anchored markers from in-
dividual maps were divided into groups of syntenic markers, which
were compiled on the basis of co-localization in particular 7DS contigs.
Information on genetic position of each marker and its syntenic re-
lationship (Suppl. File A) were processed by Strudel software [41].

Results

Physical map assembly

A total of 39,765 high-quality fingerprints previously generated by
SNaPShot HICF technology from a 7DS-specific BAC library [30] were
automatically assembled into contigs using FPC, which resulted in as-
sembly of 29,850 clones ordered in 1767 physical map contigs with
average size of 264 kb, totaling approximately 468 Mb. This corre-
sponded to 123% of the estimated 7DS chromosome arm length. The
largest contig had a size of approximately 2382 kb. The assembly was
manually end-merged based on the integration with the Ae. tauschii
physical map and verified by 3D visualization in LTC. This reduced the
number of contigs from 1767 to 1481 and increased their average size
to 300 kb, totaling 445 Mb assembly length (117% of 7DS arm length).
In the next step, contigs containing two clones were killed, which re-
sulted in 931 physical map contigs comprising 28,339 clones with
average contig size of 388 kb, N50 of 528 kb and L50 of 205. This pre-
final assembly had estimated assembly length of 362 Mb, which cor-
responded to 95% of the 7DS arm length (Table 1).

The pre-final assembly was subject to MTP selection using FPC
software. This resulted in an MTP of 4608 clones, which were se-
quenced. This provided an assembly totaling 9063 scaffolds with N50 of
117 kb, average scaffold size 63 kb and 2.5% Ns. On average, we ob-
tained 1.9 scaffolds per BAC clone. The availability of MTP sequences
enabled identification of new contig overlaps based on homology re-
vealed by BLASTn search. In this way, 61 cases of potential overlaps
were identified on edges of 121 contigs, out of which 71 could be end-
merged under a lower-stringency condition in FPC. The remaining 50
contigs did not meet at least two out of three requirements (shared
markers, fingerprint overlap with cutoff value≤ 1×10−15, clone
overlap supported by BNG map) and were not merged. BNG map
alignment revealed several misassemblies and proposed one contig

Fig. 1. Contig anchoring based on integration of 7DS and Ae. tauschii physical maps. A supercontig resulting from a co-assembly of BAC clones from Ae. tauschii (blue bars) and CS 7DS
(red bars) comprises Ae. tauschii markers (asterisks) anchored to Ae. tauschii clones that can be tentatively assigned to 7DS clones (arrows) based on their overlap in FPC visualization. The
assignment was validated by BLASTn of marker sequences to 7DS MTP BAC sequences.
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split. The final physical map assembly consisted of 895 contigs with
average size of 401 kb, N50 of 555 kb and L50 of 197, representing
approximately 359 Mb (94%) of the estimated chromosome-arm length
(Table 1).

Physical map anchoring and inter-map comparison

Several approaches were combined to order 7DS physical-map
contigs on the chromosome. First, 3-dimensional (3D) BAC pools were
screened using PCR with 35 genetically mapped markers from
GrainGenes database. Of these (Suppl. Table A), 21 were un-
ambiguously assigned a distinct genetic-map position. The remainder
were not anchored because they provided PCR products from two or
more loci on 7DS. The second approach made use of integration of the
7DS physical map with the map of Ae. tauschii, which had been an-
chored to a high-density genetic SNP map [31]. The Ae. tauschii map of
chromosome 7D spans 228.104 cM in total and comprises 1159 markers
mapped to 488 distinct positions. The integration of 7DS and Ae. tau-
schii BAC clones in one physical map made it possible to delimit the
short-arm part of the genetic map, which spans from 0 to 114.563 cM,
and to identify 635 SNP markers in 7DS, which were mapped to 285
distinct positions. Out of the 635 markers, 582 could be tentatively
assigned to 250 contigs of the 7DS physical map based on the graphical
view in FPC (Fig. 1). Verification of this anchoring approach involved
PCR screening of the 7DS-specific BAC library with bread wheat STS
markers derived from their Ae. tauschii orthologs [29] and in silico an-
choring based on MTP sequence data. The expected positions were
confirmed for all STS markers and 460 out of 582 Ae. tauschii SNP
markers. A failure to confirm additional Ae. tauschiimarkers was mainly
due to an inability to deconvolute BAC sequence data or to find a sig-
nificant sequence match for those markers. In silico anchoring posi-
tioned 621 SNP markers from the CsxRe genetic map, 147 SNP markers
from the CS RH map and 464 DArTseq markers from the CS consensus
map into contigs of the 7DS physical map. These efforts enabled an-
choring 460 contigs of the 7DS physical map with 1713 markers
(Table 2). The anchoring enabled delimiting the 7DS-specific part in the
applied maps as follows: 0–117.597 cM (out of total 226.128 cM for
7D), 0–190.086 cM (out of total 371.634 cM) and 0–516.3 cR (out of
total 758.7 cR) for CsxRe, CS consensus and CS RH maps, respectively.

In a previous study, the 7DS BNG map was demonstrated to be a
useful tool for validating physical map assembly, scaffolding physical-
map contigs, and integrating multiple maps [32]. Furthermore, the BNG
map joined here an additional 45 marker-free 7DS contigs to the
marker-anchored ones, thus increasing the number of anchored contigs
to a total of 506 (Table 2). Combining all approaches, we were able to
anchor 263.6 Mb of the 7DS physical map, corresponding to 73.4% of
the assembly length.

Comparison of the three genetic maps integrated through the 7DS
physical map showed a high collinearity along the 7DS arm (Fig. 2A)
except for the subtelomeric region, where the CS consensus map
showed a collinearity disruption with respect to Ae. tauschii and CsxRe
maps (Fig. 2B). This disruption is roughly delimited by map interval
0–40.87 cM in the CS consensus map, corresponding to 0–31.66 cM and
0–12.994 cM in Ae. tauschii and CsxRe maps, respectively (Fig. 2B). The
RH map showed overall collinearity but did not have sufficient

resolution in the terminal region to resolve the inversion.

Ordering the centromeric region

Ordering physical map and sequence contigs in pericentromeric
regions poses a major challenge in genomic projects due to suppressed
recombination. Here we applied an integrated multiple-map approach
to order physical map contigs as well as genetic markers around the
genetic centromere of the 7D chromosome. It was delimited by a cluster
of 88 markers co-segregating at 114.563 cM in the genetic map of Ae.
tauschii. 85 markers from the cluster were positioned in 35 contigs from
Ae. tauschii physical-map spanning over 77,090.5 kb in Ae. tauschii 7D.
Using the physical map co-assembly, we identified 95 7DS contigs
embedded in Ae. tauschii supercontigs associated with the centromeric
marker cluster (Suppl. Table C). An additional five 7DS contigs were
assigned to the cluster through BNG map-based scaffolding. A total of
100 7DS physical-map contigs spanned over 59,581 kb in Chinese
Spring 7DS, corresponding to 16.6% of the total 7DS assembly length.
No 7DS contigs were anchored beyond the 114.563 cM position, con-
firming affiliation of the cluster to the centromere. Seven out of 35
centromeric Ae. tauschii contigs did not comprise 7DS BAC clones and
were proposed to belong to the 7DL chromosome arm (Suppl. Table C).
The 7DL location was confirmed for all of them by finding matches
between markers comprised in these contigs and the 7DL survey se-
quence [40]. Thus, a total of 15 Ae. tauschii markers from the cen-
tromeric cluster were assigned to the 7D long arm. The BNG map-based
scaffolding also proposed joining an additional three marker-free Ae.
tauschii contigs to the genetic centromere (Suppl. Table D), expanding it
to 82,522.5 kb (including the 7DL part).

Applying all resources, we attempted to resolve the order and or-
ientation of physical map contigs in this region. Besides the un-
ambiguously assigned Ae. tauschiimarkers from the centromeric cluster,
the 7DS centromeric contigs comprised 18 DArTseq markers mapping

Table 1
Development of 7DS physical map assembly.

Assembly Initial (1e−45) After integration with Ae. tauschii and LTC validation After killing 2-clone contigs After manual contig merging

No. contigs 1767 1481 931 895
Average contig size 264 kb 300 kb 388 kb 401 kb
Total assembly length (% arm length) 468 Mb (123%) 445 Mb (117%) 362 Mb (95%) 359 Mb (94%)
Contig N50 308 kb 424 kb 528 kb 555 kb
Contig L50 418 294 205 197

Table 2
BAC contig anchoring summary.

Anchoring method No. anchored
markers

No. anchored
contigs

Pool screeninga 21 21
Integration-based

prediction
- SNP – Ae. tauschii
mapb

582 274

In silico anchoring - SNP – Ae. tauschii
mapb

460 251

- SNP – CsxRe mapc 621 254
- DArTseq – CS
consensus mapd

464 249

- SNP – CS RH mape 147 98
BNG mapf NA 45
Overall 1713* 506

Map references.
* only sequence-validated (in silico anchored) Ae. tauschii markers considered.
a GrainGenes (Suppl. Table A).
b [31].
c [37].
d Suppl. Table B.
e [38].
f [32].
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to five positions of the CS consensus map and 28 markers assigned to six
positions of the CsxRe map (Suppl. Table C). Seventeen of the DArTseq
markers mapped to 185.522–190.086 cM, which is the most proximal
interval on the CS consensus map of 7DS. DArTseq marker 7D_3222174
assigned to 7DS ctg833 was allocated to 175.571 cM, suggesting a more
distal position of the contig. Excluding this marker, we could anchor
twelve of 7DS centromeric contigs to four positions of the CS consensus
map (Table 3) and propose their tentative order. Out of 28 SNP markers
from the CsxRe map, 26 mapped to interval 117.187-117.588, neigh-
bouring the last 7DS position identified in the CsxRe map (117.597).
While these 26 markers mapped to a total of five positions, they did not
allow unambiguous ordering of 22 contigs containing them (Suppl.
Table C). The remaining two SNP markers allocated in 7DS ctg3991
mapped to position 5.79 cM, which indicated a subtelomeric rather
than centromeric location of the contig. None of the 7DS contigs as-
sociated with the centromeric marker cluster contained a SNP marker
from the CS RH map and thus this resource could not be used for or-
dering contigs in the centromere.

Fig. 2. Comparison of 7DS genetic and RH maps through 7DS physical map. Pairwise comparison of genetic/RH maps was performed after integrating particular marker datasets in
contigs of the physical map. (A) Comparison of Ae. tauschii SNP map, CS consensus DArTseq map, CsxRe SNP map and CS RH map visualized by Strudel software. (B) Detail of collinearity
disruption in CS consensus DArTseq map.

Table 3
Physical map of the genetic centromere (100 7DS physical-map contigs associated with
Ae. tauschii centromeric marker cluster).

No. 7DS
contigs
anchored

Total anchored
length

No. scaffolds/
map positions

No.
contig
joins

Ae. tauschii co-
assembly

95 55,481 kb 28 75

BNG map 66 49,755 kb 54 22
CsxRe mapa 22 19,222.4 kb 5 NA
CS consensus

mapa
12 10,916 kb 4 NA

Combinedb 100 59,581 kb 16 86

a Excluding markers mapping outside the most proximal map positions.
b Ae. tauschii co-assembly plus BNG map.
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The co-assembly with Ae. tauschii aligned 95 7DS centromeric
contigs with the Ae. tauschii genome, thus proposing 75 joins between
separated 7DS contigs and combining the contigs in 28 physical-map
scaffolds, corresponding to individual Ae. tauschii supercontigs (Table 3,
Suppl. Table C). In parallel, projection of MTP sequences from cen-
tromeric contigs on 7DS BNG map aligned 66 contigs to particular
genome maps, which proposed 22 contig joins. As a result, the cen-
tromeric contigs were ordered in 54 BNG map-based scaffolds. The 7DS
BNG map confirmed the majority of scaffolds proposed by Ae. tauschii
co-assembly and suggested 13 joins of Ae. tauschii contigs or their parts.
Another two joins were indicated by 7DS contigs, which were split in
two Ae. tauschii supercontigs each (Suppl. Table D). Combining both
scaffolding approaches, we were able to organize the 7DS region cor-
responding to the Ae. tauschii centromeric marker cluster, spanning
over 59,581 kb and comprising 100 7DS physical-map contigs, into 16
superscaffolds. A region delimited by Ae. tauschii supercontigs 864 and
502 appears to be rearranged in bread wheat with respect to Ae. tauschii
since parts of the two Ae. tauschii contigs are interspersed in the CS 7DS,
as proved by the BNG map (Fig. 3, Suppl. Table D).

Data accessibility

The 7DS physical-map assembly can be accessed through the
GBrowse interface at https://urgi.versailles.inra.fr/gb2/gbrowse/
wheat_phys_7DS_v2. The 7DS – Ae. tauschii co-assembly and 7DS BNG
map are available on request. The BNG map is also deposited at the
URGI repository https://urgi.versailles.inra.fr/download/iwgsc/
IWGSC_RefSeq_Annotations/v1.0/iwgsc_refseqv1.0_optical_maps_
group7.zip. The 7DS MTP scaffolds have been deposited at DDBJ/ENA/
GenBank under the accession No. PKRY00000000 (BioSample
SAMN07709812). The version described in this paper is version
PKRY01000000 and can be assigned to particular clones or BAC pools
using Suppl. File B.

Discussion

Physical map assembly and anchoring

The construction of a 7DS physical map involved the most widely
used methods, such as contig fingerprinting by SNaPShot-based HICF
technology and contig building by FPC. Alternative approaches, used in
other wheat physical-map projects, included whole-genome profiling
(WGP) to generate fingerprints of BAC clones [16,17] and application
of LTC software for contig assembly. WGP was not compatible with our
approach, which employed co-assembly with previously fingerprinted
Ae. tauschii clones, since the co-assembly was conditioned by identical
processing of clones from CS 7DS and Ae. tauschii. This also determined
the use of FPC as the primary assembly software. LTC was shown to
outperform FPC in terms of contig number and length (N50 value) in
several wheat chromosomal projects, but the LTC assemblies generally
covered smaller portions of the estimated chromosome arm lengths

[12,13,15,19]. In the present work, LTC was only used for contig va-
lidation. Despite relying on FPC, the parameters of our 7DS assembly
were comparable or superior to those obtained for other chromosomes.
In our assembly, we considered all contigs> 2 clones, which were
subject to MTP selection, whereas other physical maps excluded contigs
with less than five or six clones, mainly due to difficulty in anchoring
them. BNG map applied in our project resolved this problem as it re-
liably anchors contigs with only two sequenced clones [32]. Thanks to
the inclusion of the short contigs, we achieved one of the highest
chromosome-arm coverages (94%) among all wheat physical maps
published to date. In comparison with other physical maps assembled
by FPC, our full assembly’s N50 value (555 kb) is higher than that ob-
tained for 3DS (445 kb) [20], 1AL (460 kb) [13] or 5A (296 kb and
252 kb for 5AS and 5AL) [19] but lower than the N50 value for 1BS
(1033 kb) [14] or 5DS (1141 kb) [18]. Excluding contigs< 6 clones,
the N50 of the 7DS assembly increased up to 616 kb, which brings the
value closer to that obtained for 3 B (783 kb) [10].

In order to position contigs of the 7DS physical map on the 7DS, we
combined several approaches and genomic resources, including three
genetic maps, one RH map, the 7DS BNG map and co-assembly with the
Ae. tauschii physical map. Using 1713 markers with distinct genomic
positions, we ordered 506 contigs, totaling 74% of the assembly, along
the chromosome arm. The most efficient means of allocation was in
silico anchoring, based on searching homology between marker and
MTP-clone sequences, which positioned 460 contigs on the chromo-
some. Another 45 marker-free contigs were joined to those anchored by
BNG map, which poses a highly reliable and recombination-in-
dependent tool to scaffold assemblies. The resulting high rate of as-
sembly anchoring was achieved without employing high-throughput
platforms such as NimbleGen UniGene microarray, used in other wheat
projects [12–15]. Several projects [12,14,19,20] also exploited synteny-
based approaches and anchored physical map assemblies to so called
genome zippers [42], which predict a virtual gene order on the basis of
synteny with three grass genomes (rice, brachypodium and sorghum).
The limitation of this approach can be a relatively high proportion of
genes (or non-recognized pseudogenes) in non-syntenic positions [12]
and also low quality or different origin of genetic map used to build the
zipper [18].

Ordering the centromeric region

Ordering physical-map contigs and sequences in non-recombining
regions around genetic centromeres has been the most challenging part
of genome-sequencing projects. In our study, the genetic centromere
was delimited as a cluster of contigs associated with markers of the Ae.
tauschii map co-segregating at the most proximal position of the 7DS
arm. This corresponded to a cumulative length of 70,882.5 kb and
59,581 kb for 7DS-assigned Ae. tauschii and Chinese Spring contigs,
respectively. These values are with a high probability underestimates of
the real size of the non-recombining region since we considered only
contigs anchored to Ae. tauschii markers and those added to them by

Fig. 3. Rearrangement in the pericentromeric region of Chinese Spring 7DS. 7DS contigs (grey boxes) assigned to Ae. tauschii supercontigs 60, 864 and 502 (yellow, red and blue boxes) by
co-assembly were aligned through sequences of their BAC clones to 7DS BNG maps (green boxes), which indicated their different arrangement in 7DS of bread wheat compared to its
ancestor. 7DS ctg1669 could not be aligned to any BNG map due to the lack of significant sequence match.
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BNG map-based scaffolding. Contigs anchored to the most proximal
positions of the other two linkage maps used in our study are candidates
for expanding the region of the 7DS genetic centromere. The 59,581 kb
region, representing 16.6% of the 7DS assembly length, is only a part of
the difficult-to-order low-recombining region, which was reported to
span over more than 40% of the chromosome length in wheat chro-
mosomes [10,15].

As expected, integrating information from additional two genetic
maps did not aid in resolving the order of contigs around the cen-
tromere (Table 3, Suppl. Table C). The wheat radiation hybrid map, not
relying on genetic recombination and showing a high resolution in the
pericentromeric region of 7D chromosome [38], appeared a promising
genomic resource. Unfortunately, we failed to allocate SNP markers
from the RH map to the 100 7DS centromeric contigs. This may reflect
the fact that the iSelect 90 K SNP array [39] used to genotype the CS RH
panel mostly comprises markers from genic/low-copy regions that are
relatively sparsely represented in the centromeric part of RH maps [43].
Repeat junction markers (RJM) or ISBP markers, derived from junctions
of transposable elements and dispersed throughout the genome, were
shown to be a favorable complement to the gene-based markers in RH
mapping [44]. In our physical map project, we tested 380 RJM markers
intended for mapping on the Chinese Spring 7D RH panel (V. Tiwari,
personal communication) and managed to align six of them to the
centromeric contigs (data not shown), thus indicating a modest po-
tential of the anticipated RH map for the centromeric region.

Alternative methods for ordering contigs/BAC clones in low-re-
combining regions include cytogenetic mapping [45], which is labor-
ious and cannot be used in a high-throughput manner, or synteny-based
anchoring to genes virtually ordered in genome zipper [42]. The syn-
teny-based approach did not prove to be beneficial for centromeric
regions because of low representation of genes [12], which are mostly
in non-syntenic positions around the centromeres [44]. The most effi-
cient approach to assembling non-recombining regions was recently
reported by Mascher et al. [6] who applied an innovative method of
chromosome conformation capture-based ordering to complete BAC-
based assembly of barley. This approach is applicable only at final
stages of sequencing projects, as its resolution in large genomes is re-
latively limited (1 Mb in the barley project) and thus is conditional on
availability of large sequence scaffolds.

BNG map-based ordering applied in our study also relies on the
availability of BAC clone sequences. However, as we demonstrated
earlier [32], assemblies of 90 kb or even less are sufficient to align to
the BNG map if used in the context of a physical map. Anchoring 100
centromeric contigs to BNG maps proposed 22 joins and split the region
into 54 physical-map scaffolds. The potential of the BNG map could not
be fully exploited in the pericentromere due to a high content of DNA
repeats, which hampered sequence assembly and deconvolution and
thus reduced the number of sequences that could be aligned to the BNG
map. Overall, the best clue to ordering contigs in the genetic cen-
tromere was the co-assembly with the Ae. tauschii physical map, which
indicated 75 contig joins and distributed the 7DS centromeric contigs
into 28 scaffolds. Nevertheless, the Ae. tauschii-based ordering must be
taken with caution as the fingerprint co-assembly was done with less
stringent parameters and might have resulted in erroneous clone joins.
Furthermore, structural variation between bread wheat and its ancestor
should be considered. Nevertheless, the co-assembly with Ae. tauschii
provided a valuable clue for ordering contigs of the CS 7DS physical
map and this beneficial effect was reciprocal, since the co-assembly,
combined with alignment of the 7DS BNG map, added three marker-
free Ae. tauschii contigs to this region and provided a clue for scaf-
folding a large part of Ae. tauschii centromeric contigs. The CS 7DS – Ae.
tauschii co-assembly was previously used to validate the Ae. tauschii
physical map assembly [31] and here we show further extension of this
approach, that can be used to support Ae. tauschii genome assembly in
the centromeric region of 7DS. To summarize, by combining both
physical-mapping approaches, we could organize the region of

59,581 kb, associated with the 7DS genetic centromere, into 16 vali-
dated physical map scaffolds, thus outperforming outcomes of other
wheat physical map projects.

Comparison of bread wheat and Ae. tauschii

Ae.tauschii is a donor of the youngest component of the bread wheat
genome, which implies relatively low diversity between the D-genome
of bread wheat and its ancestor [1]. Several rearrangements on the
genic level and a small duplication were indicated by physical mapping
on chromosome 5DS [18]. Structural variability between wheat and its
ancestor was also proposed in chromosome 2D [46]. Chromosome arm
7DS seems highly collinear in wheat cv. Chinese Spring and Ae. tauschii,
as indicated by inter-map comparison (Fig. 2A). The disruption of
collinearity at the distal end of 7DS, apparent from the comparison of
Ae. tauschii and CS consensus map (Fig. 2B), was not confirmed by the
CsxRe map (Suppl. Figure A) and is likely due to an error in building the
map consensus or to a structural variability in one of consensus-map
components. The analysis of the distribution of CS 7DS contigs in the
co-assembled supercontigs indicated several regions of potential
variability between bread wheat and Ae. tauschii at a BAC-contig level.
Validation of supercontigs from the centromeric cluster by the BNG
map confirmed local rearrangements in a region spanning over more
than 5 Mb (Fig. 3, Suppl. Table D), which could not be detected by the
genetic maps.

Conclusions

This work resulted in a GBrowse-accessible 7DS physical map,
which will facilitate gene cloning and comparative genome analyses in
wheat. The physical map interconnects a total of 1713 markers from
one radiation-hybrid map and three genetic maps with ordered 7DS
BAC clones. All clones are available from library depositories at IEB
(http://olomouc.ueb.cas.cz/dna-libraries/cereals) or CNRGV (http://
cnrgv.toulouse.inra.fr/en/library/wheat), thus providing an opportu-
nity to access a region of interest with advanced sequencing technolo-
gies in a focused and affordable manner. Mate-pair Illumina assemblies
of MTP BAC clones generated in this study are available from NCBI and
we anticipate their utilization in the envisaged version 2 of the bread
wheat reference sequence. The co-assembly of 7DS with Ae. tauschii
indicated regions of potential structural variation between bread wheat
and its ancestor, which can be validated using BNG map, as demon-
strated for the pericentromeric region of 7DS.
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Accessing a Russian wheat aphid resistance gene  

Core ideas 

An accurate sequence of the Dn2401 region was generated from Illumina and nanopore reads. 

Structural variation in the region was analyzed by optical mapping and resequencing. 

New markers located Dn2401 within a 133.2-kb interval with six high-confidence genes. 

Epoxide hydrolase 2 was identified as the most likely resistance gene candidate. 

Accessing a Russian Wheat Aphid Resistance Gene in Bread Wheat by Long-

Read Technologies 

Zuzana Tulpová, Helena Toegelová, Nora L. V. Lapitan, Frank B. Peairs, Jiří Macas, Petr 

Novák, Adam J. Lukaszewski, David Kopecký, Mira Mazáčová, Jan Vrána, Kateřina Holušová, 

Philippe Leroy, Jaroslav Doležel, and Hana Šimková* 
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ABSTRACT 

Russian wheat aphid (RWA) (Diuraphis noxia Kurdjumov) is a serious invasive pest of small-grain cereals and 

many grass species. An efficient strategy to defy aphid attacks is to identify sources of natural resistance and transfer 

resistance genes into susceptible crop cultivars. Revealing the genes helps understand plant defense mechanisms and 

engineer plants with durable resistance to the pest. To date, more than 15 RWA resistance genes have been 

identified in wheat (Triticum aestivum L.) but none of them has been cloned. Previously, we genetically mapped the 

RWA resistance gene Dn2401 into an interval of 0.83 cM on the short arm of chromosome 7D and spanned it with 

five bacterial artificial chromosome (BAC) clones. Here, we used a targeted strategy combining traditional 

approaches toward gene cloning (genetic mapping and sequencing of BAC clones) with novel technologies, 

including optical mapping and long-read nanopore sequencing. The latter, with reads spanning the entire length of a 

BAC insert, enabled us to assemble the whole region, a task that was  not achievable with short reads. Long-read 

optical mapping validated the DNA sequence in the interval and revealed a difference in the locus organization 

between resistant and susceptible genotypes. Complete and accurate sequencing of the Dn2401 region facilitated the 

identification of new markers and precise annotation of the interval, revealing six high-confidence genes. 

Identification of Epoxide hydrolase 2 as the most likely Dn2401 candidate opens an avenue for its validation 

through functional genomics approaches. 

Abbreviations: 2OG-Fe(II) oxygenase, 2-oxoglutarate and Fe(II)-dependent oxygenase; 7DS, short arm of wheat 

chromosomes 7D; BAC, bacterial artificial chromosome; BNG map, Bionano genome map; CS, cultivar Chinese 

Spring; EH, epoxide hydrolase; EH2, epoxide hydrolase 2; IWGSC, International Wheat Genome Sequencing 

Consortium; PCR, polymerase chain reaction; RWA, Russian wheat aphid; SNP, single nucleotide polymorphism; 

UTR, untranslated region 
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Russian wheat aphid (RWA) was first reported in 1978 as a pest of small-grain cereals in 

South Africa (Walters et al., 1980). Since then, the aphid has spread around the world, most 

recently to Australia, and has become a serious invasive pest not only of wheat and barley 

(Hordeum vulgare L.) but also of many other plants from 43 genera, including over 140 species 

of cultivated and wild grasses (Yazdani et al., 2017). During feeding, aphids remove plant 

photoassimilates, which results in chlorosis, longitudinal streaking around the main leaf vein, 

head trapping, a substantial reduction in biomass, and, in severe cases, plant death (Burd and 

Burton, 1992). Another undesirable effect accompanying aphid feeding is leaf rolling, which that 

serves as a shelter against natural predators of the aphid and also against insecticide spraying. 

Thus the most efficient strategy to defy RWA attacks lies in identifying sources of natural 

resistance and introducing them into susceptible cultivars. 

Plant defenses against insect damage include three mechanisms that are frequently combined: 

antibiosis (mechanical and chemical defensive factors impacting insect biology, including 

fertility), antixenosis (nonpreference of a particular plant as a host), and tolerance (the ability of 

a plant to withstand insect damage) (Botha et al., 2005). To date, more than 15 RWA resistance 

genes, mostly underlying tolerance and antibiosis, have been described in wheat. Many of these 

originated from Aegilops tauschii Coss. as inferred from their map location in the D genome (Du 

Toit, 1987, 1989; Du Toit et al., 1995; Fazel-Najafabadi et al., 2015; Liu et al., 2001; Ma et al., 

1998; Miller et al., 2001; Peng et al., 2007; Valdez et al., 2012; Voothuluru et al., 2006). At least 

one resistance gene, Dn7, originating from rye (Secale cereale L.) has been reported (Anderson 

et al., 2003; Marais et al., 1994; Lapitan et al., 2007). New highly virulent RWA biotypes have 

rendered previously resistant cultivars susceptible, which has stimulated an intensive search for 

novel sources of resistance as well as efforts to unravel the mechanisms underlying the trait. 

Although several components of the plant defense pathways have been proposed (Anderson et 

al., 2014; Van Eck et al., 2014), to date, no aphid resistance gene has been cloned in wheat. Nine 

of the hitherto mapped RWA resistance genes, namely Dn1, Dn2, Dn5 (Du Toit, 1987), Dn6 

(Saidi and Quick, 1996), Dn8, (Liu et al., 2001), Dnx (Harvey and Martin, 1990), Dn2401 

(Voothuluru et al., 2006; Fazel-Najafabadi et al. 2015), Dn626580 (Valdez et al., 2012), and 

Dn100695 (Aykut Tonk et al., 2016) are located on the short arm of wheat chromosome 7D 

(7DS). Except for Dn8, which is located at the terminal part of the arm, the remaining genes 

were mapped to the interstitial part of 7DS and most of them were found linked to marker 

gwm111 (Liu et al. 2002; Fazel-Najafabadi et al. 2015). It has not yet been resolved if these 

genes are allelic or tightly linked. 

Here, we focused on the Dn2401 gene identified in line ‘CI2401’, which originated from 

Tajikistan. Previously, Staňková et al. (2015) mapped the Dn2401 gene into a 0.83-cM interval 

on chromosome arm 7DS, delimited by the markers Xowm705 and Xowm711. The interval was 

spanned by five overlapping BAC clones from a 7DS-specific BAC library of the cultivar 

Chinese Spring (Šimková et al., 2011). Chinese Spring, a reference genome of bread wheat, is 

susceptible to RWA (Peng et al., 2009). In the current work, we sequenced, assembled, and 

annotated the five CS BAC clones, proposing a list of genes located in the interval. The study of 

Staňková et al., (2015) pointed to a striking decrease (a minimum of eightfold) in the 

physical/genetic map distance ratio in the Dn2401 interval compared with the neighboring 

regions. We speculated that this decrease is likely to be caused by a higher recombination rate in 

the region. However, an alternative explanation might be a structural variation between CS, in 

which we measured the physical distance, and CI2401 and ‘Glupro’, which were used to 

construct the genetic map. In the case of the larger deletion in CS, the list of candidate genes 
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deduced from the CS reference sequence might not be complete. Considering the size of the 

region (~300 kb) and a highly repetitive nature of the wheat genome, it was unrealistic to analyze 

the entire interval in CI2401 by resequencing. Thus an easier approach to a fast and affordable 

comparative analysis of the region was chosen: a long-read optical mapping on the nanochannel 

platform of Bionano Genomics (San Diego, CA) (Lam et al. 2012), which generates maps of 

short sequence motif hundreds to thousands of kb long that can be used to support or validate 

sequence scaffolding and to perform large-scale comparative analyses. Thanks to a previously 

constructed Bionano genome (BNG) map of the 7DS arm from CS (Staňková et al., 2016), a 

newly prepared BNG map of 7DS from CI2401 facilitated a straightforward comparison of the 

entire region between the two accessions. 

An accurate and complete sequence of the interval delimited by the flanking markers is a 

prerequisite for successful gene cloning. We approached the region through low complexity 

sequencing of individual BAC clones on the short-read Illumina platform, which did not produce 

a continuous sequence of the entire interval. Recently, two advanced whole-genome assemblies 

of bread wheat were released: Triticum 3.1 (Zimin et al., 2017), combining short Illumina )San 

Diego, CA) and long Pacific Biosciences (Menlo Park, CA) reads with the fully annotated 

International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0 (International 

Wheat Genome Sequencing Consortium, 2018), which was based on short reads only and 

coupled the whole-genome assembly with assemblies of physical map-ordered BAC clones. 

Triticum 3.1 and IWGSC RefSeq v1.0 cover 97 and 92% of the estimated wheat genome size of 

15.76 Gb (International Wheat Genome Sequencing Consortium, 2018), respectively. Such 

reference genome assemblies promise to be an excellent tool for accelerating gene cloning. 

Unfortunately, not even these assemblies allowed us to close the gap in the BAC assembly of the 

region of interest. To finally resolve the Dn2401 region, we adopted an alternative long-read 

technology: nanopore sequencing on the MinION platform of Oxford Nanopore Technologies, 

which produces reads reaching tens or even hundreds of kb (Deschamps et al., 2018), thus 

having the potential to span long transposable elements– the main obstacle in assembling 

complex genomes. Coupling nanopore and short reads of the BAC clones allowed us to complete 

the sequence of the Dn2401 region, which enabled precise annotation of the region, 

identification of new markers, and identification and resequencing of candidate genes. 

MATERIALS AND METHODS 

Plant Material 

Genetic mapping was performed in an F2 population derived from a cross between a RWA-

resistant winter wheat line CI2401 and the susceptible cultivar Glupro. The current population 

(designated CI2401–Glupro F2) consisted of 333 plants and combined 184 individuals from a 

previous study (CI2401–Glupro F2–1)(Staňková et al., 2015) with a new set of 149 F2 plants 

(CI2401–Glupro F2–2) being included in this work. 

The short arms of homeologous group 7 chromosomes of CS were flow-sorted from the 

respective double ditelosomic lines. Seed samples of these lines were kindly provided by Prof. 

Bikram Gill (Kansas State Univ., Manhattan, KS). To enable flow-sorting of the 7DS arm from 

line CI2401, a 7DS ditelosomic line was generated by misdivision of univalent 7DCI2401 in a 

hybrid between CS nullisomic 7D (CS N7D) × CI2401. Among 280 progeny screened, three 



Publisher: AGRONOMY; Journal: TPG:The Plant Genome; Copyright: Will notify... 

Volume: Will notify...; Issue: Will notify...; Manuscript: tpg-2018-09-0065; DOI: ; PII: <txtPII> 

TOC Head: ; Section Head: ; Article Type: Original Research 

Page 4 of 21 

telocentric 7DSCI2401 chromosomes were identified and the respective plants were self-pollinated. 

Ditelosomic 7DS were selected from their progeny and propagated. 

BAC Clone Sequencing and Assembly 

Five overlapping BAC clones from CS 7DS arm-specific BAC library (Šimková et al., 2011) 

spanning the Dn2401 region (TaaCsp7DS088E19, TaaCsp7DS010E01, TaaCsp7DS112N11, 

TaaCsp7DS044E09, and TaaCsp7DS086H04) were purified with a NucleoSpin 96 Flash kit 

(Macherey-Nagel, Düren, Germany) and individually pair-end sequenced on the Illumina MiSeq 

platform. The 2 × 250 bp reads obtained were assembled with RAY (Boisvert et al., 2010) 

separately for each clone. The resulting 90 contigs, which were mostly doubled because of BAC 

overlaps, were manually merged in Geneious version 7.1.2 (http://www.geneious.com, accessed 

14 Feb. 2019)(Kearse et al., 2012), with support from BLAST and the 7DS BNG map of CS 

(Staňková et al., 2016). A larger gap in the clone TaaCsp7DS088E19 was closed with scaffolds 

assembled by SASSY from the 2 × 150 bp reads obtained from pooled 7DS BAC clones 

(Tulpová et al., 2019). The SASSY scaffolds did not close the 14.4 kb gap identified in 

TaaCsp7DS086H04. 

Additional data for the BAC clone TaaCsp7DS086H04 were obtained by long-read nanopore 

sequencing. To maximize the read length, BAC DNA was extracted manually by the alkaline 

lysis method followed by phenol-chloroform extraction and ethanol precipitation. As a final step, 

the DNA was purified by a 5-min incubation with 1:1 AMPure XP beads (Beckman Coulter, 

Miami, FL) and eluted into 30 L of 10 mM tris(hydroxymethyl)-aminomethane (pH 8.5). The 

sequencing library was prepared using the Rapid Sequencing Kit (SQK-RAD003, Oxford 

Nanopore Technologies, Oxford, UK) and the sample was run on the MinION platform (Oxford 

Nanopore Technologies). Size-selected reads (352 in total) ranging from 10 to 131 kb and 

representing 55-fold coverage of the BAC sequence were combined with the 2 × 250 bp Illumina 

reads for hybrid assembly with MaSuRCA (Zimin et al., 2013). The resulting assembly was 

manually verified by comparison with the longest nanopore reads spanning the entire (or a 

majority of) the insert length to confirm correct assembly of structurally complex repeated 

regions. 

Sequence Analysis 

Annotation of the Dn2401 region was performed with the TriAnnot (online version 4.3.1) 

pipeline (Leroy et al., 2012) and predictions were manually curated with GenomeView 2250 

software (genomeview.org, accessed 14 Feb. 2019)(Abeel et al., 2012). This manual annotation 

was compared with the IWGSC RefSeq Annotation version 1.0 (International Wheat Genome 

Sequencing Consortium, 2018), once it was released (Table 1). To resequence candidate genes 

from CI2401 and Glupro, primers were designed to cover all of the coding sequences as well as 

the upstream and downstream regulatory regions. Primers, polymerase chain reaction (PCR) 

conditions and amplicon sizes are provided in the Supplemental Table S3. For templates with a 

high GC content, 5% dimethyl sulfoxide was added into a PCR reaction. Amplification products 

were cleaned up and Sanger-sequenced on an ABI 3730xl DNA analyzer (Applied Biosystems, 

Waltham, MA). Polymorphisms between parental lines were identified by sequence alignment in 

Geneious version 7.1.2. 
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Bionano Genome Map and Analysis of Structural Variation 

To investigate the overall sequence organization of the Dn2401 region in CI2401 and to 

detect a possible structural variation between CI2401 and the reference genome of CS, we 

constructed a new BNG map of the chromosome arm 7DS originating from CI2401 and 

compared it with the previously assembled 7DS BNG map of CS (Staňková et al., 2016). The 

7DS chromosome arm was flow-sorted from a 7DS ditelosomic line of CI2401 and the BNG 

map was constructed as described in Staňková et al. (2016) with minor modifications. HMW 

DNA molecules labeled at Nt.BspQI sites (GCTCTTC) with Alexa546-dUTP fluorochromes 

were analyzed on the Irys platform (Bionano Genomics). In total, 79 Gb of raw data greater than 

150 kb, corresponding to 207× of the 7DS arm (Šafář et al., 2010), were collected from a single 

IrysChip (Supplemental Table S1). De novo assembly of the optical map was done through a 

pairwise comparison of all single molecules and graph building in IrysView software (Bionano 

Genomics). A p-value threshold of 1 × 10–10 was used during the pairwise assembly, 1 × 10–11 

for the extension and refinement steps, and 1 × 10–15 for the final refinement. Sequence-to-map 

and map-to-map alignments were done with IrysView 2.1.1 software. To align the sequences, 

cmaps were generated from fasta files of the BAC sequence assemblies and 7D pseudomolecules 

of wheat whole-genome assemblies IWGSC RefSeq v1.0 (International Wheat Genome 

Sequencing Consortium, 2018) or Triticum 3.1 (Zimin et al., 2017). Query-to-anchor 

comparisons were performed with default parameters and a p-value threshold of 1 × 10–10. 

Narrowing Down the Dn2401 Interval 

To identify new markers within the interval delimited by the flanking markers Xowm705 and 

Xowm711, we adopted a strategy proposed in our previous study (Staňková et al., 2015) with 

some modifications. Briefly, to design D-genome-specific primers, assembled sequences of five 

BAC clones spanning the Dn2401 region in 7DS arm of CS were compared with homeologous 

sequence contigs from the short arms of CS chromosome 7A and 7B (Berkman et al., 2013). The 

specificity of the proposed primers was tested and PCR was optimized with DNA from the short 

arms of chromosomes 7A, 7B, and 7DS, which were flow-sorted from respective ditelosomic 

lines of CS. New polymorphisms between CI2401 and Glupro were identified by amplicon 

sequencing, with DNA of flow-sorted chromosome arm 7DS (CI2401) and chromosome 7D 

(Glupro) as templates. The 7D chromosome could be distinguished from other chromosomes of 

Glupro after FISHIS labeling of GAA repeats (Giorgi et al., 2013). Sequences of the PCR 

products from both parents were compared with Geneious version 7.1.2 and their specificity to 

the Dn2401 region was verified by alignment to sequences of the assembled BAC clones and the 

CS RefSeq v1.0 (International Wheat Genome Sequencing Consortium, 2018). 

Genetic mapping of the newly identified single nucleotide polymorphism (SNP) markers 

Xowm713, 714, and 716 was carried out by Sanger-sequencing the respective amplicons from 

plants of the extended CI2401–Glupro F2 mapping population. The presence–absence variation 

of the marker Xowm715 was assayed by PCR and electrophoresis. Primers and PCR conditions 

for all markers are given in Table 2. The 149 newly added individuals of the mapping population 

(CI2401–Glupro F2–2) were also assayed for the original flanking markers Xowm705 and 

Xowm711. Scoring of the RWA response was done at the Colorado State University Insectary in 

the same fashion as described for the first part of the mapping population (Staňková et al., 2015). 

Genotype and phenotype data of all 333 individuals from the extended CI2401–Glupro F2 
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mapping population were processed with JoinMap version 4.0 software (Van Ooijen and 

Voorrips, 2001). 

Data Availability 

The BAC hybrid assembly was submitted to NCBI (GenBank accession number 

MH806875). The optical map of CS 7DS is available at 

https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_RefSeq_Annotations/v1.0/iwgsc_refseqv1

.0_optical_maps_group7.zip (accessed 14 Feb. 2019). The optical map of CI2401 7DS is 

available on request. 

 

RESULTS 

Sequencing of Candidate BAC Clones 

Five candidate BAC clones, spanning the Dn2401 interval as delimited by Staňková et 

al., (2015), were Illumina sequenced and assembled, resulting in two scaffolds of 70.8 and 367 

kb (Supplemental Fig. S1). To evaluate the completeness and correctness of the assembly, the 

scaffolds were aligned to the previously constructed BNG map of the CS 7DS arm (Staňková et 

al., 2016), which showed a 14.4-kb gap in the region corresponding to the BAC clone 

TaaCsp7DS086H04. We attempted to close that gap with two recently published whole-genome 

CS sequence assemblies (Zimin et al., 2017; International Wheat Genome Sequencing 

Consortium, 2018) but the BNG map indicated misassemblies in the region of interest for both of 

them (Fig. 1A). To complete the sequence of the region, long-read nanopore data were generated 

for the BAC clone TaaCsp7DS086H04 and were combined with the BAC short-read data 

(Supplemental File S1), which resulted in a hybrid BAC assembly of 452,442 bp that spanned 

the entire interval between Xowm705 and Xowm711 by a continuous sequence of 304,109 bp (no 

Ns) and was in full agreement with the BNG map of CS 7DS (Fig. 1B, Supplemental Fig. S1). 

Candidate Gene Identification and Comparison 

Gene modeling of the assembled sequence of CS BAC clones spanning the Dn2401 interval 

led to the prediction of 13 coding loci (Table 1, Supplemental Fig. S2), including the gene 

HVA22, whose coding sequence lies 182 bp distal to the interval but, because of its close 

proximity, the downstream regulatory region of the gene might potentially fall within the 

interval. 

Narrowing down the Dn2401 interval by mapping the new marker Xowm713 excluded six 

proximally located genes (Table 1). Three of the remaining genes, HVA22, Epoxide hydrolase 2 

(EH2), and a gene coding for a 2-oxoglutarate and Fe(II)-dependent oxygenase [2OG-Fe(II) 

oxygenase] superfamily protein, were considered potential candidates for the RWA resistance 

gene Dn2401. HVA22, initially identified in barley (Shen et al., 1993), is a gene induced by 

abscisic acid, which is known to mediate developmental and physiological processes such as 

seed development and stress responses, including plant responses to aphid feeding (Smith and 

Boyko, 2007). EH2 was found previously to be one of the genes showing increased expression 

after aphid feeding in a RWA-resistant line, PI220127 (Boyko et al., 2006). 2-Oxoglutarate and 

Fe(II)-dependent oxygenase appears to be involved in plant response to biotic stress because the 



Publisher: AGRONOMY; Journal: TPG:The Plant Genome; Copyright: Will notify... 

Volume: Will notify...; Issue: Will notify...; Manuscript: tpg-2018-09-0065; DOI: ; PII: <txtPII> 

TOC Head: ; Section Head: ; Article Type: Original Research 

Page 7 of 21 

underlying gene was found to be overexpressed after inoculating wheat with fungal pathogens 

(Zhang et al., 2014)(www.wheat-expression.com, accessed 14 Feb. 2019). 

To compare the HVA22 locus between the parents of the mapping population (the RWA-

resistant line CI2401 and the RWA-susceptible Glupro), we sequenced in both of them a 

continuous region starting 3.2 kb upstream and ending 765 bp downstream of the HVA22 coding 

sequence. The gene consisted of five exons that did not differ between the parents, and four 

introns, the second of which bore one SNP [A/G]. The A variant of the SNP is shared by the 

resistant line CI2401 and the susceptible CS. In the promoter region of both CI2401 and Glupro, 

we observed abscisic acid response elements ABRE2 and ABRE3 as well as three TATAA 

domains localized 1105, 717, and 163 bp upstream of the gene. In the 3’ untranslated region 

(UTR), in both accessions, we found two AUAAA domains and in the downstream, region we 

precisely positioned a 43-bp deletion that was specific for Glupro, which was earlier identified as 

the marker Xowm711 (Staňková et al., 2015). The sequence spanning this indel was also 

inspected in CS and it was confirmed that the susceptible CS had the same haplotype as the 

resistant CI2401 in the HVA22 locus. Hence this polymorphism was not associated with the 

resistant phenotype. 

To assess the EH2 locus, we compared sequences starting 2871 bp upstream and ending 963 

bp downstream of the EH2 coding sequence that consisted of three exons and two introns. The 

total length of the coding sequence was 2275 bp. In the 5’ flanking region of the gene, we found 

a Ty1/Copia retroelement located 1550 bp upstream of the coding sequence (Supplemental Fig. 

S3, Supplemental File S1). Alignment of the CI2401 and Glupro sequences revealed no 

polymorphism in the entire EH2 region except for a single SNP [C/T] located in the 3’UTR, 290 

bp downstream from the coding sequence. The T variant was shared by the susceptible cultivars 

CS and Glupro. 

We also resequenced and compared a continuous DNA segment of 8470 bp covering the 

entire 2OG-Fe(II) oxygenase locus as well as a neighboring gene coding for a bacterial trigger 

factor protein, including their up- and downstream regulatory regions (Supplemental Fig. S4). 

The sequence comparison revealed a single polymorphism corresponding to the marker 

Xowm714, located in the second exon of the gene for the bacterial trigger factor protein. This 

enabled a haplotype analysis of the locus, revealing that the A variant of the SNP was shared by 

the resistant line CI2401 and the susceptible CS. The data obtained by resequencing the two loci 

did not support them as the true Dn2401 candidates. In the search for new markers in the 

interval, we also analyzed the entire gene for aspartic peptidase, including the adjacent regions 

and the majority of the gene for dual specificity protein phosphatase (Supplemental Table S3) 

without detecting any polymorphisms. 

Bionano Genome Mapping and Structural Variations in the Dn2401 Region 

With the aim of inspecting the overall structure in the Dn2401 interval in the CI2401 line and 

to compare it with the reference genome of CS, we investigated the region by optical mapping. 

By using the Bionano Genomics Irys platform and the approach applied previously for 

constructing the 7DS BNG map of CS, we generated a BNG map of the 7DS chromosome arm 

of CI2401 that consisted of 468 BNG map contigs with an average length of 765 kb and N50 of 

1.36 Mb. This novel 7DS-CI2401 BNG map had a total length of 358 Mb and covered 94% of 

the estimated arm length (Supplemental Table S1). 
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Alignments of the two 7DS BNG maps to the BAC assembly of the region led to the 

identification of two BNG map contigs spanning the Dn2401 region in each of the accessions: 

contigs 279 and 280 for CS and contigs 165 and 199 for CI2401 (Fig. 1B). The reason for the 

BNG map split was the presence of a “fragile site” that arose from the occurrence of proximally 

located Nt.BspQI nicking sites on opposite DNA strands. This introduced a gap of ~15 kb in 

both BNG maps. Alignment of the two maps indicated an 8.2-kb indel at the distal end of the 

BNG map contigs 280 and 199 of CS and CI2401, respectively (Fig. 1B). Detailed analysis of 

the variable region in CS positioned the CS-specific insert ~12.7 kb upstream of the EH2 gene 

and identified it as a recombined copy of a long terminal repeat retroelement from the Ty3/gypsy 

superfamily (Fig. 2), which was probably present as the native single-copy element in CI2401. 

The absence of the duplicated retroelement in CI2401 was validated by PCR with primers 

designed for diagnostic SNPs in long terminal repeats of the retroelements (Supplemental Table 

S2), which confirmed the presence of this duplicated recombined element in Glupro. Apart from 

this rearrangement, the alignment of the optical maps did not reveal other structural variations, 

indicating that the list of genes obtained from the CS sequence was most likely to be complete. 

Narrowing Down the Dn2401 Interval 

In a previous study on the F2 population of 184 individuals, we identified Xowm705 and 

Xowm711 as markers flanking the Dn2401 gene and delimiting an interval of 0.83 cM (Staňková 

et al., 2015). To further increase the resolution of the genetic map, we expanded the mapping 

population by an additional 149 F2 individuals and identified three new recombinants for the 

interval delimited by Xowm705 and Xowm711. The new data extended the interval to 0.90 cM 

and localized Dn2401 as 0.60 cM distal to Xowm705 and 0.30 cM proximal to Xowm711 (Fig. 

3). 

To further narrow down the Dn2401 region, 46 new pairs of primers were designed and, after 

optimization, 44 primer pairs (96%) provided a single 7DS-specific PCR product. Sequencing of 

41 amplicons from both parents did not detect any polymorphism, whereas one amplicon 

provided a mixed sequence, probably caused by a duplication within the 7DS. Only two 

amplicons yielded new SNPs, which were mapped in the complete CI2401–Glupro F2 

population. The SNPs, named Xowm713 and Xowm714 (Table 2), were mapped into the Dn2401 

interval. Xowm713 became a new proximal flanking marker, reducing the interval to 0.45 cM 

and 137.5 kb, whereas Xowm714 was found to cosegregate with Dn2401 (Fig. 3). The structural 

variation revealed in the retroelement upstream of the EH2 gene with STS2 primers (Fig. 2) 

could be mapped as a presence–absence polymorphism in the mapping population. This new 

marker, labeled Xowm715, was found to cosegregate with Xowm714 and Dn2401. Finally, we 

mapped the SNP identified in the 3’UTR of the EH2 gene between Xowm711 and Xowm715. 

This novel distal flanking marker, named Xowm716 (Table 2), delimited a reduced Dn2401 

interval of 0.3 cM and 133.2 kb (Fig. 3). 

DISCUSSION 

Sequencing and Analysis of the Dn2401 Region 

The Dn2401 region proved to be highly challenging for several sequencing technologies and 

approaches applied. The biggest obstacle to complete and correct assembly was the duplicated 

recombined retroelement (Fig. 2), which was found to be misassembled in the whole-genome 
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assembly generated from short-read Illumina data (International Wheat Genome Sequencing 

Consortium, 2018) and could not be resolved even after reducing sample complexity to a single 

BAC clone, despite applying the several assemblers including SASSY and RAY, which, in 

combination, succeeded in assembling the remaining part of the interval. We expected that the 

duplication might be resolved in the hybrid assembly of Zimin et al. (2017), which combined 

short-read Illumina data with long-read data obtained through Pacific Biosciences sequencing. 

Surprisingly, optical mapping indicated even more discrepancies in the Triticum 3.1 assembly of 

the Dn2401 region. The entire Dn2401 interval could be resolved only after adding long 

nanopore reads, which enabled a reliable scaffolding of precise Illumina reads. 

Bacterial artificial chromosome libraries, used previously for generating reference genomes, 

are available for many important crops, including maize (Zea mays L.) (Schnable et al. 2009), 

barley (IBGSC, 2012), and wheat (International Wheat Genome Sequencing Consortium, 2018). 

Chromosome- or chromosome-arm-specific BAC libraries have been constructed for all 

chromosomes of CS bread wheat (Šafář et al. 2010; International Wheat Genome Sequencing 

Consortium, 2018) and can be screened easily through pools of BAC clones 

(http://cnrgv.toulouse.inra.fr/en/library/wheat, accessed 14 Feb. 2019). Moreover, short-read 

assemblies of BAC clones have been generated for several chromosomes of CS and are publicly 

accessible (International Wheat Genome Sequencing Consortium, 2018; Tulpová et al. 2019). 

The availability of the BAC resources makes the precision resequencing of a region of interest 

(as used in the present work) widely applicable. In previous wheat cloning studies, the BAC-

based approach was coupled with the Pacific Biosciences technique rather than nanopore 

sequencing (Schweiger et al., 2016; Roselli et al., 2017). This alternative is handicapped by 

shorter reads [e.g., an N50 of ~10 kb was reported in Zimin et al., (2017)] that hardly span the 

entire length of a BAC insert, typically exceeding 100 kb. Schweiger et al. (2016) sequenced 10 

wheat BAC clones spanning their region of interest with Roche 454 and Pacific Biosciences 

technologies, but they were unable to produce a continuous assembly because of two gaps of 

several kb around transposable elements. The MinION sequencer is highly affordable 

(https://nanoporetech.com/products/minion, accessed 14 Feb. 2019) and relatively undemanding 

in terms of DNA input (less than 1μg per sequencing library), which makes it a favorable 

platform for small-scale in-house sequencing of specific BAC clones. 

Optical BNG maps proved to be a useful and cost-efficient tool for overall sequence 

validation and the identification of structural variations in the region of interest. The minimum 

size of indels that can be resolved by optical mapping ranges from 1 kbp (Zhu et al., 2018) to as 

little as 500 bp (https://bionanogenomics.com/technology/dls-technology/, accessed 14 Feb. 

2019) for the Bionano Genomics Irys and Saphyr platforms, respectively. To generate BNG 

maps, we took advantage of complexity reduction by flow-sorting the 7DS arm from wheat 

ditelosomic lines carrying 7DS arms as telocentric chromosomes. Preparation of a particular 

telosomic line from a cultivar of interest is technically simple but requires an amount of cytology 

that is difficult to predict, as the misdivision frequencies of individual chromosomes vary and 

cannot be gauged in advance. In several applications of the flow-sorted chromosomes, the use of 

telosomics has been circumvented by applying FISHIS (Giorgi et al. 2013), which labels DNA at 

trinucleotide microsatellites, typically GAA. This enables the flow-sorting of specific wheat 

chromosomes from the majority of wheat accessions with high purity (Vrána et al., 2016). In a 

pilot experiment, FISHIS labeling turned out to be problematic for BNG mapping of the 

Nt.BspQI nickase (unpublished data), perhaps because of an overlap of GAA with the Nt.BspQI 

recognition site. It is yet to be determined if the FISHIS procedure interferes with the Direct 
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Label and Stain chemistry, introduced recently by Bionano Genomics as an alternative to 

nickase-based labeling (Deschamps et al., 2018). Whole-genome BNG maps are available for 

reference genomes of all major cereal crops, including rice (Oryza sativa L.) (Chen et al., 2017), 

maize (Jiao et al., 2017), barley (Mascher et al., 2017), and wheat (Luo et al. 2017); all of them 

have been generated on the Irys platform of Bionano Genomics. The new Bionano platform 

Saphyr, which has improved throughput and image resolution, mitigates the need for the 

complexity reduction and allows analyses of Gbp-sized genomes of interest in their entirety in a 

relatively short time and at a reasonable cost. 

The Dn2401 Candidate 

Annotation of the Dn2401 region delimited by the markers Xowm711 and Xowm713 

indicated the presence of seven HC genes (Table 1; Supplemental Fig. S2); of these, HVA22 

(TraesCS7D01G224100), EH2 (TraesCS7D01G224200), and 2OG-Fe(II) oxygenase 

(TraesCS7D01G224500) were considered as potential resistance gene candidates on the basis of 

their preliminary functional analysis. Mapping of a new marker, Xowm716, into the region 

shifted HVA22 further away from the Dn2401 interval. Furthermore, we revealed that the 

resistant CI2401 and the susceptible CS shared the same haplotype in the HVA22 region, which 

excluded HVA22 as the Dn2401 candidate. In contrast, the haplotype in the EH2 region is 

common to the susceptible cultivars and is different from that of the resistant line CI2401. EH2 

was among the genes showing increased expression after aphid feeding in the RWA-resistant 

line PI220127, which bears the Dnx resistance gene in chromosome arm 7DS (Boyko et al., 

2006). Both Dn2401 and Dnx belong to a group of RWA resistance genes linked with the marker 

gwm111 (Liu et al. 2001; Fazel-Najafabadi et al., 2015), which might be allelic (Liu et al. 2002). 

This makes EH2 a robust candidate for the Dn2401 gene. 

Epoxide hydrolases (EHs) are enzymes present in all living organisms; they transform 

epoxide-containing lipids through the addition of water. Plants contain multiple soluble EH 

isoforms, which can be both constitutive and infection-induced (Newman et al., 2005). The 

transcription of the inducible enzymes can be increased by exogenous exposure to hormones, 

including the host-defense regulator methyl jasmonate (Stapleton et al., 1994). The substrate 

specificity and regulatory behavior of soluble plant EHs argue for a primary function of this 

enzyme in host defense and growth. The defensive functions can be related to both passive (cutin 

biosynthesis) and active (antifungal chemical synthesis) roles (Newman et al. 2005). The effect 

of the cuticle lipid (wax and cutin) composition has been considered in plant defense against 

both pathogens and pests. Studies on wheat’s response to feeding by Hessian fly (Mayetiola 

destructor) larvae suggested cuticle composition and integrity are important components of host 

resistance (Kosma et al. 2010; Khajuria et al. 2013). The involvement of EHs in cutin 

biosynthesis matches well with the tolerance type of RWA resistance identified in CI2401 by 

Dong et al. (1997) and Voothuluru et al. (2006) and assayed in the present work. 

We were also intrigued by a role of EHs in insects, whose juvenile hormone EH irreversibly 

degrades juvenile hormones, which is essential for insect metamorphosis. The gene for juvenile 

hormone EH was thus proposed as a promising target for hemipteran pest management (Tusun et 

al., 2017). In aphids, with their reproductive polyphenism (i.e., alternating reproductive modes 

from parthenogenesis to sexual reproduction in response to short photoperiods), the juvenile 

hormone degradation pathway appears to be involved in regulating the transition from asexual to 

sexual reproduction (Ishikawa et al., 2012). Interestingly, the EHs of cress and potato were 
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shown to efficiently hydrolyze insect juvenile hormones (Morisseau et al., 2000), which lets us 

speculate about a possible pest–host interaction that could explain antibiosis (reduced 

populations) observed in the CI2401 line (Voothuluru et al., 2006). 

During the analysis of the EH2 locus, we resequenced a total of 6109 bp (Supplemental Fig. 

S3) from the resistant CI2401 and the susceptible Glupro and compared them with the reference 

genome of the susceptible CS. The only polymorphism discovered was a single SNP located in 

the 3’UTR, 290 bp downstream of the gene. A larger structural variation (a 8.2-kb indel) 

between the resistant line CI2401 and the susceptible cultivars CS and Glupro was identified 

12.7 kb upstream of the gene. Both polymorphisms were found to cosegregate with the trait. It is 

yet to be determined by functional analysis if the SNP in the 3’UTR or the indel in the upstream 

region affect the expression of EH2 and thus contribute to the resistance of CI2401. 

The gene coding for the 2OG-Fe(II) oxygenase (TraesCS7D01G224500) was selected as a 

potential candidate because of its reported overexpression in response to a biotic stress, 

specifically, wheat infection by powdery mildew (Blumeria graminis f. sp. tritici) and stripe rust 

(Puccinia striiformis f. sp. tritici) (Zhang et al., 2014). On the other hand, no pathogen-

dependent expression patternw were observed after inoculation of a resistant wheat line with 

Fusarium head blight (Schweiger et al., 2016), which suggested that 2OG-Fe(II) oxygenase was 

not a universal component of plant defense pathways. This, together with the absence of 

polymorphisms in the coding and regulatory regions of the gene, reduce the chance of 2OG-

Fe(II) oxygenase being the true Dn2401 candidate. As to the remaining genes in the interval, we 

have not found any published evidence of their changed expression in response to aphid feeding 

(Boyko et al., 2006; Smith and Boyko, 2007). The comprehensive wheat transcriptomics 

database built on the RNA-seq data (http://www.wheat-expression.com, accessed 14 Feb. 

2019)(Ramírez-González et al., 2018) does not currently include any pest-response related 

studies. However, it comprises data from multiple projects on host–pathogen interactions, which 

did not indicate any significant pathogen-related response for the genes TraesCS7D01G224300 

(aspartic peptidase), TraesCS7D01G224400 (a bacterial trigger factor protein), 

TraesCS7D01G224600 (nuclear pore complex protein), and TraesCS7D01G224700 (dual 

specificity protein phosphatase) located in the Dn2401 interval. Previous transcriptomic studies 

on wheat’s response to RWA infestation were based on subtractive hybridization, cDNA-AFLP, 

RT-qPCR on a selected gene set, and microarray hybridization, which may provide limited 

information. We expect that RT-qPCR analysis of all genes from the critical interval will provide 

more comprehensive data to ultimately resolve the true Dn2401 candidate. 
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Fig. 1. Assembly and structural variation of the Dn2401 region in wheat. (A) Alignments of the 

Bionano genome map (BNG) map of the short arm of wheat chromosome 7D (7DS) Chinese 

Spring (light green bar) (CS) to in silico Nt.BspQI digestion of whole-genome wheat assemblies 

(blue bars) showed misassembled regions (red lines) both in the IWGSC RefSeq v1.0 (IWGSC, 

2018) and Triticum 3.1 (Zimin et al., 2017) assemblies. Numbers above the blue bars indicate 

positions in the 7D pseudomolecules. (B) The hybrid assembly of CS bacterial artificial 

chromosome (BAC) clones (blue bars) is in agreement with the CS BNG map. The 15-kb gap 

between BNG map contigs 279 to 280 (CS) and 165 to 199 (CI2401) is a consequence of a 

fragile site in the DNA molecule (arrow). Alignment of 7DS BNG maps from susceptible CS and 

resistant CI2401 indicated structural variation (red dot) upstream of the EH2 gene (red asterisk). 

The yellow box highlights the Dn2401 region as being delimited by Xowm716 and Xowm713. 
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Fig. 2. Annotation and comparative analysis of the HVA22–EH2 region in wheat. The analysis 

was performed on a hybrid assembly of the bacterial artificial chromosome (BAC) clone 

TaaCsp086H04, shown as Nt.BspQI in silico digestion (blue bar). Nt.BspQI recognition sites are 

depicted as black vertical lines (top) or red arrows (bottom). White boxes stand for coding 

sequences; the orange, yellow and green boxes correspond to markers applied in the study. The 

red line indicates the approximate position and size of the variable region missing in CI2401, as 

deduced from a comparison of Bionano genome map (BNG) maps and a polymerase chain 

reaction assay for the STS2 marker. 
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Fig. 3. Genetic and physical maps of the Dn2401 region in wheat. (A) The Dn2401 interval, as 

delimited in a previous study (Staňková et al., 2015). (B) The genetic map generated in the 

current study with an extended mapping population and new markers. The physical distances of 

the markers are shown on the left. 
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Table 1. Predicted high-confidence coding sequences in the wider Dn2401 region of Chinese Spring wheat 

Gene No. IWGSC RefSeq ID† Functional analysis Domain ID 

1 
TraesCS7D01G224100.1 

TraesCS7D01G224100.2 
HVA22 PF03134, IPR004345 

2 TraesCS7D01G224200.1 Epoxide hydrolase 2‡ PF00561, IPR000073 

3 TraesCS7D01G224300.1 Aspartic peptidase family PF14543, PF14541, IPR001461 

4 TraesCS7D01G224400.1 
Bacterial trigger factor 

protein 
PF05697, PF05698, IPR005215 

5 TraesCS7D01G224500.1 

2-oxoglutarate and Fe(II)-

dependent oxygenase 

superfamily protein 

PF14226, PF03171, IPR005123 

6 TraesCS7D01G224600.1 
Nuclear pore complex 

protein Nup98-Nup96 
– 

7 TraesCS7D01G224700.1 
Dual specificity protein 

phosphatase, putative 
PF00782, IPR000340 

8 TraesCS7D01G224800.1 
Microtubule associated family 

protein 
PF03999 

9 TraesCS7D01G224900.1 RNA recognition motif IPR000504 

10 TraesCS7D01G225000.1 Membrane protein PF09991, IPR018710 

11 TraesCS7D01G225100.1 Acyl-coenzyme A oxidase 
PF02770, PF00441, PF01756, 

IPR002655 

12 TraesCS7D01G225200.1 
Vacuolar protein sorting-

associated protein VTA1 
PF04652, IPR023175 

13 TraesCS7D01G225300.1 PHD finger protein PF00628, PF01426, IPR001025 

† International Wheat Genome Sequencing Consortium RefSeq ID as in International Wheat Genome Sequencing 

Consortium (2018). 

‡ The wider region was delimited by markers Xowm705 and Xowm711. Coding sequences from the reduced interval 

delimited by markers Xowm716 and Xowm713 are in bold.  
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Table 2. Markers mapped in the Dn2401 region of wheat 

Marker ID Polymorphism Primers Ta Amplicon size 

   °C bp 

Xowm713 SNP G/A Forward: CGTGCATGATCCTCGACTATGAT 

Reverse: TTGCCTATTTTAACAATGCTCGT 

67 467  

Xowm714 SNP A/G Forward: TCTGTAATGTGGAATGTTGTCTTAGT 

Reverse: GGCTGAAACAAAGAATCCATC 

64 574  

Xowm715 PAV Forward: CCCTCGATACGAGCTGGA 

Reverse: GAGGGAGGGAGGTTGTCA 

62 232  

Xowm716 SNP C/T Forward: GGGCAAAATGGTCTTTTCAC 

Reverse: AAGAAATTCGACTGAAATGAGGA 

62 579  

† SNP, single nucleotide polymorphism; PAV, presence–absence variation 
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WHEAT GENOME

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

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

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

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

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

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

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

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

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

WHEAT GENOME

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

An annotated reference sequence representing the hexaploid bread wheat genome in
21 pseudomolecules has been analyzed to identify the distribution and genomic context
of coding and noncoding elements across the A, B, and D subgenomes. With an estimated
coverage of 94% of the genome and containing 107,891 high-confidence gene models,
this assembly enabled the discovery of tissue- and developmental stage–related
coexpression networks by providing a transcriptome atlas representing major stages of wheat
development. Dynamics of complex gene families involved in environmental adaptation
and end-use quality were revealed at subgenome resolution and contextualized to known
agronomic single-gene or quantitative trait loci. This community resource establishes
the foundation for accelerating wheat research and application through improved
understanding of wheat biology and genomics-assisted breeding.

W
heat (Triticum aestivum L.), the most
widely cultivated crop on Earth, con-
tributes about a fifth of the total calories
consumed by humans and provides more
protein than any other food source (1, 2).

Breeders strive to develop improved varieties by
fine-tuning genetically complex yield and end-
use quality parameters while maintaining yield
stability and regional adaptation to specific
biotic and abiotic stresses (3). These efforts are
limited, however, by insufficient knowledge and
understanding of the molecular basis of key
agronomic traits. To meet the demands of
human population growth, there is an urgent
need for wheat research and breeding to ac-
celerate genetic gain while increasing wheat
yield and protecting quality traits. In other plant
and animal species, access to a fully annotated
and ordered genome sequence, including regu-
latory sequences and genome-diversity informa-
tion, has promoted the development of systematic
and more time-efficient approaches for the selec-
tion and understanding of important traits (4).
Wheat has lagged behind other species, primarily
owing to the challenges of assembling a large
(haploid genome, 1C = 16 Gb) (5), hexaploid, and
complex genome that contains more than 85%
repetitive DNA.
To provide a foundation for improvement

through molecular breeding, the International
Wheat Genome Sequencing Consortium (IWGSC)
established a road map to deliver a high-quality
reference genome sequence of the bread wheat
cultivar Chinese Spring (CS). A chromosome
survey sequence (CSS) intermediate product as-
signed 124,201 gene loci across the 21 chromo-
somes and revealed the evolutionary dynamics of

the wheat genome through gene loss, gain, and
duplication (6). The lack of global sequence con-
tiguity and incomplete coverage (only 10Gbwere
assembled), however, did not provide the wider
regulatory genomic context of genes. Subsequent
whole-genome assemblies improved contiguity
(7–9) but lacked full annotation and did not re-
solve the intergenic space or present the genome
in the correct physical order.
Here we report an ordered and annotated as-

sembly (IWGSC RefSeq v1.0) of the 21 chromo-
somes of the allohexaploid wheat cultivar CS,
an achievement that is built on a rich history of
chromosome studies in wheat (10–12), which
allowed the integration of genetic and genomic
resources. The completeness and accuracy of
IWGSC RefSeq v1.0 provide insights into global
genome composition and enable the construc-
tion of complex gene coexpression networks to
identify central regulators in critical pathways,
such as flowering-time control. The ability to
resolve the inherent complexity of gene families
related to important agronomic traits demon-
strates the impact of IWGSC RefSeq v1.0 on
dissecting quantitative traits genetically and
implementing modern breeding strategies for
future wheat improvement.

Chromosome-scale assembly
of the wheat genome

Pseudomolecule sequences representing the 21
chromosomes of the bread wheat genome were
assembled by integrating a draft de novo whole-
genomeassembly (WGA), built from Illumina short-
read sequences using NRGene deNovoMagic2
(Fig. 1A, Table 1, and tables S1 and S2), with addi-
tional layers of genetic, physical, and sequence
data (tables S3 to S8 and figs. S1 and S2). In the
resulting 14.5-Gb genome assembly, contigs and

scaffolds with N50s of 52 kb and 7 Mb, respec-
tively, were linked into superscaffolds (N50 =
22.8 Mb), with 97% (14.1 Gb) of the sequences
assigned and ordered along the 21 chromosomes
and almost all of the assigned sequence scaffolds
oriented relative to each other (13.8 Gb, 98%).
Unanchored scaffolds comprising 481 Mb (2.8%
of the assembly length) formed the “unassigned
chromosome” (ChrUn) bin. The quality and conti-
guity of the IWGSCRefSeq v1.0 genome assembly
were assessed through alignments with radia-
tion hybrid maps for the A, B, and D subgenomes
[average Spearman’s correlation coefficient (r)
of 0.98], the genetic positions of 7832 and 4745
genotyping-by-sequencing derived genetic mark-
ers in 88 double haploid and 993 recombinant
inbred lines (Spearman’s r of 0.986 and 0.987, re-
spectively), and 1.24 million pairs of neighbor
insertion site–based polymorphism (ISBP)mark-
ers (13), ofwhich 97%were collinear andmapped
in a similar size range (difference of <2 kb) be-
tween the de novo WGA and the available bacte-
rial artificial chromosome (BAC)–based sequence
assemblies. Finally, IWGSC RefSeq v1.0 was as-
sessedwith independent data derived fromcoding
and noncoding sequences, revealing that 99 and
98%of the previously known coding exons (6) and
transposable element (TE)–derived (ISBP)markers
(table S9), respectively, were present in the assem-
bly. The approximate 1-Gb size difference between
IWGSC RefSeq v1.0 and the new genome size
estimates of 15.4 to 15.8 Gb (14) can be accounted
for by collapsed or unassembled sequences of
highly repeated clusters, such as ribosomal RNA
coding regions and telomeric sequences.
A key feature distinguishing the IWGSCRefSeq

v1.0 from previous draft wheat assemblies (6–9)
is the long-range organization, with 90% of the
genome represented in superscaffolds larger than
4.1 Mb and with each chromosome represented,
on average, by only 76 superscaffolds (Table 1).
The largest superscaffold spans 166 Mb, which is
half the size of the rice (Oryza sativa L.) genome
and is larger than the Arabidopsis thaliana L.
genome (15, 16).Moreover, the 21 pseudomolecules
position molecular markers for wheat research
and breeding [504 single-stranded repeats (SSRs),
3025 diversity array technologies (DArTs), 6689
expressed sequence tags (ESTs), 205,807 single-
nucleotide polymorphisms (SNPs), and 4,512,979
ISBPs] (table S9), thus providing a direct link be-
tween the genome sequence and genetic loci and
genes underlying traits of agronomic importance.

The composition of the wheat genome

Analyses of the components of the genome se-
quence revealed the distribution of key elements
and enabled detailed comparisons of the home-
ologous A, B, and D subgenomes. Accounting for
85% of the genome, with a relatively equal dis-
tribution across the three subgenomes (Table 2),
3,968,974 copies of TEs belonging to 505 families
were annotated. Many (112,744) full-length long
terminal repeat (LTR)–retrotransposons were
identified that have been difficult to define from
short-read sequence assemblies (fig. S3). Although
the TE content has been extensively rearranged
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Fig. 1. Structural, functional, and conserved synteny landscape of
the 21 wheat chromosomes. (A) Circular diagram showing genomic
features of wheat. The tracks toward the center of the circle display (a)
chromosome name and size (100-Mb tick size; light gray bar indicates the
short arm and dark gray indicates the long arm of the chromosome);
(b) dimension of chromosomal segments R1, R2a, C, R2b, and R3 [(18) and
table S29]; (c) K-mer 20-frequencies distribution; (d) LTR-retrotransposons
density; (e) pseudogenes density (0 to 130 genes per Mb); (f) density of
HC gene models (0 to 32 genes per Mb); (g) density of recombination rate;
and (h) SNP density. Connecting lines in the center of the diagram
highlight homeologous relationships of chromosomes (blue lines) and
translocated regions (green lines). (B) Distribution of Pfam domain

PF08284 “retroviral aspartyl protease” signatures across the different
wheat chromosomes. (C) Positioning of the centromere in the 2D
pseudomolecule. Top panel shows density of CENH3 ChIP-seq data along
the wheat chromosome. Bottom panel shows distribution and proportion
of the total pseudomolecule sequence composed of TEs of the Cereba and
Quinta families. The bar below the bottom panel indicates pseudomolecule
scaffolds assigned to the short (black) or long (blue) arm on the basis
of CSS data (6) mapping. (D) Dot-plot visualization of collinearity between
homeologous chromosomes 3A and 3B in relation to distribution of
gene density and recombination frequency (left and bottom panel boxes:
blue and purple lines, respectively). Chromosomal zones R1, R2a, C,
R2b, and R3 are colored as in (A). cM, centimorgan.
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through rounds of deletions and amplifications
since the divergence of the A, B, and D subge-
nomes about 5 million years ago, the TE families
that shaped the Triticeae genomes have been
maintained in similar proportions: 76% of the
165 TE families present in a cumulative length
greater than 1 Mb contributed similar propor-
tions (less than a twofold difference between sub-
genomes), and only 11 families, accounting for 2%
of total TEs, showed a higher than threefold dif-
ference between two subgenomes (17). TE abun-
dance accounts, in part, for the size differences
between subgenomes—for example, 64% of the
1.2-Gb size difference between the B and D sub-
genomes can be attributed to lower gypsy retro-
transposon content. Low-copy DNA content
(primarily unclassified sequences) also varied be-
tween subgenomes, accounting, for example, for
97 Mb of the 245-Mb size difference between A
and B subgenomes (fig. S4). As reported (18), no
evidence was found for a major burst of transpo-
sition after polyploidization. The independent
evolution in the diploid lineages was reflected in
differences in the specific composition of the A,
B, and D subgenomes at the subfamily (variants)
level, as evidenced by subgenome-specific over-

representation of individual transposon domain
signatures (Fig. 1B). See (17) for a more detailed
analysis of the TE content and its impact on the
evolution of the wheat genome.
In addition to TEs, annotation of the inter-

genic space included noncoding RNAs. We iden-
tified eight new microRNA families (fig. S5 and
table S10) and the entire complement of tRNAs
(which showed an excess of lysine tRNAs, fig. S6).
Around 8000 nuclear-inserted plastid DNA seg-
ments and 11,000 nuclear-inserted mitochondrial
DNA segments representing, respectively, 5 and
17 Mb were also revealed by comparing the ge-
nome assembly with complete plastid and mito-
chondrial genomes assembled from the IWGSC
RefSeq v1.0 raw read data (14).
Precise positions for the centromeres were

defined by integrating Hi-C, CSS (6), and pub-
lished chromatin immunoprecipitation sequencing
(ChIP-seq) data for CENH3, a centromere-specific
histone H3 variant (19). Clear ChIP-seq peaks
were evident in all chromosomes and coincided
with the centromere-specific repeat families (Fig.
1C, fig. S7, and table S11). CENH3 targets were
also found in unassigned sequence scaffolds
(ChrUn), indicating that centromeres of several

chromosomes are not yet completely resolved. On
the basis of these data, a conservative estimate for
theminimal average size of a wheat centromere is
4.9Mb (6.7Mb, if including ChrUn; table S11), com-
pared with an average centromere size of ~1.8 Mb
in maize (20, 21) and 0.4 to 0.8 Mb in rice (22).
Gene models were predicted with two inde-

pendent pipelines previously utilized for wheat
genome annotation and then consolidated to pro-
duce the RefSeq Annotation v1.0 (fig. S8). Subse-
quently, a set of manually curated gene models
was integrated to build RefSeq Annotation v1.1
(fig. S9 and tables S12 to S17). In total, 107,891
high-confidence (HC) protein-coding loci were
identified,with relatively equal distribution across
the A, B, and D subgenomes (35,345, 35,643, and
34,212, respectively; Figs. 1D and 2A, fig. S10, and
table S18). In addition, 161,537 other protein-
coding loci were classified as low-confidence (LC)
genes, representing partially supported gene
models, gene fragments, and orphans (table S18).
A predicted function was assigned to 82.1%
(90,919) of HC genes in RefSeq Annotation v1.0
(tables S19 and S20), and evidence for transcrip-
tion was found for 85% (94,114) of the HC genes
versus 49% of the LC genes (23). Within the
pseudogene category, 25,419 (8%) of 303,818
candidates matched LC gene models. The D sub-
genome contained significantly fewer pseudo-
genes than the A and B subgenomes (81,905 versus
99,754 and 109,097, respectively; c2 test, P < 2.2 ×
10−16) (tables S21 and S22 and fig. S10). In ChrUn,
2691 HC and 675 LC genemodels were identified.
The quality of the RefSeq Annotation v1.1 gene

set was benchmarked against BUSCO v3 (24),
representing 1440 Embryophyta near-universal
single-copy orthologs and published annotated
wheat gene sets (Fig. 2B and fig. S11). Of the
BUSCO v3 genes, 99% (1436) were represented
in at least one complete copy in RefSeq Annota-
tion v1.1 and 90% (1292) in three complete copies,
an improvement over the 25% (353) and 70%
(1014) of BUSCO v3 genes that were identified
in the IWGSC (6) and TGACv1 (8) gene sets,
respectively (Fig. 2B). Improved contiguity of
sequences in the immediate vicinity of genes
was also found: 61% of the HC and LC genes
were flanked by at least 10 kb of sequence
without ambigous bases (Ns), in contrast to
37% and only 5% of the HC and LC genes in the
TGACv1 and IWGSC CSS gene models, respec-
tively (fig. S12).
To further characterize the gene space, a

phylogenomic approach was applied to identify
gene homeologs and paralogs between and with-
in the wheat subgenomes and orthologs in other
plant genomes (table S23 and figs. S13 to S15).
Analysis of a subset of 181,036 genes [“filtered
gene set,” (14) and Table 3] comprising 103,757
HC and 77,279 LC genes identified 39,238
homeologous groups—that is, clades of A, B, and
D subgenomeorthologs deduced fromgene trees—
containing a total of 113,653 genes (63% of the
filtered set). Gene losses or retention and gene
gains (gene duplications) were determined for
all homeologous loci of IWGSCRefSeq v1.0 (Table
3), assuming the presence of a single gene copy at
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Table 1. Assembly statistics of IWGSC RefSeq v1.0.

Assembly characteristics Values

Assembly size 14.5 Gb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of scaffolds 138,665
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Size of assembly in scaffolds ≥ 100 kb 14.2 Gb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of scaffolds ≥ 100 kb 4,443
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N50 contig length 51.8 kb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Contig L50 number 81,427
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N90 contig length 11.7 kb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Contig L90 number 294,934
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Largest contig 580.5 kb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Ns in contigs 0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N50 scaffold length 7.0 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Scaffold L50 number 571
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N90 scaffold length 1.2 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Scaffold L90 number 2,390
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Largest scaffold 45.8 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Ns in scaffolds 261.9 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Gaps filled with BAC sequences 183 (1.7 Mb)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Average size of inserted BAC sequence 9.5 kb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N50 superscaffold length 22.8 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Superscaffold L50 number 166
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

N90 superscaffold length 4.1 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Superscaffold L90 number 718
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Largest superscaffold 165.9 Mb
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Sequence assigned to chromosomes 14.1 Gb (96.8%)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Sequence ≥ 100 kb assigned to chromosomes 14.1 Gb (99.1%)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of superscaffolds on chromosomes 1,601
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Number of oriented superscaffolds 1,243
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Length of oriented sequence 13.8 Gb (95%)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Length of oriented sequence ≥ 100 kb 13.8 Gb (97.3%)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Smallest number of superscaffolds per subgenome chromosome 35 (7A), 68 (2B), 36 (1D)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Largest number of superscaffolds per subgenome chromosome 111 (4A), 176 (3B), 90 (3D)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Average number of superscaffolds per chromosome 76
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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every homeologous locus (referred to as a “triad”).
The percentage of genes in homeologous groups
for all configurations (ratios) is highly similar,
hence balanced, across the three subgenomes:
63% (A), 61% (B), and 66% (D). The slightly higher
percentage of homeologs in the D subgenome,
together with the lower number of pseudogenes
(table S22), is consistent with its more recent
hybridization with the AABB tetraploid genome
progenitor. Althoughmost of the genes are present
in homeologous groups, only 18,595 (47%) of the
groups contained triads with a single gene copy
per subgenome (an A:B:D configuration of 1:1:1).
Of the groups of homeologous genes, 5673 (15%)
exhibited at least one subgenome inparalog, that
is, a gene copy resulting from a tandem or a seg-
mental trans duplication (1:1:N A:B:D configura-
tion; N indicates a minimum of one additional
paralog per respective subgenome). The three
genomes exhibited similar levels of loss of indi-
vidual homeologs, affecting 10.7% (0:1:1), 10.3%
(1:0:1), and 9.5% (1:1:0) of the homeologous groups
in theA, B, andD subgenomes, respectively (Table
3 and tables S24 and S25).
Of the 67,383 (37%) genes of the filtered set not

present in homeologous groups, 31,140 genes
also had no orthologs in species included in the
comparisons outside of bread wheat and mainly
comprised gene fragments, non–protein-coding
loci with open reading frames, or other gene-
calling artifacts. The remaining 36,243 genes
had homologs outside of bread wheat and ap-
peared to be subgenome specific (Table 3). Two
of the genes in this category were granule bound
starch synthase (GBSS) on chromosome 4A (1:0:0,
a gene that is a key determinant of udon noodle
quality) and ZIP4within the pairing homeologous
1 (Ph1) locus on chromosome 5B [0:1:0, a locus
critical for the diploid meiotic behavior of the
wheat homeologous chromosomes (25)]. The
phylogenomic analysis indicated that the GBSS
on 4A is a divergent translocated homeolog
originally located on chromosome 7B (fig. S16),
whereas ZIP4 is a transduplication of a chro-
mosome 3B locus (table S26). Both genes confer
important properties on wheat and illustrate the
diversity in origin and function of gene models
that are not in a 1:1:1 configuration. No evidence
was found for biased partitioning. Rather, our
analyses support gradual gene loss and gene
movement among the subgenomes that may
have occurred in either the diploid progenitor
species or the tetraploid ancestor or following
the final hexaploidization event inmodern bread
wheat (Table 3 and figs. S24 and S25). Together
with the equal contribution of the three homeol-
ogous genomes to the overall gene expression
(23), this demonstrates the absence of subge-
nome dominance (26).
Of the bread wheat HC genes, 29,737 (27%) are

present as tandem duplicates, which is up to 10%
higher than that found for other monocotyle-
donous species (table S27). Tandemly repeated
genes are most prevalent in the B subgenome
(29%), contributing to its higher gene content
and larger number of 1:N:1 homeologous groups
(Table 3). The postulated hybrid origin of the D

subgenome, as a result of interspecific crossing
with AABB tetraploid genome progenitors 1 to
2 million years after they diverged (27), is con-
sistent with the synonymous substitution rates
of homeologous gene pairs (fig. S17). Homeol-
ogous groups with gene duplicates in at least
one subgenome (1:1:N, 1:N:1, or N:1:1) showed
elevated evolutionary rates (for the subgenome

carrying the duplicate) as compared with strict
1:1:1 or 1:1 groups (figs. S18 to S22). Homeologs
with recent duplicates also showed higher levels
of expression divergence (fig. S23), consistent
with gene and genome duplications acting as a
driver of functional innovation (28, 29).
Analysis of synteny between the seven triplets

of homeologous chromosomes showedhigh levels
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Fig. 2. Evaluation of automated gene annotation. (A) Selected gene prediction statistics of IWGSC
RefSeq Annotation v1.1, including number and subgenome distribution of HC and LC genes as well
as pseudogenes. (B) BUSCO v3 gene model evaluation comparing IWGSC RefSeq Annotation v1.1 to
earlier published bread wheat whole-genome annotations, as well as to annotations of related grass
reference-genome sequences. BUSCO provides a measure for the recall of highly conserved gene models.
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of conservation. There was no evidence that any
major rearrangements occurred since the A, B,
and D subgenomes diverged ~5 million years ago
(Fig. 1D), although collinearity between homeo-
logs was disturbed by inversions occurring, on
average, every 74.8 Mb, involving blocks of 10
genes or more (mean gene number of 48.2 with
a mean size of 10.5 Mb) (Fig. 1D and table S28).
Macrosynteny was conserved across centromere
(C) regions, but collinearity (microsynteny) broke
down specifically in these recombination-free,
gene-poor regions for all seven sets of homeol-
ogous chromosomes (Fig. 1D, figs. S24 to S26,
and table S29). Of the 113,653 homeologous genes,
80% (90,232) were found organized in macro-
synteny, that is, still present at their ancestral
position (table S24). At the microsynteny scale,
72% (82,308) of the homeologs were organized
in collinear blocks, that is, intervals with a highly
conserved gene order (Fig. 1D). A higher propor-
tion of syntenic genes was found in the intersti-
tial regions [short arm, R2a (18), 46% and long
arm, R2b (18), 61%] than in the distal telomeric
[short arm, R1 (18), 39% and long arm, R3 (18),
51%] and centromere regions [C (18), 29%], and
the interstitial compartments harbored larger
syntenic blocks (figs. S27 and S28). The higher
proportions of duplicated genes in distal-terminal
regions (34 and 27% versus 13 to 15% in the other

regions; fig. S29) exerted a strong influence on the
decay of syntenic block size and contributed to the
higher sequence variability in these regions. Over-
all, distal chromosomal regions are the preferen-
tial targets of meiotic recombination and the
fastest evolving compartments. As such, they
represent the genomic environment for creating
sequence, hence allelic, diversity, providing the
basis for adaptability to changing environments.

Atlas of transcription reveals trait-
associated gene co-regulation networks

The gene annotation, coupled with identification
of homeologs and paralogs in IWGSC RefSeq
v1.0, provides a resource to study gene expression
in genome-wide and subgenome contexts. A total
of 850 RNA-seq samples derived from 32 tissues
at different growth stages and/or challenged
by different stress treatments were mapped to
RefSeq Annotation v1.0 (Fig. 3A, database S1, and
tables S30 to S32). Expression was observed for
94,114 (84.9%) HC genes (fig. S30) and for 77,920
(49.1%) LC genes, the latter showing lower ex-
pression breadth and level [median six tissues;
average 2.9 transcripts per million (tpm)] than
theHC genes (median 20 tissues, average 8.2 tpm)
(fig. S31). This correlated with the higher average
methylation status of LC genes (figs. S32 and S33).
A principal component analysis identified tissue

(Fig. 3B), rather than growth stage or stress
(fig. S34), as the main factor driving differential
expression between samples, consistent with
studies in other organisms (30–33). Of the total
number of genes, 31.0% are expressed in more
than90%of tissues (average 16.9 tpm,≥30 tissues),
and 21.5% are expressed in 10% or fewer tissues
(average 0.22 tpm, ≤3 tissues; fig. S31).
Of the HC genes, 8231 showed tissue-exclusive

expression (fig. S35). About half of these were
associatedwith reproductive tissues (microspores,
anther, and stigma or ovary), consistent with ob-
servations in rice (34). The tissue-exclusive genes
were enriched for response to extracellular stimuli
and reproductive processes (database S2). By con-
trast, 23,146 HC genes expressed across all 32
tissues were enriched for biological processes
associated with housekeeping functions such as
protein translation and protein metabolic pro-
cesses. Tissue-specific genes were shorter [1147 ±
8 base pairs (bp)], had fewer exons (2.76 ± 0.3),
andwere expressed at lower levels (3.4 ± 0.1 tpm)
compared with ubiquitous genes (1429 ± 7 bp,
7.87 ± 0.4 exons, and 17.9 ± 0.4 tpm) (fig. S35).
Genes located in distal regions R1 and R3

(fig. S25 and table S29) showed lower expression
breadth than those in the proximal regions (15.7
and 20.7 tissues, respectively) (Fig. 3C and fig. S36).
This correlatedwith enrichment of GeneOntology
(GO) slim terms such as “cell cycle,” “translation,”
and “photosynthesis” for genes in the proximal
regions, whereas genes enriched for “response to
stress” and “external stimuli” were found in the
highly recombinant distal R1 and R3 regions
(database S3, fig. S36, and table S33). The expres-
sion breadth patternwas also correlatedwith the
distribution of the repressive H3K27me3 (trime-
thylated histoneH3 lysine 27) (Pearson r = −0.76,
P < 2.2 × 10−16) and with the active H3K36me3
and H3K9ac (acetylated H3K9) (Pearson r = 0.9
and 0.83, respectively; P < 2.2 × 10−16) histone
marks (fig. S37).
Global patterns of coexpression (35) were deter-

minedwith aweighted gene coexpression network
analysis (WGCNA) on 94,114 expressed HC genes.
Of these genes, 58% (54,401) could be assigned to
38 modules (Fig. 3D and database S4), and, con-
sistent with the principal component analysis,
tissues were the major driver of module identity
(Fig. 3D and figs. S38 to S40). The analysis fo-
cused initially on the 9009 triads (syntenic and
nonsyntenic) with a 1:1:1 A:B:D relationship and
for which all homeologs were assigned to a
module. Of the triads, 16.4% had at least one
homeolog in a divergent module, with the B
homeolog most likely to be divergent (37.4%
B-divergent versus 31.7% A-divergent and 30.9%
D-divergent triads, c2 test P = 0.007). However,
the expression profiles ofmost (83.6%) of the triads
were relatively consistent with all homeologs in
the same (57.6%) or a closely related (26.0%) mod-
ule. The proportion of homeologs foundwithin the
samemodule was higher than expected, pointing
to a highly conserved expression pattern of homeo-
logs across the 850 RNA-seq samples (Fig. 3E and
table S34). Triads with at least one gene in a
nonsyntenic position had a higher amount of
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Table 2. Relative proportions of the major elements of the wheat genome. Proportions of TEs
are given as the percentage of sequences assigned to each superfamily relative to genome size.

Abbreviations in parentheses under the headings “Class 1” and “Class 2” indicate transposon types.

Major elements
Wheat subgenome

AA BB DD Total

Assembled sequence assigned to chromosomes (Gb) 4.935 5.180 3.951 14.066
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Size of TE-related sequences (Gb) 4.240 4.388 3.285 11.913
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

TEs (%) 85.9 84.7 83.1 84.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Class 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

LTR-retrotransposons
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Gypsy (RLG) 50.8 46.8 41.4 46.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Copia (RLC) 17.4 16.2 16.3 16.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Unclassified LTR-retrotransposons (RLX) 2.6 3.5 3.7 3.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Non-LTR-retrotransposons
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Long interspersed nuclear elements (RIX) 0.81 0.96 0.93 0.90
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Short interspersed nuclear elements (SIX) 0.01 0.01 0.01 0.01
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Class 2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

DNA transposons
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

CACTA (DTC) 12.8 15.5 19.0 15.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Mutator (DTM) 0.30 0.38 0.48 0.38
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Unclassified with terminal inverted repeats 0.21 0.20 0.22 0.21
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Harbinger (DTH) 0.15 0.16 0.18 0.16
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Mariner (DTT) 0.14 0.16 0.17 0.16
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Unclassified class 2 0.05 0.08 0.05 0.06
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

hAT (DTA) 0.01 0.01 0.01 0.01
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Helitrons (DHH) 0.0046 0.0044 0.0036 0.0042
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Unclassified repeats 0.55 0.85 0.63 0.68
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Coding DNA 0.89 0.89 1.11 0.95
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Unannotated DNA 13.2 14.4 15.7 14.4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

(Pre)-microRNAs 0.039 0.057 0.046 0.047
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

tRNAs 0.0056 0.0050 0.0068 0.0057
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...
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Fig. 3.Wheat atlas of transcription. (A) Schematic illustration of a mature
wheat plant and high-level tissue definitions for “roots,” “leaves,” “spike,” and
“grain” used in the further analysis. (B) Principal component (PC) analysis
plots for similarity of overall transcription, with samples colored according to
their high-level tissue of origin [as introduced in (A)].The color key for
tissue is shown at the bottom of the figure under (C). (C) Chromosomal
distribution of the average expression breadth [number of tissues in which
genes are expressed (total number of tissues, n = 32)].The average (dark
orange line) is calculated on the basis of a scaled position of each gene within
the corresponding genomic compartment (blue, aqua, and light yellow
background) across the 21 chromosomes (orange lines). (D) Heatmap
illustrating the expression of a representative gene (eigengene) for the 38
coexpression modules defined by WGCNA. Modules are represented as
columns, with the dendrogram illustrating eigengene relatedness. Each row

represents one sample. Colored bars to the left indicate the high-level tissue of
origin; the color key is shown at the bottom of the figure under (C). DESeq2-
normalized expression levels are shown. Modules 1 and 5 (light green boxes)
were most correlated with high-level leaf tissue, whereas modules 8 and 11
(dark green boxes) were most correlated with spike. (E) Bar plot of module
assignment (same, near, or distant) of homeologous triads and duplets in the
WGCNA network. (F) Simplified flowering pathway in polyploid wheat. Genes
are colored according to their assignment to leaf (light green)– or spike
(dark green)–correlated modules. (G) Excerpt from phylogenetic tree for
MADS transcription factors, including known Arabidopsis flowering regulators
SEP1, SEP2, and SEP4 (black) (for the full phylogenetic tree, see fig. S38).
Green branches represent wheat orthologs of modules 8 and 11, whereas
purple branches are wheat orthologs assigned to other modules (0 and 2).
Gray branches indicate non-wheat genes.
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Fig. 4. Gene families of wheat. (A) Heatmap of expanded and
contracted gene families. Columns correspond to the individual gene
families. Rows in the top panel illustrate the sets of gene-family expansions
(++, red) and contractions (––, blue) found for the wheat A lineage
(Triticum urartu and A subgenome); the D lineage (Aegilops tauschii and
D subgenome); the A, B, or D subgenomes; or bread wheat (expanded and
contracted in all subgenomes). In the latter four categories, expansions
and contractions do not imply bread wheat–specific gene copy number
variations. Similar dynamics might have remained unobserved in T. urartu
or A. tauschii owing to the inherent limitations of the used draft genome

assemblies (53, 54). Rows in the bottom panel heatmap (color scheme on z-score scale) indicate the fold expansion and contraction of gene families for the
taxa and species included in the analysis [Oryza sativa (Osat), Sorghum bicolor (Sbic), Zea mays (Zmay), Brachypodium distachyon (Bdis), Hordeum vulgare
(Hvul1/2), Secale cereale (Scer), A. tauschii (Aetau), T. urartu (Tura), and wheat A (TraesA), B (TraesB), and D (TraesD) subgenomes]. (B) All enriched TO terms for
the gene families depicted in (A). Overrepresented TO terms were found for expanded families in bread wheat (all subgenomes, red), the B subgenome (green),
and the A lineage (T. urartu and A subgenome, blue) only, respectively. The x axis represents the percentage of genes annotated with the respective TO term
that were contained in the gene set in question. The size of the bubbles corresponds to the P (−log10) significance of expansion. (C) Genomic distribution of
gene families associated with adaptation to biotic (light and dark blue) or abiotic stress (light and dark pink), RNA metabolism in organelles and male fertility
(orange), or end-use quality (light, medium, and dark green). Known positions of agronomically important genes and loci are indicated by red arrows and arrowheads
to the left of the chromosome bars. Recombination rates are displayed as heatmaps in the chromosome bars [7.2 cM/Mb (light green) to 0 cM/Mb (black)].
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divergent expressionpatterns compared to syntenic
triads (21.2 versus 16.2%, c2 test P < 0.001) and
fewer such triads shared all homeologs in the same
module (48.7%) compared to syntenic triads (58.0%,
chi-square test P = 0.009). Similar patterns were
observed in the 1933 duplets that have a 1:1 re-
lationship between only two homeologs (table
S34). These results are consistent with syntenic
homeologs showing similar expression patterns,
whereas more dramatic changes in chromosome
context associate with divergent expression and
possible sub- or neofunctionalization. These trends
were also found across diverse tissue-specific
networks (23).
To explore the potential of the WGCNA net-

work for identifying previously uncharacterized
pathways in wheat, a search was undertaken for
modules containing known regulators of wheat
flowering time [e.g., PPD1 (36) and FT (37); Fig.
3F]. Genes belonging to this pathway were
grouped into specific modules. The upstream
genes (PHYB, PHYC, PPD1, ELF3, and VRN2)
were present mainly in modules 1 and 5 and
were most highly correlated with expression in
leaf and shoot tissues (0.68 and 0.67, respectively;
adjusted P < 1 × 10−108). By contrast, the inte-
grating gene FT and downstream genes VRN1,
FUL2, and FUL3 were found in modules 8 and
11, most highly correlated with expression in
spikes (0.69 and 0.65, respectively; adjusted P <
1 × 10−101; table S35). The MADS_II transcrip-
tion factor family that is generally associated
with the above pathways was examined more
closely, with a focus on the gene tree OG0000041,
which contains 54 of the 118 MADS_II genes in
wheat. Twenty-four MADS_II genes from mod-
ules 8 and 11 were identified within this gene
tree, clustering into two main clades along with
Arabidopsis and rice orthologs associated with
floral patterning (fig. S41 and database S5).
Within these clades, other MADS_II genes were
found that were not in modules 8 or 11 (Fig. 3G),
indicating a different pattern of coexpression.
None of the 24 MADS_II genes had a simple 1:1
ortholog in Arabidopsis, suggesting that some
wheat orthologs function in flowering (those
within modules 8 and 11), whereas others could
have developed different functions, despite being
phylogenetically closely related. Thus, these data
provide a framework to identify and prioritize
the most likely functional orthologs of known
model system genes within polyploid wheat, to
characterize them functionally (38), and to dis-
sect genetic factors controlling important agro-
nomic traits (39, 40). A more detailed analysis
of tissue-specific and stress-related networks (23)
provides a framework for defining quantitative
variation and interactions between homeologs
for many agronomic traits (41).

Gene-family expansion and contraction
with relevance to wheat traits

Gene duplication and gene-family expansion are
important mechanisms of evolution and environ-
mental adaptation, as well as major contributors
to phenotypic diversity (42, 43). In a phyloge-
nomic comparative analysis, wheat gene-family

size and wheat-specific gene-family expansion
and contraction were benchmarked against nine
other grass genomes, including five closely related
diploid Triticeae species (table S23 and figs. S13

to S15 and S42). A total of 30,597 gene families
(groups of orthologous genes traced to a last
common ancestor in the evolutionary hierarchy
of the compared taxa) were defined, with 26,080
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Fig. 5. IWGSC RefSeq v1.0–guided dissection of SSt1 and TaAGL33. (A) The Lillian-Vesper
population geneticmapwas anchored to IWGSCRefSeq v1.0 (left), and differentially expressed geneswere
identified between solid- and hollow-stemmed lines of hexaploid (bread) and tetraploid (durum) wheat
(right). (B) Cross-sectioned stems of Lillian (solid) and Vesper (hollow) are shown as a phenotypic
reference (top). Increased copy number of TraesCS3B01G608800 [annotated as a DOF (DNA-binding
one-zinc finger) transcription factor] is associated with stem phenotypic variation (bottom). (C) A high-
throughput SNPmarker tightly linked to TraesCS3B01G608800 reliably discriminates solid- from hollow-
stemmed wheat lines. Relative intensity of the fluorophores (FAM and HEX) used in KASPar analysis are
shown.Vertical axis shows FAM signal; horizontal axis shows HEX signal. (D) Schematic of the three
TaAGL33 proteins, showing the typical MADS, I, K, andC domains.Triangles indicate the position of the five
introns that occur in all three homeologs. Bars indicate the position of single-guide RNAs designed for
exons 2 and 3.Three T-DNA vectors—each containing the bar selectable marker gene, CRISPR nuclease,
and one of three single-guide RNA sequences—were used for Agrobacterium-mediated wheat
transformation, essentially as described earlier (55).Transgenic plants were obtained with edits at the
targeted positions in all TaAGL33 homeologs.The putatively resulting protein sequence is displayed
starting close to the edits,with wild-type amino acids (aa) in black font and amino acids resulting from the
induced frame shifts in red font. * indicates premature termination codons. (E) Mean days to flowering
(after 8 weeks of vernalization) for progeny of four homozygous edited plants (light gray bars) and the
respective homozygous wild-type segregants (dark gray bars). Numbers in parentheses refer to the
number of edited and wild-type plants examined, respectively. Error bars display SEM. Growth conditions
were as described in (50).
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families containing gene members from at least
one of the three wheat subgenomes (tables S36
to S39). Among the 8592 expanded wheat gene
families (33% of all families), 6216 were expanded
in all three A, B, and D subgenomes (24%; either
shared with the wild ancestor or specific to bread
wheat, Fig. 4A). Another 1109 were expanded
in only one of the wheat subgenomes, and 2102
gene families were expanded in either the A or
the D genome lineages (Fig. 4A, fig. S43, and
table S36). Overall, only 78 gene families were
contracted in wheat. The number of gene fam-
ilies that are only expanded in wheat may be
overestimated owing to limited completeness
of the draft progenitor wheat genome assem-
blies used in this study (14) (table S39). Gene
Ontology (GO; ontology of biomedical terms
for the areas “cellular component,” “biological
process,” and “molecular function”), Plant Ontol-
ogy (PO; ontology terms describing anatomical
structures and growth and developmental stages
across Viridiplantae), and Plant Trait Ontology
[TO; ontology of controlled vocabulary to de-
scribe phenotypic traits and quantitative trait
loci (QTLs) that were physically mapped to a
gene in flowering plant species] analyses iden-
tified 1169 distinct GO, PO, and TO terms (15%
of all assigned terms) enriched in genes belonging
to expanded wheat gene families (Fig. 4B and
figs. S44 and S45). “A-subgenome” or “A-lineage”
expanded gene families showed a bias for terms
associated with seed formation [overrepresentation
of the TO term “plant embryo morphology”
(TO:0000064) and several seed, endosperm, and

embryo-developmental GO terms] (fig. S46). Sim-
ilarly, “B-subgenome” expanded gene families
were enriched for TO terms related to plant
vegetative growth and development (database
S6 and fig. S47). Gene families that were ex-
panded in all wheat subgenomes were enriched
for 14 TO terms associated with yield-affecting
morphological traits and five terms associated
with fertility and abiotic-stress tolerance (Fig. 4B),
which was also mirrored by enrichment for GO
and PO terms associated with adaptation to
abiotic stress (“salt stress” and “cold stress”) and
grain yield and quality (“seed maturation,” “dor-
mancy,” and “germination”). The relationship
between the patterns of enriched TO, PO, and
GO terms for expanded wheat gene families and
key characteristics of wheat performance (figs.
S45 to S51) provides a resource (database S6)
to explore future QTL mapping and candidate
gene identification for breeding.
Many gene families with high relevance to

wheat breeding and improvement were among
the expanded group, and their genomic distri-
bution was analyzed in greater detail (Fig. 4C
and figs. S52 to S54). Disease resistance–related
NLR (nucleotide-binding site leucine-rich repeat)–
like loci and WAK (wall-associated receptor)–like
genes were clustered in high numbers at the
distal (R1 and R3) regions of all chromosome
arms, with NLRs often co-localizing with known
disease resistance loci (Fig. 4C). The restorer-of-
fertility–like (RFL) subclade of P class penta-
tricopeptide repeat (PPR) proteins, potentially
of interest for hybrid wheat production, com-

prised 207 genes, nearly threefold more per
haploid subgenome than have been identified
in any other plant genome analyzed to date
(44, 45). They localized mainly as clusters of
genes in regions on the group 1, 2, and 6 chro-
mosomes, which carry fertility-restoration QTLs
in wheat (Fig. 4C and fig. S54). Within the de-
hydrin gene family, implicated with drought
tolerance in plants, 25 genes that formed well-
defined clusters on chromosomes 6A, 6B, and
6D (figs. S53 and S55) showed early increased
expression under severe drought stress. As the
structural variation in the CBF genes of wheat
is known to be associated with winter survival
(46), the array of CBF paralogs at the Fr-2 locus
(fig. S56) revealed by IWGSC RefSeq v1.0 pro-
vides a basis for targeted allele mining for pre-
viously uncharacterized CBF haplotypes from
highly frost-tolerant wheat genetic resources.
Lastly, high levels of expansion and variation
in members of grain prolamin gene families
[fig. S52 and (47)] either related to the response
to heat stress or whose protein epitopes are
associated with levels of celiac disease and food
allergies (47) provide candidates for future selec-
tion in breeding programs. From these few ex-
amples, it is evident that flexibility in gene copy
numbers within the wheat genome has contri-
buted to the adaptability of wheat to produce
high-quality grain in diverse climates and envi-
ronments (48). Knowledge of the complex picture
of the genome-wide distribution of gene fami-
lies (Fig. 4C), which needs to be considered for
selection in breeding programs in the context of
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Table 3. Groups of homeologous genes in wheat. Homeologous genes are

“subgenome orthologs” and were inferred by species tree reconciliation in the

respective gene family. Numbers include both HC and LC genes filtered for TEs
(filtered gene set). Conserved subgenome-specific (orphan) genes are found

only in one subgenome but have homologs in other plant genomes used in this

study. This includes orphan outparalogs resulting from ancestral duplication
events and conserved only in one of the subgenomes. Nonconserved orphans

are either singletons or duplicated in the respective subgenome, but neither

have obvious homologs in the other subgenomes or the other plant genomes

studied. Microsynteny is defined as the conservation and collinearity of local
gene ordering between orthologous chromosomal regions. Macrosynteny is

defined as the conservation of chromosomal location and identity of genetic

markers like homeologs but may include the occurrence of local inversions,
insertions, or deletions. Additional data are presented in table S24.

Homeologous group (A:B:D)
Number in wheat

genome

Composition of

groups (%)

Number of

genes in A

Number of

genes in B

Number of

genes in D

Total number of

genes

1:1:1 21,603 55.1 21,603 21,603 21,603 64,809
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:1:N 644 1.6 644 644 1,482 2,770
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:N:1 998 2.5 998 2,396 998 4,392
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

N:1:1 761 1.9 1,752 761 761 3,274
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:1:0 3,708 9.5 3,708 3,708 0 7,416
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:0:1 4,057 10.3 4,057 0 4,057 8,114
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

0:1:1 4,197 10.7 0 4,197 4,197 8,394
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Other ratios 3,270 8.3 4,999 5,371 4,114 14,484
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:1:1 in microsynteny 18,595 47.4 18,595 18,595 18,595 55,785
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total in microsynteny 30,339 77.3 27,240 27,063 28,005 82,308
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

1:1:1 in macrosynteny 19,701 50.2 19,701 19,701 19,701 59,103
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total in macrosynteny 32,591 83.1 29,064 30,615 30,553 90,232
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total in homeologous groups 39,238 100.0 37,761 38,680 37,212 113,653
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Conserved subgenome orphans 12,412 12,987 10,844 36,243
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Nonconserved subgenome singletons 10,084 12,185 8,679 30,948
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Nonconserved subgenome

duplicated orphans
71 83 38 192

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total (filtered) 60,328 63,935 56,773 181,036
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

RESEARCH | RESEARCH ARTICLE
on A

ugust 16, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


distribution of recombination and allelic diver-
sity, can now be applied to wheat improvement
strategies. This is especially true if “must-have
traits” that are allocated in chromosomal com-
partments with highly contrasting character-
istics are fixed in repulsion or are found only in
incompatible gene pools of the respective breed-
ing germplasm.

Rapid trait improvement using
physically resolved markers
and genome editing

The selection and modification of genetic var-
iation underlying agronomic traits in breeding
programs is often complicated if phenotypic
selection depends on the expression of multiple
loci with quantitative effects that can be strongly
influenced by the environment. This dilemma
can be overcome if DNA markers in strong link-
age disequilibrium with the phenotype are iden-
tified through forward genetic approaches or if
the underlying genes can be targeted through
genome editing. The potential for IWGSC RefSeq
v1.0, together with the detailed genome annota-
tion, to accelerate the identification of potential
candidate genes underlying important agronomic
traits was exemplified for two targets. A forward
genetics approach was used to fully resolve a
QTL for stem solidness (SSt1) conferring resist-
ance to drought stress and insect damage (49)
that was disrupted in previous wheat assem-
blies by a lack of scaffold ordering and anno-
tation, partial assembly, and/or incomplete gene
models (fig. S57 and tables S40 and S41). In
IWGSC RefSeq v1.0, SSt1 contains 160 HC genes
(table S42), of which 26 were differentially ex-
pressed (DESeq2, Benjamini-Hochberg adjusted
P < 0.01) between wheat lines with contrasting
phenotypes. One of the differentially expressed
genes, TraesCS3B01G608800, was present as a
single copy in IWGSC RefSeq v1.0 but showed
copy number variation associated with stem
solidness in a diverse panel of hexaploid cul-
tivars (Fig. 5A, fig. S58, and table S43). Using
IWGSC RefSeq v1.0, we developed a diagnostic
SNP marker physically linked to the copy num-
ber variation that has been deployed to select
for stem solidness in wheat breeding programs
(Fig. 5B).
Knowledge from model species can also be

used to annotate genes and provide a route to
trait enhancement through reverse genetics. The
approach here targeted flowering time, which is
important for crop adaptation to diverse envi-
ronments and is well studied in model plants. Six
wheat homologs of the FLOWERING LOCUS C
(FLC) gene have been identified as having a
role in the vernalization response, a critical pro-
cess regulating flowering time (50). IWGSC RefSeq
v1.0 was used to refine the annotation of these
six sequences to identify four HC genes and
then to design guide RNAs to specifically tar-
get, with CRISPR-Cas9–based gene editing, one
of these genes, TaAGL33, on all subgenomes
[TraesCS3A01G435000 (A), TraesCS3B01G470000
(B), and TraesCS3D01G428000 (D)] [Fig. 5C and
(14)]. Editing was obtained at the targeted gene

and led to truncated proteins after the MADS
box through small deletions and insertions (Fig.
5D). Expression of all homeologs was high before
vernalization, dropped during vernalization, and
remained low post-vernalization, implying a role
for this gene in flowering control. This expres-
sion pattern was not strongly affected by the
genome edits (fig. S59). Plants with the editing
events in the D subgenome flowered 2 to 3 days
earlier than controls (Fig. 5E). Further refine-
ment should help to fully elucidate the impor-
tance of the TaAGL33 gene for vernalization in
monocots. These results exemplify how the
IWGSC RefSeq v1.0 could accelerate the devel-
opment of diagnostic markers and the design
of targets for genome editing for traits relevant
to breeding.

Conclusions

IWGSC RefSeq v1.0 is a resource that has the
potential for disruptive innovation in wheat im-
provement. By necessity, breeders work with
the genome at the whole-chromosome level, as
each new cross involves the modification of
genome-wide gene networks that control the
expression of complex traits such as yield. With
the annotated and ordered reference genome
sequence in place, researchers and breeders can
now easily access sequence-level information to
define changes in the genomes of lines in their
programs. Although several hundred wheat QTLs
have been published, only a small number of
genes have been cloned and functionally char-
acterized. IWGSC RefSeq v1.0 underpins imme-
diate application by providing access to regulatory
regions, and it will serve as the backbone to
anchor all known QTLs to one common anno-
tated reference. Combining this knowledge with
the distribution of meiotic recombination fre-
quency and genomic diversity will enable breeders
to more efficiently tackle the challenges imposed
by the need to balance the parallel selection
processes for adaptation to biotic and abiotic
stress, end-use quality, and yield improvement.
Strategies can now be defined more precisely
to bring desirable alleles into coupling phase,
especially in less-recombinant regions of the
wheat genome. Here the full potential of the
newly available genome information may be
realized through the implementation of DNA-
marker platforms and targeted breeding tech-
nologies, including genome editing (51).

Methods summary

Whole-genome sequencing of cultivar Chinese
Spring by short-read sequencing-by-synthesis
provided the data for de novo genome assembly
and scaffolding with the software package
DenovoMAGIC2. The assembly was superscaf-
folded and anchored into 21 pseudomolecules
with high-density genetic (POPSEQ) and physical
(Hi-C and 21 chromosome-specific physical maps)
mapping information and by integrating addition-
al genomic resources. Validation of the assembly
used independent genetic (de novo genotyping-
by-sequencing maps) and physical mapping evi-
dence (radiation hybrid maps, BioNano “optical

maps” for group 7 homeologous chromosomes).
The genome assembly was annotated for genes,
repetitive DNA, and other genomic features, and
in-depth comparative analyses were carried out
to analyze the distribution of genes, recombi-
nation, position, and size of centromeres and
the expansion and contraction of wheat gene
families. An atlas of wheat gene transcription
was built from an extensive panel of 850 inde-
pendent transcriptome datasets and was then
used to study gene coexpression networks. Fur-
thermore, the assembly was used for the dis-
section of an important stem-solidness QTL and
to design targets for genome editing of genes
implicated in flowering-time control in wheat. De-
tailed methodological procedures are described
in the supplementary materials.
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1. Introduction 
 

Bread wheat (Triticum aestivum L.) was one of the first domesticated plants. It is 

currently grown on the largest agricultural area and is a staple food for 40 % of the world's 

population. Bread wheat is a monocotyledonous species belonging to the family Poaceae, 

subfamily Pooideae and the tribe Triticeae. It is an allohexaploid species (2n = 6x = 42), 

whose genome arose through spontaneous hybridization of three progenitors resulting into 

a highly complex genome of ~16 Gb (Doležel et al., 2018) consisting of three homoeologous 

sub-genomes A, B and D and comprising over 85 % repetitive DNA (IWGSC, 2018). One 

of the major obstacles of studying the wheat genome was the high similarity of all three sub-

genomes. However, it has been overcome by the use of flow cytometry, with which it is 

possible to sort not only individual chromosomes but also their arms (Doležel et al., 2007). 

This can significantly reduce the complexity of the genome and simplify its analysis and 

assembling of a reference sequence, the knowledge of which can dramatically speed up 

breeding of new wheat varieties with improved agronomical traits.  

A physical contig map consists of overlapping clones from long-insert DNA libraries, 

usually cloned in the bacterial artificial chromosome (BAC) vector. The overlaps are 

determined based on the similarity of restriction spectra generated for each clone. Using such 

a map, it is possible to select clones of minimal tilling path (MTP), consisting of BAC clones 

that continuously cover the entire chromosome(s). Positions of the physical map segments 

(contigs) on the chromosomes are determined by their anchoring, most often with the help 

of genetic markers. This allows subsequent arrangement of the whole genome sequence. 

In 2005, the International Wheat Genome Sequencing Consortium (IWGSC) adopted 

a strategy for generating a wheat genome reference sequence based on sorted chromosomes or 

their arms. Chromosome-specific BAC libraries served as the genomic resource 

for the construction of physical maps, starting with that of the largest wheat chromosome 3B 

(Paux et al., 2008). Within the framework of the IWGSC project, physical maps for all wheat 

chromosomes (IWGSC, 2018) were gradually constructed and many of them have been 

sequenced. Chromosomal physical maps and BAC clone sequences have become important 

components in assembling the reference wheat genome sequence (IWGSC, 2018). Although 

nowadays, the sequencing approach based on BAC libraries and physical maps is overcome, 

physical maps and BAC clones associated with them remain a favourable genomic resource 

for targeted analyses of narrowly delimited regions of the genome, particularly in gene 

cloning projects. 

The knowledge of the wheat reference sequence has given an access to more than 

a hundred thousand genes, including description of their genomic context and identification 

of regulatory regions (IWGSC, 2018). This opened the door to a more efficient identification 

of genes for important agronomic traits and for faster breeding of new varieties. The benefit 

of the reference sequence can be demonstrated on the example of the short arm of wheat 

chromosome 7D, which is the subject of the presented work. This arm carries a variety 

of genes or loci underlying agronomically important traits, such as yield components 
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or resistances to a wide range of fungal pathogens or insect pests, including Russian wheat 

aphid. 

Nowadays, the Russian wheat aphid (Diuraphis noxia, Kurdjumov) is spread all over 

the world and is one of the most important pests not only of wheat and barley, but also 

of other plants from 43 genera comprising up to 140 different cultivated and wild grass 

species (Yazdani et al., 2017). During its feeding, aphid is removing plant photoassimilates, 

which results in chlorosis, longitudinal streaking along the main leaf vein, head trapping, 

substantial reduction in biomass and, in severe cases, plant death (Burd and Burton, 1992).  

One of the typical symptoms of the aphid infestation is leaf rolling, which provides aphids 

an additional advantage, because it shelters their colonies against their natural predators as 

well as insecticide spraying, which reduces the effect of chemical pest treatment. Thus 

the most effective strategy to handle aphid attacks lies in using natural sources of aphid 

resistance to breeding of novel resistant cultivars. 

 Wheat chromosome arm 7DS carries several genes underlying resistance to Russian 

wheat aphid, namely Dn1, Dn2 (Du Toit, 1987), Dn5 (Du Toit et al., 1995), Dn6 (Nkongolo 

et al., 1991), Dn8 (Liu et al., 2001), Dnx (Harvey and Martin, 1990), Dn626580 (Valdez et 

al., 2012) and Dn2401 (Voothuluru et al., 2006). The current work focused on the latter one, 

which has been identified in wheat line CI2401 and localized on the 7DS arm in a proximity 

of marker gwm111 (Fazel-Najafabadi et al., 2015). In a previous study by Staňková et al. 

(2015), a high-density genetic map was constructed to facilitate positional cloning 

of the Dn2401 gene. Newly derived markers delimited a gene interval that has been spanned 

by five BAC clones, which became the starting point for the study presented in this 

dissertation. 
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2. Aims of the thesis 

2.1  Anchoring and validation of the physical map of the short arm of wheat 

chromosome 7D 

The first aim of the thesis is to anchor a 7DS physical contig map to the chromosome 

through integration with several types of genetic and physical genomic resources, including 

a physical map of the D genome progenitor, Aegilops tauschii. This integration will be used to 

compare structure of the 7DS between bread wheat and its ancestor. 

 

2.2  Sequencing of the chromosome arm 7DS and assembling of the reference 

sequence  

The second aim of the work will be sequencing of a minimal set of BAC clones 

continuously covering the entire 7DS arm, assembling and annotating of the obtained 

sequence. The generated data and other genomic resources will be used to assemble 

and validate the reference sequence of the 7DS arm. 

 

2.3  Positional cloning of a Russian wheat aphid resistance gene  

The third aim of the thesis will be application of the BAC clone assembly in positional 

cloning of a Russian wheat aphid resistance gene and in analyses of other regions of interest. 
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3. Material and Methods 

 The presented work is focused on the short arm of the wheat chromosome 7D. One 

of the aims of the work was to obtain a quality reference sequence. For this purpose, a long-

insert library cloned in the BAC vector was generated from sorted chromosome arms 7DS 

from wheat cultivar Chinese Spring (Šimková et al., 2011) and used to construct a physical 

contig map. Map contigs have been anchored using genetically mapped markers, either by 

manual PCR screening of the library on three-dimensional pooled samples, or by in silico 

anchoring using available BAC clone sequences or an optical map. Besides, 

an unconventional approach was applied, employing integration of physical maps of two 

related species.  

 Manual screening of libraries with mapped genetic markers was performed using PCR 

on 768 three-dimensional pooled samples prepared from 49,152 BAC clones of the 7DS arm-

specific library. The use of pooled samples significantly improved library screening. Positive 

clones identified after deconvolution of pooled data were assigned to individual contigs, 

allowing their positioning on the genetic map. In silico anchoring was based on the search 

for homology between marker sequences and available BAC clone sequences from the 7DS 

MTP. SNPs and DArT markers with known positions in genetic maps of wheat (Rimbert et 

al., 2017; Tulpová et al. 2019a) or Ae. tauschii (Luo et al., 2013) as well as SNP markers 

from a wheat radiation hybrid map were used (Tiwari et al., 2016). Sequencing of BAC 

clones was performed by Illumina technology on the HiSeq platform, generating pair-end 

(PE) as well as mate-pair (MP) reads. Sequencing was performed with pooled samples (four 

clones for PE and 384 clones for MP reads) and data from Sanger sequencing of the paired 

ends of individual BAC clones was used to sequence deconvolution. 

 An important addition to the mentioned anchoring strategies was the use 

of the integration of two physical maps and the 7DS optical map. The 7DS integrated physical 

map was created by integrating the 7DS physical map of hexaploid wheat with the anchored 

physical map of Aegilops tauschii (Luo et al., 2013), the donor of the D sub-genome. 

The integration of the maps allowed positioning of 7DS physical map contigs on a genetic 

map used for anchoring of the Ae. tauschii physical map and direct comparison of the 

structure of the arm 7DS in wheat and its progenitor. The optical map of the wheat 7DS 

(Staňková et al., 2016) was used to validate the physical map and anchoring of marker-free 

contigs. The possibility of direct comparison of the structure of 7DS in wheat and its 

progenitor also helped in a more detailed analysis of the (peri)centromeric region. In addition 

to centromere, another analysis employing available wheat reference sequence and published 

data from CENH3 ChIP-seq wheat analysis (Guo et al., 2016) was performed. This analysis 

resulted in an identification of the functional centromere of chromosome 7D.  

 The generated resources and data were further used in the work focused on positional 

cloning of the Dn2401 gene underlying resistance to Russian wheat aphid. Five BAC clones 

spanning the gene interval (Staňková et al., 2015) were individually sequenced by Illumina 

technology on the MiSeq platform, assembled, annotated using the TriAnnot pipeline and 

predicted gene models were manually edited. 
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 Comparison of marker distances in the genetic and physical maps of the studied region 

indicated that the susceptible cultivar Chinese Spring (CS), from which the sequenced BAC 

clones originated, could have a larger deletion in the Dn2401 gene region and consequently, 

its sequence would not provide complete information on the gene content of the analysed 

interval. To verify this hypothesis, an optical map of the 7DS arm derived from the line 

CI2401 carrying the resistance gene was created using the Bionano Genomics platform. 

Comparison of the 7DS optical maps from the susceptible and the resistant genotype allowed 

identifying structural variability in the vicinity of selected candidate genes. Comparison 

of the 7DS CS optical map with obtained BAC clone sequences also revealed a gap 

in the sequence of one of the BAC clones. Since this part was not properly assembled even 

in the available whole-genome wheat sequences (IWGSC, 2018; Zimin et al., 2017), we 

proceeded to sequencing the critical BAC clone with Oxford Nanopore Technologies. Some 

of the reads thus obtained spanned the entire length of the sequenced clone insert. These were 

combined with the Illumina reads and assembled using MaSuRCA software. The complete 

and accurate sequence of the region was used to develop new markers to further narrow down 

the interval and identify candidate genes for the Dn2401.  
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4. Summary of results 

4.1 Anchoring and validation of the physical map of the short arm of wheat chromosome 

7D 

To anchor the 7DS physical map, several approaches were applied, including manual 

anchoring by PCR on 3D BAC pools or in silico anchoring that utilized the generated BAC 

sequences. Final version of the 7DS physical map (Tulpová et al., 2019a) integrated markers 

from a radiation hybrid map and three genetic maps, including one from the D-genome 

ancestor, Ae. tauschii. Besides, our approach to physical-map assembly included integration 

of the 7DS physical map with a whole-genome map of Ae. tauschii (Luo et al., 2013). This 

together with involvement of a Bionano genome (BNG) map of the 7DS arm (Staňková et al., 

2016) facilitated ordering of physical-map contigs even in the non-recombining region 

of the genetic centromere. 

 

4.2 Sequencing of the chromosome arm 7DS and assembling of the reference sequence  

Within a joint effort coordinated by the IWGSC, 4,608 MTP BAC clones from a 7DS-

specific BAC library were sequenced in BAC pools of four non-overlapping clones using 

Illumina HiSeq platform. Resulting sequences were assembled into contigs with N50 

of 72 kb. Their scaffolding was done using mate-pair data obtained from MTP-plate pools 

(384 clones). The final 7DS BAC assembly, composed of   9,063 scaffolds with N50 

of 117 kb (Tulpová et al., 2019a), became a valuable data source contributing to the reference 

sequence of the 7DS chromosome arm and delimiting of its functional centromere (IWGSC, 

2018). 

 

4.3 Positional cloning of a Russian wheat aphid resistance gene  

The 7DS BAC assembly was also utilized in positional cloning project targeting 

Dn2401 gene underlying resistance to RWA, a serious pest of small grain cereals and many 

grass species. In the previous study of Staňková et al. (2015), ~300-kb interval containing 

the Dn2401 resistance gene was delimited and five BAC clones spanning this region were 

selected. Here we used a targeted strategy that combined traditional approaches towards gene 

cloning, comprising genetic mapping and Illumina sequencing of BAC clones, with novel 

technologies including optical mapping and long-read nanopore sequencing. Comparison 

of the obtained BAC hybrid assembly covering the gene region with corresponding parts in 

two wheat whole genome assemblies (IWGSC, 2018; Zimin et al, 2017b) revealed 

misassemblies in a close proximity of predicted candidate genes. The highly accurate BAC 

assembly facilitated precise annotation of the Dn2401 region, saturation of the interval with 

new markers and proposing and resequencing of candidate genes. Identification of Epoxide 

hydrolase 2 as the most likely Dn2401 candidate opened an avenue to its validation by 

functional genomics approaches (Tulpová et al., 2019b).  
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5. Summary 

The presented work was focused on the study of the short arm of the wheat 

chromosome 7D, especially on the generation and exploitation of its reference sequence. 

 In the first part of the thesis, the physical contig map of the 7DS arm was anchored by 

various strategies. Using 1713 markers with a known position on three genetic maps 

or a radiation hybrid map, we were able to anchor contigs of BAC clones covering 73 % 

of the total length of the arm. In addition, an integrated map, created by combining physical 

maps of the wheat arm 7DS and whole genome of Aegilops tauschii, was employed. 

The integrated map together with an optical map of the 7DS arm revealed genomic 

reconstruction in the (peri)centromeric region between wheat and its ancestor. In parallel, 

BAC clones representing the MTP of the 7DS arm were sequenced, and a sequence consisting 

of 9063 scaffolds with an N50 length of 117 kb was assembled. This sequence, together with 

the physical map and the 7DS optical map, contributed to the construction of the reference 

sequence of the 7DS arm under the auspices of the International Wheat Genome Sequencing 

Consortium. 

The second part of the work was focused on the project of positional cloning 

of the Dn2401 gene underlying resistance to Russian wheat aphid. The presented work 

follows a previous study that delimited an interval, in which the Dn2401 gene is located, and 

identified five BAC clones that span this interval. Within the framework of this thesis, 

the selected BAC clones were individually sequenced by Illumina technology and assembled. 

Since we were not able to obtain a complete sequence of the interval from the Illumina data, 

we approached to sequencing one of the clones by a long-read technology. The resulting 

complete and accurate sequence of the region enabled development of new markers that 

narrowed down the Dn2401 gene interval, which contributed to a reduction in the number 

of candidate genes. After comparing sequence and optical maps of a susceptible cultivar 

and a resistant line, a gene encoding epoxide hydrolase 2 was selected as the most likely 

candidate for Dn2401. 

The presented work provides valuable information for breeding of new wheat varieties with 

higher resistance to a pest or with other agronomically important traits. 
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8. Souhrn 

Název práce: Sekvence a funkční analýza krátkého ramene chromozómu 7D pšenice 

 

Předkládaná práce byla zaměřena na studium krátkého ramene chromozómu 7D 

pšenice, zejména pak na získání a využití jeho referenční sekvence. 

 V první části práce byla za použití různých strategií ukotvena fyzická kontigová mapa 

ramene 7DS. Pomocí 1713 markerů se známou pozicí na genetických mapách nebo na mapě 

radiačních hybridů se podařilo umístit na chromozóm kontigy BAC klonů pokrývající 73% 

celkové délky ramene. K ukotvování fyzické mapy byla rovněž využita integrovaná mapa, 

vytvořená kombinací fyzických map ramene 7DS z pšenice a genomu Ae. tauschii. Ta 

společně s optickou mapou odhalila genomové přestavby v oblasti (peri)centromery mezi 

pšenicí a jejím předchůdcem. Zároveň byly osekvenovány BAC klony představující MTP 

ramene 7DS a byla sestavena sekvence skládající se z 9063 scaffoldů s parametrem N50 o 

délce 117 kb. Tato sekvence společně s fyzickou mapou a optickou mapou ramene 7DS 

významně přispěly k sestavení referenční sekvence ramene 7DS pod záštitou Mezinárodního 

konsorcia pro sekvenování genomu pšenice. 

  Druhá část práce byla zaměřena na projekt pozičního klonování genu Dn2401, 

podmiňujícího rezistenci ke mšici zhoubné. Předkládaná práce tak navazuje na předchozí 

studii, v níž byl vymezen interval, ve kterém se gen Dn2401 nachází, a současně bylo 

identifikováno pět BAC klonů, jež tento interval překlenují. V rámci této práce pak byly BAC 

klony individuálně osekvenovány technologií Illumina. Pro dosažení kompletní a přesné 

sekvence intervalu bylo nutné osekvenování jednoho z klonů také technologií dlouhých čtení.  

S využitím získaných sekvencí se podařilo vyvinout nové markery, s jejichž pomocí byl 

interval genu Dn2401 zúžen, což přispělo i k redukci počtu kandidátních genů. Po jejich 

komparativní analýze na úrovni sekvencí a optických map pro citlivý kultivar a rezistentní 

linii byl jako nejpravděpodobnější kandidát pro Dn2401 vybrán gen kódující epoxid 

hydrolázu 2.  

 Ve svém souhrnu předkládaná práce představuje nový zdroj dat a informací, 

které mohou být využity pro šlechtění nových odrůd pšenice s vyšší odolností proti hmyzímu 

škůdci, ale i s dalšími agronomicky cennými vlastnostmi. 
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