
Palacký University Olomouc 

Faculty of Science 

Department of Botany 

 

and 

 

Centre of Region Haná for Biotechnological and Agricultural Research 

Institute of Experimental Botany 

Olomouc 

 

 

Physical map of the wheat chromosome 4AL 

and positional cloning of a gene for yield 

 

Ph.D. Thesis 

 

Mgr. Barbora Balcárková 

 

 

 

 

Olomouc 2017    Supervisor: Mgr. Miroslav Valárik, Ph.D. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgements: 

I would like to express great thanks to my supervisor, Mgr Miroslav Valárik, Ph.D., 

for a professional guidance, inspirational ideas, patience and help. Further, I would like to 

thank to the head of the laboratory, prof. Ing. Jaroslav Doležel, DrSc., for the opportunity to 

work in the Centre of the Plant Structural and Functional Genomics and also to all the mem-

bers of the team for a friendly and motivating atmosphere. My final thank goes to my family 

for their patience and support during the years of my studies. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Declaration: 

I hereby declare that I elaborated this Ph.D. thesis independently under the supervision 

of Mgr. Miroslav Valárik Ph.D., using only information sources listed in the References. 

...................................................... 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work was supported by the Ministry of Education, Youth and Sport of the Czech 

Republic and the European Regional Development Fund (Operational Programme Research 

and Development for Innovations No. ED0007/01/01, Ministry of Education, Youth 

and Sports of the Czech Republic grant award No. LG12021) and Internal Grant Agency 

of Palacký University (grant award No. IGA PrF-2014-001). Access to computing and storage 

facilities owned by parties and projects contributing to the National Grid Infrastructure Meta-

Centrum, provided under the program "Projects of Large Infrastructure for Research, Devel-

opment, and Innovations" (LM2010005), is greatly appreciated. 

  



 

 

Bibliographic identification 

Authors name:   Mgr. Barbora Balcárková (Klocová) 

Title:  Physical map of the wheat chromosome 4AL and posi-

tional cloning of a gene for yield 

Type of Thesis:   Ph.D. thesis 

Department:   Botany 

Supervisor:   Mgr. Miroslav Valárik Ph.D. 

The Year of Presentation:   2017 

Abstract:  

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

Wheat provides basic food for 35% of the world population and is grown in a wide range 

of environments, mainly in temperate zone. Its importance can be compared only with rice 

or maize. Fast growing human population dramatically increases importance on food produc-

tion including wheat production.  

Breeding of highly yielding wheat cultivars resistant to biotic and abiotic stresses 

is the main challenge for current breeding programs. Wheat genome is composed of three 

related diploid genomes (A, B and D) and contains more than 80 % of repetitive sequences. 

This great genome complexity makes breeding, molecular markers development, marker as-

sisted selection (MAS) and wheat genome sequencing very complicated.  

Reduction of the complexity by the flow sorting of chromosomes or chromosome arms 

greatly facilitates marker development and mapping. The sorting also provides sufficient 

quantity of high molecular weight DNA for survey sequencing and BAC library construction. 

Development of large numbers of chromosome specific markers allows construction of high 

density maps creating an ideal base for map based cloning of agronomically important genes.  

The aim of the present Ph.D. thesis was to construct a sequencing-ready 4A chromo-

some-specific physical map and high density radiation hybrid map to use them for map satu-

ration and cloning of the powdery mildew-resistance gene QPm-tut-4A, rust resistance gene 

(Yr51) and yield related gene Qyi-4A-bga. 

Keywords: wheat, Triticum aestivum, physical map, radiation hybrid 

map, BAC library, positional cloning 

Number of Pages/Appendix: 61/6 

Language: English 

  



 

 

Bibliografická identifikace 

Jméno:     Mgr. Barbora Balcárková (Klocová) 

Téma:  Fyzická mapa chromozomu 4AL pšenice a poziční klo-

nování genu ovlivňujícího výnos 

Typ práce:     Dizertační práce 

Obor:      Botanika 

Školitel:     Mgr. Miroslav Valárik Ph.D. 

Rok obhajoby:    2017 

Abstrakt: 

Pšenice setá (Triticum aestivum L.) je jednou z nejdůležitějších plodin světa. Poskytu-

je základní potravu pro 35 % obyvatel Země a je pěstována v širokém rozmezí prostředí, 

hlavně v oblastech mírného pásu. Její důležitost se může srovnávat pouze s rýží nebo kukuři-

cí. Rychle rostoucí lidská populace klade stále větší nároky na produkci potravin a tedy 

i na pšenici.  

Šlechtění výnosnějších a odolnějších odrůd pšenice je hlavní výzvou současných 

šlechtitelských programů. Genom pšenice se skládá ze tří homeologních subgenomů 

(A, B a D) a obsahuje více než 80 % repetitivních sekvencí. Velká komplexita genomu pšeni-

ce je hlavní překážkou šlechtění, efektivního vývoje molekulárních markerů, selekci za po-

moci markeru (MAS, Marker Assisted Selection) a sekvenaci pšeničného genomu. 

Jednou z možností, jak se vypořádat se složitostí pšeničného genomu, je použití jed-

notlivých chromozomů nebo jejich ramen tříděných průtokovou cytometrií, které jsou ideální 

základnou pro vývoj markerů a mapování s velkou hustotou. Třídění chromozomů anebo je-

jich ramen také poskytuje dostatečné množství vysokomolekulární DNA, která je využívána 

pro tzv. „survey“ sekvenování a konstrukci knihoven DNA dlouhých inzertů (tzv. BAC 

knihoven).  

Cílem dizertační práce byla konstrukce fyzické mapy dlouhého ramene chromozomu 

4A pšenice a vysoko-hustotní radiační hybridní mapy tohoto chromosomu a jejich využití 

pro zahuštění genetické mapy klonování genů QPm-tut-4A zodpovědného za resistenci k padlí 

travnímu, Yr51 odpovědného za rezistenci ke rzi a Qyi-4A-bga gene ovlivňujícího výnos. 

Klíčová slova: pšenice, Triticum aestivum, fyzická mapa, radiační hy-

bridní mapa, BAC knihovna, poziční klonování 

Počet stran/přílohy: 61/6 

Jazyk: Anglický  



 

 

Content 

1 Introduction ....................................................................................................................... 8 

2 Literature review ............................................................................................................. 10 

2.1 Wheat (in general – genus Triticum) ............................................................................. 10 

2.1.1 Systematic classification ................................................................................................ 10 

2.1.2 Evolution and domestication of wheat ........................................................................... 11 

2.1.3 Wheat genome ................................................................................................................ 14 

2.2 Construction of physical map ........................................................................................ 16 

2.2.1 Chromosome specific physical maps ............................................................................. 17 

2.2.2 Physical map assembly .................................................................................................. 19 

2.2.3 Anchoring of physical map to genetic map .................................................................... 27 

2.2.4 Anchoring of physical map to radiation hybrid map ...................................................... 29 

2.2.5 Role of physical map for positional cloning of important genes ................................... 31 

2.3  References ..................................................................................................................... 34 

3 Aims of the Thesis ........................................................................................................... 47 

4 Results .............................................................................................................................. 48 

4.1 Original Papers ............................................................................................................... 48 

4.1.1 A High Resolution Radiation Hybrid Map of Wheat Chromosome 4A ........................ 49 

4.1.2 The in silico identification and characterization of a bread wheat/Triricum militinae 

introgression line ............................................................................................................ 50 

4.1.3 The wheat Phs-A1 pre-harvest sprouting resistance locus delays dormancy loss during 

seed after-ripening and maps 0.3 cM distal to the PM19 genes in UK germplasm ....... 51 

4.1.4 Molecular mapping of stripe rust resistance gene Yr51 in chromosome 4AL of wheat 52 

4.2 Published abstracts ......................................................................................................... 53 

4.2.1 Sequence ready physical map of bread wheat chromosome 4A .................................... 54 

4.2.2 Construction and characterization of wheat 4A chromosome specific physical map as a 

base step for the chromosome sequencing ..................................................................... 56 

5 Conclusions ...................................................................................................................... 57 

5.1 Physical map construction and anchoring ...................................................................... 57 

5.2 Radiation hybrid map ..................................................................................................... 58 

5.3 Positional cloning ........................................................................................................... 58 

6 List of abbreviations........................................................................................................ 59 

7 List of appendices ............................................................................................................ 61 

 



8 
 

1 Introduction  

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

Wheat provides basic food for 35% of the population and is grown in a wide range of envi-

ronments, mainly in temperate zone. Its importance can be compared only with rice or maize. 

Fast growing human population dramatically increases importance of food production includ-

ing the production of wheat.  

Breeding of highly yielding wheat cultivars resistant to biotic and abiotic stresses 

is the main challenge for current breeding programs. Achieving goals to generate more yield-

ing cultivars is hampered by polyploid nature of wheat genome. The hexaploid genome 

of bread wheat (AABBDD) is result of two successive spontaneous hybridization events be-

tween three different diploid progenitors’ species (T. urartum, AA; the most likely 

one of Aegilops speltoides from the Sitopsis group BB; goat grass Ae. tauschii, DD) 

from Poaceae family. The hybridisation resulted in large 17 Gb allohexaploid genome (She-

wry, 2009; Matsuoka, 2011; Peng et al., 2011). All of the sub-genomes are closely related 

and similar to each other. Moreover, the majority of the genome (over 80 %) comprises re-

petitive elements (Moore 1995; Choulet et al., 2014a).  

One of the options, how to overcome the wheat genome complexity, is utilization 

of its wild diploid ancestors like T. urartum and T. monococcum related to wheat genome 

A or Aegilops tauschii related to wheat genome D. Using this approach, a one third complex-

ity reduction can be achieved. Another option represents usage of individual wheat 

flow sorted chromosomes or chromosome arms. This approach offers genome reduction 

up to fifty times. The flow sorting of chromosomes or chromosome arms provides sufficient 

quantity of high molecular weight DNA for survey sequencing and BAC library construction 

(Šafář et al., 2010). This approach also allowed distributing the workload for the wheat ge-

nome sequencing to different laboratories organized in the International Wheat Genome Se-

quencing Consortium (IWGSC, www.wheatgenome.org). In this approach, the chromosome 

specific physical maps and their Minimal Tilling Paths (MTPs) are crucial and serve as a basis 

for efficient gene mapping and cloning. 

Only, MTPs of oriented and anchored physical maps can provide full utilization 

of their potential (Meyers et al., 2004; Paux et al., 2008a; Ariyadasa et Stein, 2012). How-

ever, genome regions with limited recombination lack information about marker order 
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and their utilization in physical map anchoring is limited. Even the GenomeZipper (GZ) uses 

for prediction of gene order synteny with sequenced grass genomes of rice, sorghum 

and Brachypodium, as a back bone was used recombination map (Mayer et al., 2011). The GZ 

for all wheat chromosomes are currently available (IWGSC, 2014) but their use is limited 

because at least one third of the wheat genome, especially in centromere and peri-centromeric 

regions, is located in recombination poor regions. Recombination mapping in such regions 

does not offer sufficient resolution for marker ordering (Akhunov et al., 2003). Ideal solution 

of this limitation offers Radiation hybrid (RH) mapping which is based on radiation-induced 

deletions and markers ordering is independent from recombination (Michalak de Jimenez 

et al., 2013). RH mapping was originally used to map human genome (Goss et Harris, 1975) 

and adapted to wheat (Hossain et al., 2004). At present the RH mapping together with high-

throughput genotyping techniques (e.g. SNP chips, DArTs, POPSEQ, …) becomes a powerful 

tool for high-resolution mapping in wheat. RH maps were already used for anchoring 

of 3B and 6B physical maps (Paux et al., 2008b; Kobayashi et al., 2015). 

The physical maps even without sequencing can significantly facilitate positional clon-

ing of agronomically important genes because the final step in the cloning procedure is con-

struction of physical map of cloned gene locus (Keller et al., 2005). The contigs of physical 

maps can also facilitate identification of markers which are tightly flanking the cloned genes 

(Feuillet et al., 2003). Such markers could be directly used in breeding process for MAS 

of desirable genes in breeding materials and their progenies.  
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2 Literature review 

2.1 Wheat (in general – genus Triticum) 

Wheat (in general) is the third most important cereal worldwide after rice and maize. 

It is intensively grown on 17 % of the total crop area from 67°N in Scandinavia and Russia 

to 45°S in Argentina, including tropics and sub-tropics, thanks to its enormous genetic diver-

sity. Over 25 000 different cultivars and varieties of wheat are known which allows wheat 

to be grown over all climates (Shewry, 2009; Peng et al., 2011).  

In these days, 95 % of the world production is represented mostly by hexaploid bread 

wheat. Remaining 5 % of production is generated by tetraploid wheat, which is used for pasta 

production. Small amount of other varieties of wheat (spelta and einkorn) is grown in certain 

regions of Spain, Turkey, Balkans and India. This production is mainly used for cattle feeding 

(Shewry, 2009).  

Wheat popularity and large expansion is caused by one very important characteristic. 

The wheat flour can be simply transformed into wide range of foods like various kinds 

of bread, cakes, pasta, noodles, and biscuits etc. This wheat property stems from storage pro-

teins known as gluten proteins (Gustafson et al., 2009; Shewry, 2009). 

 

2.1.1 Systematic classification  

Cultivated wheat and its wild relatives belong to the genus Triticum L., a member 

of the tribe Triticeae, which contains 300 species including genus Hordeum (barley), Aegilops 

(goat grass) and Secale (rye). Genus Triticum is divided in five sections based on polyploidy 

level, genome compositions, comparative genetic and mapping (Table 1). The section Com-

positum contains wheat species that were made by man. The remaining four sections vary 

in ploidy level and genome content (Goncharov, 2011; Matsuoka, 2011).  

Interestingly, T. urartu exists only as a wild form, while T. aestivum and T. zhukovkyi 

are known exclusively as cultivated species. On the other hand, T. monococcum, T. turgidum 

and T. timopheevii are known in both forms, wild as well as cultivated. All wheat accessions 

originate in Fertile Crescent (Matsuoka, 2011).  
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Table 1: Triticum classification  

Individual sub-genomes of wheat are differentiated according their origin. Genome A
b 
comes from T. boeticum; 

genome A
u
 originates from T. urartum; genome B from wild goat grass related to section Sitopsis; genome D 

A. tauschii; genome G from wild goat grass related to section Sitopsis (according Goncharov, 2011) 

  Section 

Group of 

specie Species 2n Genomes 

1. Monococcon 

Dum. 

Hulled 

T. urartu Thum. ex Gandil 14 A
u
A

u
 

  diploid  T. boeticum Boiss. 14 A
b
A

b
 

  

 

 T. monococcum L. 14 A
b
A

b
 

    Naked  T. sinskajae A. Filat. Et Kurk. 14 A
b
A

b
 

2. Dicoccoides 

Flaksb. 

Hulled T. dicoccoides (Körn. Ex Aschers. Et Graebn.) 

Schweinf. 28 A
u
A

u
BB 

  tetraploid  T. dicoccum (Schrank) Schuebl. 28 A
u
A

u
BB 

  

 

Naked  T. turgidum L. 28 A
u
A

u
BB 

  

 

 T. durum Desf. 28 A
u
A

u
BB 

      T. polonicum L. 28 A
u
A

u
BB 

3. Triticum Hulled T. spelta L. 42 A
u
A

u
BBDD 

  hexaploid Naked  T. compactum Host 42 A
u
A

u
BBDD 

      T. aestivum L. 42 A
u
A

u
BBDD 

4. Timopheevii 

A.Filat et Dorof. 

Hulled 

T. araraticum Jakubz. 28 A
u
A

u
GG 

  

 

 T. timopheevii (Zhuk.) Zhuk. 28 A
u
A

u
GG 

      T. zhukovskyi Menabde et Erizjan 42 A
b
A

b
A

u
A

u
GG 

5. Compositum 

N.P.Gontsch. 

Hulled 

T. soveticum Zhebrak 56 A
u
A

u
A

u
A

u
BBGG 

  manmade  T. borisii Zhebrak 70 A
u
A

u
A

u
A

u
BBDDGG 

    Naked  T. flaksbergeri Navr. 56 A
u
A

u
A

u
A

u
BBGG 

 

2.1.2 Evolution and domestication of wheat 

The evolution of bread wheat started 300 000 – 500 000 years ago when wild diploid 

wheat T. urartu (genome A
u
A

u
, 2n = 2x = 14) hybridized with the B-genome ancestor 

that was closely related to section Sitopsis and the goat grass Aegilops speltoides Tausch. (ge-

nome SS, 2n = 2x = 14; Haider, 2013). This hybridization event gave rise to wild emmer 

wheat (T. dicoccoides, genome A
u
A

u
BB, 2n = 4x = 28). About 10 000 years ago hunters 

and gatherers in Fertile Crescent started with cultivation of wild emmer wheat (Figure 1). 

This was a big event of Neolithic revolution, when hunters and gatherers changed eating hab-

its and transformed to settled agriculture. 
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Figure 1: The origin of wheat  

The solid line ovals represent the putative geographic regions of origin. Dots represent possible distribution 

of wild emmer and Ae. tauschii, whereas yellow area indicate distribution of wild T. boeoticum. Red arrows 

suggest spreading of cultivated emmer wheat. Numbers indicate archaeological sites of domestication (according 

to Dubcovsky et Dvorak, 2007). 

The first cultivation of wheat occurred in south-eastern part of Turkey. The earliest 

cultivated forms of diploid wild einkorn and tetraploid emmer wheat were selected by farmers 

from wild populations. This was the first non-scientific breeding. Farmers selected wheat 

with greater yield. Already cultivated emmer wheat has spread to place of Aegilops tauschii 

(genome DD, 2n = 2x = 14) origin in Near East (Figure 1). In about 9 000 years ago the sec-

ond hybridization occurred between cultivated emmer wheat and wild goat grass Ae. tauschaii 

and early spelt (T. spelta, hexaploid genome A
u
A

u
BBDD, 2n = 6x = 42) appeared. Most 

likely, this hybridization occurred independently and more than once in different places 

(Shewry, 2009; Matsuoka, 2011; Peng et al., 2011). About 8 500 years ago, natural mutation 

changed the ears of both, emmer and spelt to a more easily threshed type that later evolved 

into the free-threshing ears of durum wheat (T. durum) and bread wheat (T. aestivum; Fig-

ure 2; Peng et al., 2011). However, Dvořak et al. (2006) suggest that T. spelta is not the an-

cestor form of the free-threshing common wheat.  
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Figure 2: Scheme of bread wheat evolution (adapted from Shewry, 2009) 

With the ongoing transformation of wild wheat to cultivated form, wheat lost several 

undesirable characteristics like brittle rachis which led to easy shattering of spikes at maturity 

and tightly hulled grains which hampered trashing. Unconsciously, farmers harvested only 

wheat which had non-shattering spikes. Farmers also preferred easily threshed grains (Fig-

ure 3). All these aspects caused that wild wheat (wild emmer and spelt) converted into culti-

vated wheat and since then it is no more able to survive in nature without help of man (She-

wry, 2009; Matsuoka, 2011).  
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Figure 3: Wheat spikes  

Wheat spikes showing (A) brittle rachis, (B to D) non-brittle rachis, (A and B) hulled grain, and (C and D) naked 

grain. (A) Wild emmer wheat (T. dicoccoides), (B) domesticated emmer (T. dicoccum), (C) durum (T. durum), 

and (D) common wheat (T. aestivum). White scale bars represent 1 cm. Letters at the lower right corner indicate 

the genome formula of each type of wheat. Gene symbols: Br brittle rachis, Tg tenacious glumes, and Q square 

head (reproduced from Dubcovsky et Dvorak 2007) 

 

2.1.3 Wheat genome  

Bread wheat, as most of plants (70% of plant species; reviewed in Wendel, 2000) 

is a polyploid species. Its allopolyploid genome (as mentioned above) originated from hy-

bridization followed by polyploidization (Feldman et Levy, 2009). Polyploidy means, 

that two or more genomes are present in one nucleus. Based on the origin of each sub-

genome, a distinction between autopolyploidy and allopolyploidy can be made. Wheat is allo-

polyploid species and its individual sub-genomes have arisen from different, but very closely 

related genomes (Feldman et Levy, 2009; Bento et al., 2011).  

Bread wheat genome contains 42 chromosomes (2n = 6x = 42), seven pairs of chro-

mosomes from each of the individual sub-genomes. Therefore, wheat genome is very com-

plex and large (1C ~ 17 Gb; Bennett et Smith, 1976). Compared to rice, the wheat genome 

is about 40 times larger and has very high repetitive sequences content (˃ 80 %, Smith 
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et Flavell, 1975). The wheat genome is organized into two main parts with different evolu-

tionary dynamics (Choulet et al., 2014a).  

 The first part is relatively small conserved corresponding mostly to gene space which 

is subject to a preservative selection pressure.  

 The second part is much larger and more variable comprising repetitive and transpos-

able elements (TE) with more dynamic evolution.  

 

The gene space 

The first molecular studies of wheat genome were carried out with the help of EST 

(expressed sequence tag) and mRNA (messenger RNA) sequences which were hybridized 

on a series of aneuploid lines (Qi et al., 2004). Based on this study it was hypothesized 

that genes are located in a so called “gene-rich” regions. These “gene-rich” regions were 

found in recombination hot-spots in distal parts of the wheat chromosomes. It was also ob-

served that gene density is increasing towards to the chromosome ends (Sandhu et Gill, 2002; 

Qi et al., 2004). Almost 30 % of the wheat genome represents these “gene-rich” regions. 

The rest of the genome, considered as “gene-poor” would be composed mostly of repetitive 

sequences, TEs and a few isolated genes.  

Over the past decade, large increase in the availability of BAC libraries and physical 

maps for individual wheat chromosomes (or chromosome arms) allowed sequencing of a sub-

stantial portion of the wheat BAC clones and BAC contigs. Based on the partial sequence 

of chromosome 3B (Choulet et al., 2010) and Ae. tauschii genome (Massa et al., 2011) se-

quence, it was assumed that genes are present along the whole chromosome and are clustered 

mainly into numerous small islands of 3-4 genes. These islands are detached by large blocks 

of TEs that are less than 1 Mb long (Choulet et al., 2014a). 

Nowadays, analysis of Chromosome Survey Sequences (CSSs) of individual chromo-

some arms allows a new and complex perspective on wheat genome and genes content. CSSs 

were obtained by flow-cytometric purification of individual chromosome arms 

and by the sequencing with Illumina with coverage 30 x to 241 x (IWGSC, 2014). CSSs en-

able to compare sub-genomes of bread wheat to each other and also to related species 

that were already sequenced, such as T. urartu (Ling et al., 2013), T. monococcum (IWGSC, 

2014), Ae. tauschii (Jia et al., 2013), T. turgidum and Ae. Speltoides (IWGSC, 2014). 

It was estimated that the wheat genome contains 106 000 functional protein-coding genes. 
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This supports gene number estimates ranging between 32 000 and 38 000 for each diploid 

subgenome (IWGSC, 2014). 

 

The transposable elements (TE) space 

Wheat genome is composed of more than 83 % of repeated sequences. This was ob-

served using reassociation kinetics of single-stranded DNA fragments (Flavell et al., 1977). 

Choulet et al. (2010) sequenced several BACs and BAC contigs and confirmed 

that the TE fraction represents more than 80 % of the wheat genome. Major part of TE frac-

tion is represented by class I LTR retrotransposons. Approximately 50 % are representing 

by less than 10 families (Fatima, Jorge, Angela, Laura, Sabrina, WIS, Wilma and Nusif) 

and different families are found in centromeric and telomeric regions (Choulet et al., 2010).  

Analysis of CSSs showed that 76,6 % of assembled sequences contained repeats. 

Moreover, analysis of the distribution of transposons across the three subgenomes revealed 

that class I retrotransposons were more abundant in the A genome chromosomes relative 

to B or D, whereas the opposite was true for the class II DNA transposons (IWGSC, 2014). 

The TE content was also confirmed by analysis and annotation of chromosome 3B se-

quence. Choulet et al. (2014b) found 53 288 complete and 181 058 truncated copies 

of TEs representing 85 % of the 3B pseudomolecule.  

 

2.2  Construction of physical map 

Construction of a whole-genome physical map has been an essential component 

of numerous genome sequencing projects initiated since the beginning of The Human Ge-

nome Project (Collins et Galas, 1993). A physical map is an ordered set of DNA fragments, 

among which the distances are expressed in physical distance units (base pairs). A physical 

map usually comprises a set of ordered large-insert clones such as BACs as the preferred 

building blocks of a physical map. A physical map is a model of a genome of interest (Meyers 

et al., 2004; Ariyadasa et Stein, 2012). Principally, physical maps simplify the task of posi-

tional cloning, genome sequencing and the targeted development of genetic markers.  

BAC library of wheat whole-genome would contain about 1.2 million of clones. 

Doležel et al. (2007) pioneered a method how to slice the large wheat genome into smaller 

and easy-to-handle parts represented by individual chromosomes or chromosome arms. Wheat 
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chromosome arms are flow sorted, high molecular weight DNA (HMW DNA) is subse-

quently extracted and chromosome arm specific BAC libraries are prepared. Besides the rapid 

decrease in the complexity of the wheat genome, the BAC libraries of individual chromosome 

arms also facilitate dividing the huge task of sequencing the whole wheat genome between 

different laboratories in the world, hence splitting the workload and enabling faster and easier 

achievement of the goal (Feuillet et Eversole, 2008). The laboratories are organized under 

the IWGSC (www.wheatgenome.org) and contributions of independent countries to the wheat 

chromosome specific physical map construction and genome sequencing effort are marked 

in Figure 4.  

 

 

Figure 4: Scheme of distribution of the wheat genome mapping and sequencing efforts be-

tween worldwide laboratories.  

Upper – distribution of projects on construction of physical maps of individual wheat chromosomes. Bottom - 

distribution of individual wheat chromosomes sequencing efforts. Flags represent countries of interest. Green 

colour of chromosome represents the percentage of what has already been achieved (adapted from 

www.wheatgenome.org). 

 

2.2.1 Chromosome specific physical maps  

The first step of chromosome specific physical map preparation is chromosome 

arm sorting. This step is necessary for genome size and complexity reduction. Wheat genome 

http://www.wheatgenome.org/
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can be reduced down to 1,3 % of the total genome size depending on chromosome arm size 

(Table 2; Šafář et al., 2010). DNA of sorted chromosome is extracted as intact and high qual-

ity (HMW) DNA so it can be used for next step BAC library construction (Šimková et al., 

2011).  

 

Table 2: Relative and molecular sizes of the hexaploid wheat chromosomes and their arms. 

Calculated based on relative chromosome lengths (Gill 1987), 4C nuclear DNA amount 69,27 pg (Bennett 

et Smith, 1976), and considering 1 pg DNA = 0,978 Mbp (Doležel et al., 2003).  

Chromosome 

Whole 

chromosome   Long arm    Short arm   

Genome 

fraction (%) 

Size 

(Mbp/1C) 

Genome frac-

tion (%) 

Size 

(Mbp/1C) 

Genome 

fraction (%) 

Size 

(Mbp/1C) 

1A  4.715 799 3.089 523 1.626 275 

2A  5.310 899 3.001 508 2.309 391 

3A  4.885 827 2.761 468 2.124 360 

4A  5.055 856 3.183 539 1.872 317 

5A  4.885 827 3.141 532 1.745 295 

6A  4.163 705 2.181 369 1.983 336 

7A  4.800 813 2.400 407 2.400 407 

1B 5.013 849 3.156 535 1.856 314 

2B  5.480 928 2.989 506 2.491 422 

3B  5.862 993 3.314 561 2.549 432 

4B  4.843 820 2.537 430 2.306 391 

5B  5.140 871 3.427 580 1.713 290 

6B  5.395 914 2.943 498 2.452 415 

7B  5.310 899 3.186 540 2.124 360 

1D  3.568 604 2.247 381 1.322 224 

2D  4.291 727 2.425 411 1.865 316 

3D 4.545 770 2.652 449 1.894 321 

4D  3.823 648 2.458 416 1.365 231 

5D  4.418 748 2.895 490 1.523 258 

6D  4.206 712 2.294 389 1.912 324 

7D  4.291 727 2.043 346 2.247 381 

Sum  100.000 16937 58.322 9878 41.678 7060 

 

The process of BAC library construction starts with digestion of flow-sorted chromo-

some DNA with restriction endonuclease HindIII, followed by size selection of DNA frag-

ments. DNA fragments with the average size of 120 kbp are then ligated into pIndigoBAC-5 

(HindIII) cloning vector. The resulting constructs are transformed into E. coli competent cells. 
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Last step of BAC library construction is ordering BAC clones into 386-well plates and storage 

at -80 °C (Šimková et al., 2011). 

Before the physical map assembly, the individual clones of the BAC library are fin-

gerprinted. Fingerprinting is based on the assumption, that clones digested with endonuclases 

produce unique set of fragments. Clones that are overlapping share part of their unique 

set of fragments (Soderlund et al., 1997). The most advanced fingerprinting technique used 

for BAC clones utilizes SNaPshot labelling kit (Luo et al., 2003). DNA from BAC clones 

are digested with five carefully selected endonucleases, four rarely and one often digesting 

nuclease. The often digesting nuclease was combined with each rarely digesting nuclease 

to produce short DNA fragments. The rarely digesting nucleases produce nucleotide over-

hangs which are labelled by the SNaPshot kit using single base extension of fluorescent la-

belled nucleotide. The labels are specific for each rarely digesting nuclease. Fragments are 

then separated and read by ABI DNA analyser. The obtained data are cleaned from back-

ground and contamination and only High Information Content Fingerprints (HICF) are kept 

for physical maps assembly (Luo et al., 2003).  

Alternatively, the Whole Genome Profiling (WGP™) can be used to generate HICFs 

(Poursarebani et al., 2014; Kobayashi et al., 2015). BAC clones are pooled and then digested 

be restriction enzyme. Resulting fragments are ligated to adaptors and sequenced by Illumina. 

Pair-wise comparisons of tags allows identifying BAC overlaps and assembling contigs using 

physical map assembling softwares (Philippe et al., 2013). 

 

2.2.2 Physical map assembly  

There are two main approaches to the construction of physical map. The first 

is the FPC (FingerPrinted Contigs, Soderlund et al., 1997) and was developed for assembling, 

viewing and editing contigs of human genome (Gregory et al., 1996). FPC was used also 

for assembly of Arabidopsis thaliana (Marra et al., 1999) and rice (Chen et al., 2002) physi-

cal maps. The second approach is Linear Topological Contig (LTC) and was created recently 

especially for complex genomes with high amount of repeat sequences, such as bread wheat 

and barley (Frenkel et al., 2010). 

 



20 
 

FPC (FingerPrinted Contigs) 

The FPC algorithm generates an approximate CB (consensus band) map which 

can be considered as a low-resolution restriction map, it does not try to resolve all bands (Fig-

ure 5). CB maps are built using a fast approximation algorithm (hybrid greedy/stochastic al-

gorithm) and inexact data. To produce this map program goes through four basic steps (Soder-

lund et al., 1997; Engler et al., 2003). 

 

Figure 5: Consensus Bands (CB) map displayed in FPC  

The consensus bands are shown along the left. The tick marks represent partially ordered groups. The columns 

represent the clones. A ‘+’ indicates a match with the band to the left within the tolerance, a ‘x’ indicates a match 

within twice the tolerance and a ‘o’ indicates no match (adapted from Engler et Soderlund, 2006). 
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i. Compare two clones 

In the first step, FPC is searching for overlapping clones. In contig assembly systems, 

contigs of overlapping clones are represented by an artificial coordinate system based 

on the clones’ band data. The bands of clones can be very close to each other. The tolerance 

determines how close two bands in one clone must be to consider them as the same band. 

Each clone in a contig has a left and right coordinate and the overlap between two clones cor-

responds to the number of bands they share, which is calculated with the Sulston formula 

(Sulston et al., 1988). The resulting score is compared to a given threshold called “cut-off”. 

Cut-off is a probability score expressed in scientific notation (1e
-5

). The higher the exponent 

is the lower the score and vice versa, the lower the score, the higher is the stringency. Cut-off 

discriminates between true overlaps (below the cut-off) and false overlaps resulting from ran-

domly shared bands (above the cut-off; Soderlund et al., 1997; Engler et Soderlund, 2002).  

For the wheat physical map assembly, the cut-off was set to a very stringent value   

(1e
-75

; Paux et al., 2008b).due to the very high content of repeats in wheat genome. Higher 

stringency prevents false positive overlaps and generation of chimerical contigs (Apples et al., 

2010).  

ii. Bury clones  

In this step, FPC buried shorter clone in the longer clone given that all the bands 

of the shorter clone are a subset of the longer clone. The shorter clones are labelled as buried 

clones and they identify good clones, meaning that the bands are probably correct 

and not just coincidental. Clones without an existing overlap with any other clone 

are not placed in any contig and are called singletons (Soderlund et al., 1997; Soderlund et al., 

2000). 

iii. Build a consensus band map (CB map) 

BAC clones are ordered to contigs using CB maps (Figure 5). FPC is using hybrid 

greedy/stochastic algorithm to build the initial map, and then greedily extends the map. 

Two clones are declared as adjacent if they have a coincidence score that is below the user-

defined cut-off. If there is a severe problem aligning a clone to the CB map, it is marked 

as a Q (questionable) clone. The Q-clones are exactly defined as clones for which the CB al-

gorithm cannot order at least 50 % of the bands in CB map (Appels et al, 2010). If there 

are many Q-clones in the contig, the ordering is most likely incorrect. The contig must 
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be recalculated with more stringent cut-off and rebuild or split in to smaller contigs (DQer 

tool; Sonderlund et al., 1997; Sonderlund et al., 2000; Engler et Soderlung, 2002). 

iv. MTP (Minimal Tiling Path) clones selection 

The last step of physical map assembly is selection of MTP clones. These clones rep-

resent a minimal subset that covers the whole genome with defined overlaps. It is used 

for anchoring the physical map and as a template for sequencing. 

MTP picking was automated and firstly included in the version V7 of the FPC pro-

gramme. The selection was based on draft sequence and BES (BAC-end sequences). 

In the later version of FPC (V8), selection of MTP clones was based on HICF. MTP clones 

picking is based on the assumption that clones that are close to each other in the physical 

map have a greater likelihood of overlapping than those that are distant. Candidate MTP pairs 

(overlapping BACs) are preselected based on user defined number of shared bands. For each 

MTP pair a “spanner” and two flanking clones (“flankers”) are selected (Figure 6). The pair 

of overlapping MTP clones must be supported by a “spanner” clone which supports presence 

of the clones overlap and two “flankers” which determine if the contig continues or not. (Nel-

son et Soderlund, 2009). 

 

Figure 6: MTP clone pair, with confirming spanner and flankers. 

Horizontal lines represent clones, vertical lines represent shared bands. CL and CR represent the MTP clone pair. 

Light blue highlight bands which are not in “flankers”, dark blue mark bands which are not in “spanner” 

(adapted from Nelson et Soderlund, 2009).  

 

LTC (Linear Topological Contig) 

Second assembly software, the LTC (Linear Topology Contigs) developed by Frenkel 

et al. (2010) provides a novel approach how to order and build contigs of physical maps. 

The approach is based on presumption that the chromosome structure is linear, so the BAC 
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contigs have to be also linear. In contrast to FPC, the LTC starts clustering with a relatively 

relaxed cut-off value (e
-15

) to build a net of significant clone overlaps and uses increasing cut-

off and the topology testing (linearity) of significant clones overlap to get longer contigs 

with a realistic structure. Algorithms of LTC take into account the structure and complexity 

of cereals genomes.  

The contig construction has eight steps, which are described in detail as follows. 

i. Net of significant clone overlaps 

In the first step, LTC creates ‘nets of significant clone overlaps’. Because LTC algo-

rithm was developed especially for genomes with high amount of repetitions, the “nets of sig-

nificant clone overlaps” is created and assembly initiated on a very relaxed cut-off (e.g. 1e
-15

, 

low stringency; Frenkel et al., 2010). The program calculates p-values for all the clone over-

laps. Then the algorithm declares for a given cut-off (same criterion as in FPC) two clones 

that are significantly overlapped. Unlike FPC that used the Sulston formula (Soderlund et al., 

1997) for the p-value calculation, the LTC algorithm applies the Pr
(Siid)

 and Pr
(Sind)

metrics. 

These two models enable p-values to be calculated more accurately and can take into account 

available markers, if there are any. Pr
(Siid)

 model assumes that appearances of bands of differ-

ent lengths are independent and identically distributed. Whereas the Pr
(Sind) 

is based 

on the same hypothesis but bands may not be identically distributed (Frenkel et al., 2010). 

ii. Temporary exclusion of the clones and clone overlaps unproven by parallel paths 

In the subsequent step, the LTC excludes putatively false significant overlaps 

and putatively problematic clones before clustering (questionable clones and questionable 

overlaps). This step is based on the assumption that each part of the chromosome is most 

probably covered by more than two significantly overlapped clones. This means that there 

will be parallel paths for each clone and overlaps, but for chimerical clones (Q-clones) 

and false overlaps (Q-overlap) there will be no such overlapping clone or parallel path, re-

spectively (Figure 7; Arratia et al., 1991; Wang et al., 1994). 

The program searches for supporting parallel significant overlaps for each overlap. 

If there is no such supporting overlap (Figure 7, red edge), program labels this overlap 

as questionable. The same method is applied to each clone (Figure 7, red node). Significant 

overlaps and clones that do not have parallel paths are temporary excluded from clustering. 

However this does not imply that such clones and overlaps are false necessarily. Likely, 
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an excluded clone is not necessarily chimerical. They can be used later to merge or elongate 

contigs (Frenkel et al., 2010). 

 

Figure 7: Network representation of clone overlaps  

Top: Scheme of physical clone overlaps. Bottom: Network representation of the overlapping clones (nodes) 

and clone overlaps (edges). Colors are used to clarify the correspondence between physical and network repre-

sentations of clone overlaps. Weak connections (Q-clones and Q-overlaps) caused by low coverage are in red. Q-

clone = questionable clone; Q-overlap = questionable overlap (reproduced from Raats et al., 2013). 

iii. Adaptively changing cut-off clustering 

In this step LTC adaptively raises cut-off and repeatedly passes through four steps 

to get reasonably sized clusters.  

Circle of adaptive clustering starts with excluding putatively false clone overlaps 

and putative chimerical clones (described in previous step). Then clustering is initiated 

by the single-linkage algorithm (Jain et Dubes, 1988), clusters are created at a given cut-off. 

Subsequently, LTC selects reasonably sized clusters, which are optimally defined as clusters 

with 6 - 500 clones. The last step of the circle is increasing the cut-off stringency and next 

round of adaptive clustering starts. The process of adaptively changing cut-off clustering 

is illustrated on Figure 8 (Frenkel et al., 2010). 
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Figure 8: Scheme of clone clustering with adapting cut-off  

Diamonds denote single-linkage clustering with corresponding cut-off. Circles denotes procedure of excluding 

clones and clones overlaps not approved by parallel paths in the net of significant (relative to the corresponding 

cut-off) clone overlaps from the analysis (reproduced from Frenkel et al., 2010) 

iv. Looking for linear topological structure 

DNA in chromosomes is a linear structure, so the BAC clusters should also be linear. 

In this step LTC is searching for non-linear clusters and splits them into smaller and linear 

clusters by excluding clones responsible for branching. LTC employs a representation of clus-

ters as nets of significant overlaps. The longest path of the net is scored as rank = 0 

(as is shown in Figure 9). The presence of clones with rank 2 and higher indicates non-linear 

structure (Frenkel et al., 2010). 

 

Figure 9: Net of significant overlaps of branching cluster. 

Nodes denote clones, vertex denotes overlaps. Red nodes represent longest path and rank 0. Blue and grey notes 

represent rank 2 and 3, respectively and indicate branching of cluster (adapted from Frenkel et al.,2010).   



26 
 

v. Global optimization ordering 

LTC orders clusters with linear topological structures without constructing their band 

map, in contrast with FPC which is using CB maps for ordering. Here, the ordering problems 

are formulated in terms of global optimization of some criterion. The maximization of such 

criterion can be formulated as the well-known and intensively studied Travelling Salesman 

Problem (TSP) without the need to return to the starting point. TSP is mathematical problem, 

which seeks the most effective route among a particular number of cities (clones). Using such 

global optimization approach may result in a reduced number of Q-clones and number 

of places in the contig where two neighbouring clones have an unexpected non-significant 

overlap (Frenkel et al., 2010).  

vi. Verification of the orders by re-sampling 

In this step, LTC is testing the contig stability. To evaluate this, LTC uses jack-knife 

re-sampling iterations (Mester et al., 2003). Firstly, LTC scores clones overlaps over all bands 

and then it orders clone overlaps using only a subsets of bands. Excluding parallel clones al-

lows the construction of a stable skeleton map. This approach is similar to the one used 

in the MultiPoint software used for genetic map building (Mester et al., 2003; Frenkel et al., 

2010).  

vii. Sub-contig merging into contigs 

After the previous step, LTC tries to elongate contigs by merging those that has sig-

nificant end-to-end overlaps or by adding singletons. LTC reanalyses all clones that were ex-

cluded in previous steps. Subsequently, LTC is searching for all clones connected 

with the clones from both contig ends. Such elongation is accepted only if adding singletons 

does not lead to contig branching (Frenkel et al., 2010).  

viii. Selection of MTP clones 

Selection of MTP clones is ruled by the topology of clone overlaps and additional 

three requirements (Frenkel et al., 2010): 

1) Terminal clones of the contigs should be included in the list of MTP clones.  

2) Neighbouring clones in the MTP should significantly overlap at the chosen threshold. 

3) List of MTP clones should include the minimal number of clones.  
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Comparison of assembling softwares 

FPC was used for building a physical map for 3B chromosome of wheat (Paux et al., 

2008b). It was a pioneering work on the first physical map of wheat. That time, 

FPC was the only software for physical map assembly. Following physical maps of other 

chromosome arms of wheat (Lucas et al., 2013; Breen et al., 2013; Raats et al., 2013; Phil-

ippe et al., 2013; Poursarebani et al., 2014; Kobayashi et al., 2015; Akpinar et al, 2015; Bara-

baschi et al., 2015) were assembled by both softwares. They compared these two programs 

and observed that clusters form LTC assemblies are longer and cover greater length of chro-

mosome arm. 

LTC differs from FPC in these features:  

- Calculation of metrics of clones overlaps (p-value) 

- Consideration of the band abundances 

- Algorithm for calculation of clone clustering  

- Usage of topological cluster structure for contig construction 

- Global optimization methods (TSP) are used for clone ordering in LTC 

- Re-sampling is used for rating the credibility of the map 

The above listed comparison applies for wheat chromosome arm BAC libraries, how-

ever, FPC may prove to be more suitable in physical map assembly for other species (Frenkel 

et al., 2010).  

 

2.2.3 Anchoring of physical map to genetic map  

The full potential of physical maps, which will be used for positional cloning, marker 

development and sequencing, can only be achieved by contig linkage to high resolution ge-

netic map. Thus, once physical maps have been assembled, it is essential that the contigs 

are anchored to high resolution genetic map by molecular markers. Contigs of physical maps 

are anchored to genetic map by screening BAC libraries by molecular markers (Feuillet et al., 

2012). Wheat BAC libraries contain tens of thousands of clones. To perform PCR whit every 

single clone would be extremely time consuming and expensive. The more effective 

way is using multidimensional BAC pools which allow identifying of BAC clone/clones posi-

tive for tested marker in one step and limited number of PCR reactions. The three dimensional 

pool (3D pools) are, the most common for wheat physical maps .The 3D pools comprise 

DNAs representing individual plates (dimension 1), DNA from clones of each particular col-
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umn of all plates (dimension 2) and DNA from clones of each particular row of all plates (di-

mension 3) (Bruno et al., 1995; Ariyadasa et Stein, 2012); e.g. the 3D pool of eight 384-well 

microtiter plates would contain 48 DNA pools (Figure 10; Paux et al., 2008b). 

 

Figure 10: Scheme of 3D pooling of BAC library.  

Adapted from http://cnrgv.toulouse.inra.fr/Services/DNA-Pool-production 

Strategies of BAC pool screening and anchoring are summarized in Figure 11. Ap-

proaches of wheat physical map integrating can be divided into experimental and in silico 

procedures. Screening of BAC pools by molecular markers ranks among the experimental 

approaches. However, this approach has one big disadvantage. It is necessary to screen BAC 

pools with thousands of markers to orientate and anchor every single contig, which is labori-

ous and time consuming (Ariyadasa et Stein, 2012; Feuillet et al., 2012).  

Recently, the PCR screening was replaced by cheaper high-throughput arrays, 

with the wheat NimbleGen 40K Unigene microarray (Rustenholz et al., 2011) being the most 

widely used for wheat physical map anchoring. This array was used for anchoring of 1BL 

(Philippe et al., 2013), 1BS (Raats et al., 2013), 1AS (Breen et al., 2013) and 1AL (Lucas 

et al., 2013) physical map. Information gathered from the utilization of this array is also used 

http://cnrgv.toulouse.inra.fr/Services/DNA-Pool-production
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for in silico anchoring through so-called GenomeZipper (Mayer et al., 2009; Mayer et al., 

2011), which was originally developed for barley chromosome survey sequences to determine 

a virtual order of genes along the chromosome using inference of synteny information 

with sequenced related grass genomes (Mayer et al., 2009). 

 

Figure 11: Approaches of wheat physical map anchoring  

Genetically mapped markers and unmapped sequence information such as cDNA and ESTs can be used 

to screen multidimensional BAC pools via PCR-based methods or highly parallel array platforms. The resulted 

data are deconvoluted to obtain marker BAC relationships prior to integrating to the contig map. Alternatively, 

the BAC sequence information obtained through survey sequencing (NGS/Sanger sequencing) or BES could 

be searched against genetically mapped markers, ESTs, cDNA, etc. of the same organism or different species 

(adjusted according to Ariyadasa et Stein, 2012). 

 

2.2.4 Anchoring of physical map to radiation hybrid map  

All the previous approaches used information from a genetic map as a backbone, 

to some extent. Using such resources, anchoring in regions near centromeres or within large 

blocks of heterochromatin where little or no recombination occurs may not be possible (Ak-

hunov et al., 2003; Kumar et al., 2012). An alternative strategy for getting enough mapping 
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resolution in peri-centromeric regions and other low recombining regions offers the radiation 

hybrid mapping (RH mapping) approach, which was originally developed in human genetics 

(Goss et Harris, 1975). In wheat the radiation hybrid mapping was successfully used 

for 3B (Paux et al., 2008b) and 6B (Kobayashi et al., 2015) physical map anchoring, so far.  

Radiation hybrid mapping have several advantages over the genetic mapping. 

The biggest advantage is that polymorphism is not a requirement. Molecular markers 

are mapped based on their presence/absence (Kumar et al., 2014).  

Another advantage is the resolution. The resolution in RH mapping is determined 

by the number of breaks along the chromosome. By the enhancement of radiation dosage 

the number of breaks along chromosome can be increased and also resolutions 

of RH map increases. Thus, RH panel with higher resolution than mapping population (used 

for genetic mapping) are produced without the need to extend population size. However, 

the tolerance for radiation dosage in plants is limited, especially when viable plant is needed 

(Kumar et al., 2014). This can be overcome by using endosperm radiation hybrid (ERH) 

panel. ERH panel allows applying higher radiation dosage and to create and detect more 

breaks along chromosome. DNA of ERH panel is extracted from endosperms and plant 

(if needed) can be produced by embryo rescue technique (Tiwari et al., 2012).  

The third advantage is uniformity of resolution across the chromosome. Radiation in-

duced breakages are assumed to be random along the whole chromosome. Kumar et al., 2012 

observed that resolution of RH map in centromeric region was about 100-fold higher 

than the genetic map of the same segment. RH maps represent the physical genome better 

than do the genetic maps (Kumar et al., 2014).  

 

Wheat RH maps 

Wheat RH panels can be divided into two groups, namely the whole genome (WG) 

panels and single chromosome panels. WG panels were developed only for D-genome 

by crossing irradiated pollen (endosperm RH panel) or seeds (seed RH panel) of hexaploid 

wheat (A*A*B*B*D*D*) with tetraploid wheat (AABB). The resulting RH lines were quasi-

pentaploid (AA*BB*D*) with single copy of an irradiated D*-genome (Kumar et al., 2012; 

Tiwari et al., 2016). So far, three additional WG panels were developed. First WG RH panel 

was only characterized by 10 SSR markers. Only chromosomes 5D and 6D were assayed 

by 20 and 15 additional markers, respectively (Riera-Lizarazu et al., 2010). Second WG panel 
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was developed by Kumar et al., 2012 and characterized by 35 SSR and 60 repeat DNA junc-

tion markers (RJM). RH map was constructed only for 2D chromosome which was saturated 

with additional 8 SSR, 8 RJM and 14 EST markers (Kumar et al., 2012). Whole 

RH map for this panel was constructed using 609 markers (580 DArT and 29 SSR) and total 

length of the map was 14 706,7 cR (Kumar et al., 2015). Tiwari et al. (2012) developed 

WG endosperm radiation hybrid panel and constructed RH map of D-genome with 737 DArT 

markers and total length of 5 054 cR.  

Single chromosome RH panels are used mainly for physical map anchoring. Wide 

range of aneuploid stocks like substitution lines (Joppa et Williams, 1977) and nullisomic-

tetrasomic lines (Sears, 1954) allowed development of single chromosome RH panels. First 

single chromosome RH map was constructed for 1D chromosome of wheat (Hossain et al., 

2004). Following RH maps of chromosome 3B, 6B were mainly used for physical map an-

choring. Chromosome additional line of bread wheat cultivar Chinese Spring, disomic 

for barley chromosome 3H, was used for development of single chromosome RH panel 

for barley chromosome 3H (Mazaheri et al., 2015).  

 

2.2.5 Role of physical map for positional cloning of important genes  

Anchored physical map is indispensable assistant for sequencing of individual chro-

mosome arms of wheat but also for map-based positional cloning of agronomically and eco-

nomically important genes. 

Positional cloning is defined as a method with which the gene’s location can be pin-

pointed with sufficient precision to narrow down its location to a DNA segment that is small 

enough to be sequenced. For this method it is not necessary to know the gene product. 

A physical map serves as a tool to circumvent large distances that can comprise of repetitive 

sequences (especially complex and large genomes like barley or wheat; Krattinger et al., 

2009, Weikuan et Goldowitz, 2011).  

Positional cloning has several steps which are schematically illustrated in Figure 12. 

The whole process starts with mapping population and identification of chromosome 

arm and location of the gene of interest. When molecular markers closely linked (flanking 

markers) to the gene of interest are identified, a physical map can be screened with these 

markers. Two BAC contigs can be identified in this step usually, which is followed by a pro-
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cedure known as Chromosome walking. BAC clones from the contig ends are sequenced 

and new markers are designed from these sequences, which are mapped to the mapping popu-

lation and used for next round of screening the physical map. These steps are repeated until 

complete physical map of the gene locus is constructed. The goal is to identify the BAC clone 

containing the gene of interest. The target BAC clone can be sequenced, annotated and candi-

date genes can be identified (Krattinger et al., 2009, Weikuan et Goldowitz, 2011). Ta-

ble 3 summarized examples of positional cloning with the use of physical map or BAC li-

brary.  

 

Figure 12: Strategy to isolate a gene of interest (gene X) via map-based cloning (adjusted 

according to Krattinger et al., 2009).  

Nowadays, new method for positional cloning of major genes is being used. 

The method named MutChromSeq is not depending on recombination and fine-mapping. 

Sánchez-Martín et al. (2016) combined mutagenesis, genome complexity reduction and high-

throughput sequencing and provides fast and inexpensive method to cloned genes in wheat 

or barley (Sánchez-Martín et al., 2016). 
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Table 3: List of genes that have been / are positionally cloned in wheat using BAC library 

Gene  Trait BAC librery Chromosome Physical map Reference 

Lr10 Leaf rust resistance 
T. monococcum 

DV92 
1A

m
S - 

Stein et al., 

2000 

Q 

The main domestica-

tion locus infuencing 

threshability and spike 

morphology 

T. monococcum  

DV92 
5AL - 

Faris et al., 

2003 

VRN1 Flowering control 
T. monococcum 

DV92 
5A

m
 - Yan et al., 2003 

Pm3 
Powdery mildew re-

sistance 

T. turgidum ssp 

durum,             

T. monococcum  

DV92 

1AS 
Cenci et al., 

2003 

Yahiaoui et al., 

2004 

VRN2 Flowering control 
T. monococcum 

DV92 
5A

m
 - Yan et al., 2004 

Gpc-B1 
Zn and Fe grain up-

take and senescence 

T. turgidum ssp 

durum 
6BS 

Cenci et al., 

2003 

Distelfeld et al., 

2006 

Ph1 

Major chromosome 

pairing locus in poly-

ploid wheat 

? 5B - 
Griffiths et al., 

2006 

Tsn1 
Necrotrophic patho-

genes resistance 

T. turgidum ssp 

durum 
5BL 

Cenci et al., 

2003 

Lu et Faris, 

2006 

Lr1 Leaf rust resistance 

Ae. tauschii 

accession 

AL8/78, 

T.aestivum 

Xiaoyan 54 

5DL - Qiu et al., 2007 

Skr Crossability gene 

T. aestivum,      

Tae-B-Chinese 

spring 

5BS - 
Alfares et al., 

2009 

Yr36 Stripe rust resistance 
T. turgidum ssp 

durum 
6BS 

Cenci et al., 

2003 
Fu et al., 2009 

PSH Pre-harvest sprouting 
T. aestivum 

TaaCsp3AShA 
3AS 

not yet pub-

lished 
Liu et al., 2013 

MlIW172 
Powdery mildew re-

sistance 

T. aestivum  

TaaCsp7ALhA 
7AL 

not yet pub-

lished 

Quyang et al., 

2014 

Sr2 Stem rust resistance 

T. aestivum cv 

Hope Taa-

Hop3BFh 

3B - 
Mago et al., 

2014 

Dn2401 
Russian wheat aphid 

resistance 

T. aestivum  

TaaCsp7DShA 
7DS 

not yet pub-

lished 

Staňková et al., 

2015 
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3 Aims of the Thesis 

I. Construction of physical map of the wheat chromosome 4A 

The main aims of the thesis were construction of physical map of wheat chro-

mosome 4A, the minimal tilling path (MTP) selection, preparation and se-

quencing of MTP 3D pools, and anchoring of physical map contigs to chromo-

some through available mapping and genomic resources.  

 

II. Construction of high density RH map of the chromosome 4A 

The second aim was construction of RH map which resolution is independent 

from natural recombination and allows marker ordering and the physical 

map anchoring in low recombining regions.  

 

III. Application of the physical map for positional cloning of important wheat 

genes 

The additional aim of the study was application of the created genomic re-

sources for high density mapping and positional cloning of agronomically im-

portant genes.  
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4 Results 

4.1 Original Papers 

4.1.1 A High Resolution Radiation Hybrid Map of Wheat Chromosome 4A (Appendix I) 

4.1.2 The in silico identification and characterization of a bread wheat/Triricum militinae 

introgression line (Appendix II) 

4.1.3 The wheat Phs-A1 pre-harvest sprouting resistance locus delays dormancy loss during 

seed after-ripening and maps 0.3 cM distal to the PM19 genes in UK germplasm (Ap-

pendix III) 

4.1.4 Molecular mapping of stripe rust resistance gene Yr51 in chromosome 4AL of wheat 

(Appendix IV) 
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4.1.1 A High Resolution Radiation Hybrid Map of Wheat Chromosome 4A 

 

Balcárková B, Frenkel Z, Škopová M, Abrouk M, Kumar A, Chao S, Kianian SF, Akhunov E, 

Korol AB, Doležel J, Valárik M 

 

Frontiers in Plant Science (2017) 7:2063 

doi: 10.3389/fpls.2016.02063 

 

 

IF: 4.495 

 

ABSTRACT: Bread wheat has a large and complex allohexaploid genome with low recom-

bination level at chromosome centromeric and peri-centromeric regions. This significantly 

hampers ordering of markers, contigs of physical maps and sequence scaffolds and impedes 

obtaining of high-quality reference genome sequence. Here we report on the construction 

of high-density and high-resolution radiation hybrid (RH) map of chromosome 4A supported 

by high-density chromosome deletion map. A total of 119 endosperm-based RH lines 

of two RH panels and 15 chromosome deletion bin lines were genotyped with 90K iSelect 

single nucleotide polymorphism (SNP) array. A total of 2316 and 2695 markers were success-

fully mapped to the 4A RH and deletion maps, respectively. The chromosome deletion 

map was ordered in 19 bins and allowed precise identification of centromeric region and veri-

fication of the RH panel reliability. The 4A-specific RH map comprises 1080 mapping bins 

and spans 6550.9 cR with a resolution of 0.13 Mb/cR. Significantly higher mapping resolu-

tion in the centromeric region was observed as compared to recombination maps. Relatively 

even distribution of deletion frequency along the chromosome in the RH panel was observed 

and putative functional centromere was delimited within a region characterized 

by two SNP markers. 
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4.1.2 The in silico identification and characterization of a bread wheat/Triricum 
militinae introgression line 

 

Abrouk M, Balcárková B, Šimková H, Komínkova E, Martis MM, Jakobson I, Timofejeva L, 

Rey E, Vrána J, Kilian A, Järve K, Doležel J and Valárik M 

 

Plant Biotechnology Journal (2016) 15, pp. 249–256 

doi: 10.1111/pbi.12610 

 

 

IF: 6.09 

 

ABSTRACT: The capacity of the bread wheat (Triticum aestivum) genome to tolerate intro-

gression from related genomes can be exploited for wheat improvement. A resistance to pow-

dery mildew expressed by a derivative of the cross-bread wheat cv. Tähti × T. militinae (Tm) 

is known to be due to the incorporation of a Tm segment into the long arm of chromosome 

4A. Here, a newly developed in silico method termed rearrangement identification and char-

acterization (RICh) has been applied to characterize the introgression. A virtual gene order, 

assembled using the GenomeZipper approach, was obtained for the native copy of chromo-

some 4A; it incorporated 570 4A DArTseq markers to produce a zipper comprising 2132 loci. 

A comparison between the native and introgressed forms of the 4AL chromosome 

arm showed that the introgressed region is located at the distal part of the arm. The Tm seg-

ment, derived from chromosome 7G, harbours 131 homoeologs of the 357 genes present 

on the corresponding region of Chinese Spring 4AL. The estimated number of Tm genes 

transferred along with the disease resistance gene was 169. Characterizing the introgression’s 

position, gene content and internal gene order should not only facilitate gene isolation, 

but may also be informative with respect to chromatin structure and behaviour studies. 
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4.1.3 The wheat Phs-A1 pre-harvest sprouting resistance locus delays dormancy 
loss during seed after-ripening and maps 0.3 cM distal to the PM19 genes in 
UK germplasm 

 

Shorinola O, Bird N, Simmonds J, Berry S, Henriksson T, Jack P, Werner P, Gergets T, 

Scholefield D, Balcárková B, Valárik M, Holdsworth M, Flintham J, Uauy C 

 

J. Exp. Bot. (2016) 67 (14): 4169-4178. 

doi: 10.1093/jxb/erw194 

 

 

IF: 5.677 

 

ABSTRACT: The precocious germination of cereal grains before harvest, also known as pre-

harvest sprouting, is an important source of yield and quality loss in cereal production. Pre-

harvest sprouting is a complex grain defect and is becoming an increasing challenge 

due to changing climate patterns. Resistance to sprouting is multi-genic, although a significant 

proportion of the sprouting variation in modern wheat cultivars is controlled by a few major 

quantitative trait loci, including Phs-A1 in chromosome arm 4AL. Despite its importance, 

little is known about the physiological basis and the gene(s) underlying this important locus. 

In this study, we characterized Phs-A1 and show that it confers resistance to sprouting damage 

by affecting the rate of dormancy loss during dry seed after-ripening. We show                            

Phs-A1 to be effective even when seeds develop at low temperature (13 °C). Comparative 

analysis of syntenic Phs-A1 intervals in wheat and Brachypodium uncovered ten orthologous 

genes, including the Plasma Membrane 19 genes (PM19-A1 and PM19-A2) previously pro-

posed as the main candidates for this locus. However, high-resolution fine-mapping in two bi-

parental UK mapping populations delimited Phs-A1 to an interval 0.3 cM distal 

to the PM19 genes. This study suggests the possibility that more than one causal gene under-

lies this major pre-harvest sprouting locus. The information and resources reported 

in this study will help test this hypothesis across a wider set of germplasm and will be of im-

portance for breeding more sprouting resilient wheat varieties. 
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4.1.4 Molecular mapping of stripe rust resistance gene Yr51 in chromosome 4AL 
of wheat 

 

Randhawa M, Bansal U, Valárik M, Klocová B, Doležel J, Bariana H 

 

Theoretical and Applied Genetics (2014) 127: 317–324 

doi: 10.1007/s00122-013-2220-8 

 

 

IF: 4.52 

 

ABSTRACT: A wheat landrace, AUS27858, from the Watkins collection showed high levels 

of resistance against Australian pathotypes of Puccinia striiformis f. sp. tritici. It was reported 

to carry two genes for stripe rust resistance, tentatively named YrAW1 and YrAW2. One hun-

dred seeds of an F3 line (HSB#5515; YrAW1yrAW1) that showed monogenic segregation 

for stripe rust response were sown and harvested individually to generate monogenically seg-

regating population (MSP) #5515. Stripe rust response variation in MSP#5515 conformed 

to segregation at a single locus. Bulked segregant analysis using high-throughput DArT 

markers placed YrAW1 in chromosome 4AL. MSP#5515 was advanced to F6 and phenotyped 

for detailed mapping. Novel wheat genomic resources including chromosome specific se-

quence and genome zipper were employed to develop markers specific for the long 

arm of chromosome 4A. These markers were used for further saturation of the YrAW1 carry-

ing region. YrAW1 was delimited by 3.7 cM between markers owm45F3R3 and sun104. Since 

there was no other stripe rust resistance gene located in chromosome 4AL, YrAW1 was for-

mally named Yr51. Reference stock for Yr51 was lodged at the Australian Winter Cereal Col-

lection, Tamworth, Australia and it was accessioned as AUS91456. Marker sun104 was geno-

typed on a set of Australian and Indian wheat cultivars and was shown to lack the resistance-

linked sun104-225 bp allele. Marker sun104 is currently being used for marker-assisted back-

crossing of Yr51 in Australian and Indian wheat backgrounds. 
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4.2 Published abstracts 

4.2.1 Sequence ready physical map of bread wheat chromosome 4A (Appendix V) 

4.2.2 Construction and characterization of wheat 4A chromosome specific physical 

map as a base step for the chromosome sequencing (Appendix VI) 
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4.2.1 Sequence ready physical map of bread wheat chromosome 4A 

 

Klocová B, Abrouk M, Frenkel Z, Kumar A, Kianian SF, Šimková H, Šafář J, Hu Y, Luo M, 

Carling J, Kilian A, Korol AB, Wang S, Akhunov E, Doležel J, Valárik M 

 

Book of Abstracts “EUCARPIA Cereals Section & ITMI Conference”, P. 321 

Wernigerode, 2014 

 

ABSTRACT: Despite progress in next generation sequencing technologies sequencing 

of large and complex plant genomes like that of bread wheat is still a challenge. Size, com-

plexity, and repetitive element content of the allohexaploid bread wheat (Triticum aestivum 

L., 17 Gb) genome are the main obstructions from acquiring a reference genome sequence. 

Dividing the wheat genomes to chromosomes or chromosomal arms is powerful means 

to overcome the difficulties. As part of the coordinated effort by the International Wheat Ge-

nome Sequencing Consortium, we have constructed physical map of chromosome 4A using 

BAC libraries from flow-sorted short (4AS) and long (4AL) chromosome arms. 

The fingerprinted BAC clones were assembled to physical maps using LTC (Linear Topology 

Contig) software and additional merging and elongating was facilitated by super-scaffolding 

tool of the LTC software. The 4AS library was assembled into 250 super-contigs 

and Minimum Tiling Path (MTP) consist of 4 422 clones. The 4AL physical 

map was assembled into 924 super-contigs and MTP contains of 8 369 clones. The physical 

maps represent 86% and 89% of 4AS and 4AL, respectively. 67 and 74 super-contigs 

with more than 100 clones were assembled for 4AS and 4AL respectively, with the longest 

super- contig comprising 998 clones.  Three dimensional pools of the MTP were sequenced 

and used for in silico anchoring of the contigs. A total of 1780 DArT markers were 

used to construct GenomeZipper from the 4AS and 4AL survey sequences. Additionally, 

54125 and 62656 low-copy markers were identified from the survey sequences 

of the 4AS and 4AL chromosome arms, respectively. All these resources facilitated anchoring 

100% of 4AS contigs and 99% of 4AL contigs. In order to facilitate ordering the physical 

map contigs in pericentromeric region and regions with low recombination rate, a Radiation 

Hybrid panel was constructed for chromosome 4A and genotyped with 90k SNP Infinium 

chip.This work has been supported by the grant LO1204 from the National Program 
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of Sustainability I, Internal Grant Agency PrF-2013-003, by the Czech Science Foundation 

(14-07164S) and by Estonian Ministry of Agriculture.  
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4.2.2 Construction and characterization of wheat 4A chromosome specific physi-
cal map as a base step for the chromosome sequencing 

 

Klocová B, Kladivová M, Frenkel Z, Kumar A, Kianian S F, Šimková H, Šafář J, Hu Y, 

Zhang Y, You F M, Luo M, Korol A, Doležel J, Valárik M 

 

Book of Abstracts “Olomouc Biotech 2013 - Plant Biotechnology: Green for Good II” 

Olomouc, 2013 

 

ABSTRACT: Triticum astivum L. (bread wheat) has large and complex genome. The ge-

nome size is approximately 17 Gb with 80% of repetition and is composed of three homeolo-

gous genomes A, B and D. All of this makes sequencing, mapping, and marker assisted 

breeding a difficult task. To facilitate sequencing of wheat 4A chromosome we are develop-

ing sequence-ready chromosome arm specific physical maps. Physical maps for both arms 

were assembled from fingerprinted arm-specific BAC libraries. The physical maps were as-

sembled using both, LTC (Linear Topology Contig) and FPC (FingerPrint Contigs) softwares. 

The 4AS library was assembled into 415 contigs and MTP consist of 4 422 clones. After su-

perclustering, the advanced tools of LTC, there were 67 super-contigs with more 

than 100 clones in one contig. The longest supercontig comprised 582 clones. Also, 

4AL physical map was assembled into 1127 contigs and MTP contains of 8 369 clones. After 

additional superclustering there were 74 supercontigs with more than 100 clones in one con-

tig. Moreover, the supercontigs of both physical maps contains more than half of informative 

clones. 3D pools of MTP clones were prepared to simplify marker anchoring to the maps. 

To the physical map of 4AL were anchored 20 markers, four of this markers were found 

in one supercontig. After sequencing of the MTP BAC clones high-capacity physical 

map anchoring will be performed in silico. Endosperm radiation hybrid panel comprising 

1 100 lines will be used for contig ordering and orientation. This work has been supported 

by the Czech Science Foundation (P501/10/1740), MSMT CR and EU (Operational Pro-

gramme Research and Development for Innovations No. ED0007/01/01) and Internal Grant 

Agency PrF-2012-003. 
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5 Conclusions 

In this thesis I focused on the study of wheat chromosome 4A. The first goal 

of this work was the construction of sequence ready physical map of long arm of chromosome 

4A and anchoring of physical map to genetic recourses. The second aim was to constructed 

radiation hybrid map specific for chromosome 4A as genome recourse for physical map an-

choring. The last part of the thesis was focused on positional cloning with the help of physical 

map. The 4A physical map was used for saturation in regions of genes responsible for resis-

tance to powdery mildew (QPm-tut-4A), rust resistance (Yr51), pre-harvest sprouting gene 

(Phs-A1) and yield related locus (Qyi-4A-bga). 

 

5.1 Physical map construction and anchoring 

Sequence-ready physical map of chromosome 4A is a backbone for positional cloning, 

markers for MAS development and especially for acquisition of reference sequence. Finger-

printed BAC library of 4A chromosome were assembled using LTC assembling software. 

MTP BACs were selected and pooled to 3D pools. Physical map had been further improved 

by manual contig merging. 3D MTP BAC pools were Illumina sequenced to facilitate physi-

cal map anchoring.  

Physical map was anchored in three levels. CSS were used as first level. All scaffolds 

and contigs of 4AS physical map were anchored to CSS; on the contrary 

98.6 % of 4AL physical map was anchored to CSS. 4A specific RH map was used as second 

level of physical map anchoring. Second level of anchoring enabled to anchored 

79.6 % and 54.4 % of 4AS and 4AL physical map, respectively. As third level of physical 

map anchoring was used 4A-specific GZ. GZ allowed anchored 84.8 % and 67.5 % of 4AS 

and 4AL physical map, respectively. Three levels of different genomic resources allowed an-

chored, ordered and oriented of 100 % and 98.6 % of 4AS and 4AL physical map, respec-

tively.  

Web application was developed to open the anchored physical map to public 

(https://urgi.versailles.inra.fr/gb2/gbrowse/wheat_phys_4AL_v1).  
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5.2 Radiation hybrid map  

4A-specific ERH panel was developed to construct recombination independent 4A-

specific RH map. 119 lines were genotyped by 90K wheat SNP chip. Final RH map comprise 

2 317 markers and spans 6 550.9 cR. RH map allowed anchoring 

of 79.6 % and 54.4 % of 4AS and 4AL physical maps, respectively.  

 

5.3 Positional cloning 

The anchored 4A physical map facilitated significantly narrowing down all regions 

for which was used. The sequences of BAC clones of the physical map allowed development 

of locus specific markers and anchoring to CSSs scaffolds.  

The physical map was used for markers development, region saturation with markers 

and narrowing down the QPm-tut-4A locus to 0.02 cM. Region of Phs-A1 gene was narrowed 

down to 0.3 cM. Physical map was used for identification and sequencing of candidate 

BAC clones. Sequences were annotated and causal gene identified. Region of gene resistance 

Yr51 was delimited by 3.7 cM between markers owm45F3R3 and sun104 employing 

the 4A physical map and the 4A GZ. The marker sun104 was developed from the resources 

and is successfully used for marker-assisted selection. The Qyi-4A-bga gene locus was re-

duced to 0.5 cM using the 4A chromosome specific maps and the flanking markers are suc-

cessfully used in pre-breeding and breeding process.  
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6 List of abbreviations 

BAC  Bacterial artificial clone 

BES  BAC-end sequence 

bp  base pair 

CB  consensus band 

CS  Chinese Spring 

cDNA  complementary DNA 

cM  centy Morgan 

cR  centy Ray 

CSS  Chromosome Survey Sequence 

DArT  Diversity Array Technology 

DNA  deoxyribonucleic acid  

ERH  endosperm radiation hybrid 

EST  expressed sequence tag 

FPC  FingerPrinted Contigs 

Gb  giga base pair 

GZ  GenomeZipper 

HICF  High informative contend fingerprint  

HMW  high molecular weight 

IWGSC International Wheat Genome Sequencing Consortium 

kbp  kilo base pairs 

LTC  Linear Topological Contig 

LTR  long terminal repeat 

MAS  Marker assisted selection 

Mbp  mega base pair  

mRNA  messenger ribonucleic acid 
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MTP  Minimal Tilling Path 

NGS  next generation sequencing 

PCR  polymerase chain reaction 

POPSEQ population sequencing  

RH  Radiation Hybrid 

RJM  repeat junction marker 

SNP  single nucleotide polymorphism  

ssp.  subspecies 

SSR  Simple Sequence Repeat 

TE  transposable element 

TSP  Travelling Salesman Problem 

V  version  

WG  Whole Genome 

WGP  Whole Genome Profiling 

Q  questionable 

3D   three dimensional 
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1 Introduction  

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

wide. Wheat provides basic food for 35 % of the human population and is grown 

in a wide range of environments, mainly in temperate zone. Its importance 

can be compared only with rice or maize. Fast growing human population dramati-

cally increases importance of food production including the production of wheat.  

Breeding of highly yielding wheat cultivars resistant to biotic and abiotic 

stresses is the main challenge for current breeding programs. Achieving goals 

to generate more yielding cultivars is hampered by polyploid nature of wheat ge-

nome. The hexaploid genome of bread wheat is result of two successive spontaneous 

hybridization events between three different diploid progenitors’ species (T. urar-

tum, AA; the most likely one of Aegilops speltoides from the Sitopsis group BB; goat 

grass Ae. tauschii, DD) from Poaceae family. The hybridization resulted in huge 

17 Gb allohexaploid genome (Shewry, 2009; Matsuoka, 2011; Peng et al., 2011). 

All of the sub-genomes are closely related and similar to each other. Moreover, 

the majority of the genome (over 80 %) comprises repetitive elements (Moore 1995; 

Choulet et al., 2014).  

Breeding, mapping, marker development, Marker Assisted Selection (MAS) 

and genome sequencing in such large and complex genome is still challenging 

(Feuillet et al., 2008). Reduction of the complexity by chromosome flow-sorting 

offers a solution. This approach offers genome reduction up to fifty times (Doležel 

et al., 2007). The flow-sorting of chromosomes or chromosomal arms provides suffi-

cient quantity of high molecular weight DNA for survey sequencing (IWGSC, 2014) 

and BAC library construction (Šimková et al., 2011). Such approach also allowed 

distribution of the workload for the wheat genome sequencing to different laborato-

ries organized in the International Wheat Genome Sequencing Consortium (IWGSC; 

Feuillet et Eversole, 2008).  

The main strategy for wheat genome sequencing was construction of physical 

maps for all wheat chromosomes or chromosome arms (Eversole et al., 2014). 

The chromosome specific BAC libraries were fingerprinted (Luo et al., 2003) 

and obtained high informative fingerprints were assembled into physical maps using 

either FPC (Soderlund et al., 2000) or LTC (Frenkel et al., 2010) softwares. 

BAC clones of the Minimal Tiling Path (MTP) were selected and used for sequenc-

ing, marker development, positional cloning of genes, and anchoring of physical 

map contigs onto chromosomes.  
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The anchoring was mediated through genetic maps or virtual gene order (Ge-

nomeZippers, GZ; Mayer et al., 2011). Only, MTPs of oriented and anchored physi-

cal maps can provide full utilization of their potential (Meyers et al., 2004; Paux 

et al., 2008a; Ariyadasa et Stein, 2012). However, genome regions with limited 

recombination lack information about marker order and their utilization in physical 

map anchoring is limited. Even the GZ uses for prediction of gene order synteny 

with sequenced grass genomes of rice, sorghum and Brachypodium, as a back bone 

of GZ was used recombination map (Mayer et al., 2011). The GZs for all wheat 

chromosomes are currently available (IWGSC, 2014) but their use is limited because 

at least one–third of the wheat genome, especially in centromeric and peri-

centromeric regions, is located in recombination poor regions. Recombination map-

ping in such regions does not offer sufficient resolution for marker ordering (Ak-

hunov et al., 2003). Ideal solution of this limitation offers Radiation hybrid (RH) 

mapping which is based on radiation-induced deletions thus markers ordering 

is independent from recombination (Michalak de Jimenez et al., 2013). RH mapping 

was originally used to map human genome (Goss et Harris, 1975) and adapted 

to wheat (Hossain et al., 2004). At present, the RH mapping together with high-

throughput genotyping techniques (e.g. SNP chips, DArTs, POPSEQ, …) becomes 

a powerful tool for high-resolution mapping in wheat. RH maps were already used 

for anchoring of 3B and 6B physical maps (Paux et al., 2008b; Kobayashi et al., 

2015). 

The physical maps can significantly facilitate positional cloning of agronomi-

cally important genes because the final step in the cloning procedure is construction 

of physical map of cloned gene locus (Keller et al. 2005). The contigs of physical 

maps are also valuable source of new markers for map saturation of cloned genes 

loci (Feuillet et al. 2003). Such markers could be also used in breeding process 

for MAS of desirable genes in breeding materials and their progenies.  

This Ph.D. work is focused on construction of wheat 4A chromosome specific 

physical map, its use in cloning and marker development of tightly linked markers 

to agronomically important genes affecting yield (Qyi-4A-bga), resistances to pow-

dery mildew (QPm-tut-4A), rust (Yr51) and pre-harvest sprouting (Phs-A1). 

The yield is complex trait composed of several components and is significantly 

influenced by biotic and abiotic stresses. Recently, QTL affecting Thousand Kernel 

Weight (Qyie-4A-bga) was identified. Effect of the QTL was particularly stable 

in different environments and contributes between 5 and 17 % to the overall pheno-

typic variation. The QTL was identified on chromosome 4A in 50 cM region be-

tween DNA markers wmc161 and wmc760. Using the 4A physical map, the Qyi-4A-
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bga gene locus was reduced to 0.5 cM and the flanking markers are used by breeders 

in pre-breeding and breeding process (unpublished results).  

Fungus Blumeria graminis f. sp. tritici is a causal agent of wheat powdery mil-

dew disease. The powdery mildew is accounted for up to 40 % of yield and quality 

loses. Recently, a major race nonspecific resistance locus affecting resistance 

in seedling and adult plant was introgressed to 4A chromosome. The resistance locus 

QPm-tut-4A was introgressed from T. militinae to the approximately 10 cM locus 

on 4AL chromosome arm (Jakobson et al, 2006). Physical map was used to saturate 

the gene region with new markers and reduce the locus to 0.02 cM.  

Another fungus (Puccinia striiformis f. sp. tritici) causing stripe rust disease 

has also negative effect on yield. A resistance gene Yr51 exhibiting high levels 

of resistance against Australian pathotypes of P. striiformis f. sp. tritici was identi-

fied on chromosome 4A. Using 4A physical map the gene locus was delimited 

to 3.7 cM (Randhawa et al., 2014). The flanking markers are currently being used 

for marker-assisted improvement of wheat breeding germplasms of Australian 

and Indian origin. 

With changing climate additional yield and quality loss are often caused 

by high rain falls during harvest time. These loses are accounted to germination 

of cereal grains before harvest (also known as pre-harvest sprouting). The pre-

harvest sprouting resistance gene Phs-A1 was localised on chromosome 4AL. The 

4A physical map was used for saturation of the region with molecular markers and 

candidate genes identification (Shorinola et al., 2016).  

  

https://en.wikipedia.org/wiki/F._sp.
https://en.wikipedia.org/wiki/Blumeria_graminis
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2 Aims of the thesis 

 

I. Construction of physical map of the wheat chromosome 4A 

The main aims of the thesis were construction of physical map of wheat chro-

mosome 4A, the minimal tilling path (MTP) selection, preparation and se-

quencing of MTP 3D pools, and anchoring of physical map contigs to chromo-

some through available mapping and genomic resources.  

 

 

II. Construction of high density RH map of the chromosome 4A 

The second aim was construction of RH map which resolution is independent 

from natural recombination and allows marker ordering and the physical 

map anchoring in low recombining regions.  

 

 

III. Application of the physical map for positional cloning of important wheat 

genes 

The additional aim of the study was application of the created genomic re-

sources for high density mapping and positional cloning of agronomically im-

portant genes.  
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3 Material and Methods 

3.1 Construction of physical map of the wheat chromosome 4A 

Plant material 

Wheat chromosome arms 4AS and 4AL were flow-sorted from double-

ditelosomic line of bread wheat (Triticum aestivum L.) cv. ‘Chinese Spring’ (CS) 

carrying both arms of chromosome 4A as telosomes.  

 

Construction of the 4A chromosome specific physical map 

Chromosome specific BAC libraries of 4AS and 4AL chromosomal arms were 

prepared as previously described by Šimková et al. (2011). BAC libraries were fin-

gerprinted using SNaPShot kit to produce high-information-content fingerprints 

(HICF; Luo et al. 2003). Assembly of fingerprinted clones was performed using 

LTC software (Frenkel et al. 2010) to produce BAC contigs. MTP, which represents 

minimal number of clones covering chromosome, was selected from both physical 

maps. MTP clones were pooled in to 3D-pools according Paux et al. (2008b). 3D-

pools of chromosome 4A were sequenced using Illumina Nextera kit and HiSeq 

2000 NGS Illumina sequencer. Physical map was improved by advance 

tool of LTC named super-scaffolding. This tool allows end-to-end merging 

and contig elongation and helps reduces number of physical contigs. 

 

In silico anchoring of physical map 

Physical map of chromosome 4A was in silico anchored to three new genomic 

recourses to improve its informative value. Firstly, sequences of 3D-pools were used 

to anchored physical map to CSS (Chromosome Survey Sequences; IWGSC, 2014) 

utilizing deconvolution approach described by Cviková et al. (2015). Secondary, 

physical map was anchored to 4A-specific RH map (Balcárková et al., 2017) through 

CSS. Abrouk et al. (2016) developed GenomeZipper especially for chromosome 4A. 

This GZ was used as third anchoring genomic resource.  

  



8 

 

3.2 Construction of high density RH map of chromosome 4A 

Plant material 

Nulli-tetrasomic lines (NT4A4B and NT4A4D) and standard bread wheat 

cv. Chinese Spring (Sears et Sears, 1978). 414 lines of 4A RH panel developed 

by crossing of irradiated CS pollen and the NT4A4B and NT4A4D lines. 

Selected 15 deletion lines of 4A deletion stock (Endo et Gill 1996) containing 

different fragments of chromosome 4A were used for verification of RH map. 

 

Endosperm radiation hybrid map 

4A-specific endosperm RH (ERH) panel for each NT lines were prepared ac-

cording to Tiwari et al. (2012). From 414 lines, 119 lines were selected equally 

covering the NT lineas and irradiation doses. The selected lines were genotyped 

by 90K iSelect wheat SNP chip (Wang et al., 2014) together with 15 deletion lines 

(Endo et Gill 1996). Genotyping data were manually analyzed using Illumina Ge-

nomeStudio v2011.1 software. RH map was constructed using combination of Mul-

tioPoind (Mester et al., 2003, Ronin et al., 2010) and LTC approach (Frenkel et al., 

2010). Resulting 2 316 4A specific SNP markers were ordered in RH map compris-

ing 1 080 mapping bins was verified by 4A deletion map (2 695 markers). The final 

RH map was used for in silico anchoring and orientation of 4A physical contigs 

especially in peri-centromeric and centromeric region. 

 

3.3 Application of the physical map for positional cloning of important 

wheat genes 

Plant material 

Genetic mapping of different genes was carried out in various mapping popula-

tions.  

 Powdery mildew resistance locus (QPm-tut-4A) and introgression studies 

Development of mapping population for mapping of Pm resistance locus 

(QPm.tut-4A) and for introgression studies was described in Jakobson et al. (2006, 

2012). 
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 Pre-harvest sprouting (Phs-A1) 

Mapping of Pre-harvest sprouting gene (Phs-A1) was performed in two map-

ping population derived from UK winter wheat (T. aestivum) cultivars Op-

tion x Claire and Alchemy x Robigus. Details of mapping population development 

were described in Shorinola et al. (2016).  

 Yellow rust resistance gene (Yr51) 

Mapping population developed from bread wheat (T. aestivum) population la-

belled as HSB#5515 was used to evolution of advance mapping population 

of Yr51 resistance gene. Procedure was in detail described in Randhawa et al. 

(2014).  

 Locus influencing yield (Qyie-4A-bga) 

3 000 lines of RIL F8 mapping population of bread wheat (T. aestivum) derive 

from cultivars CS x Renan and three NIL mapping populations produced using 

three parents, Aztec, Autan and Cezanne were used for Qyie-4A-bga loci mapping. 

The mapping populations were provided by international collaborator the Biogemma 

(France).  
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4  Summary of results 

This thesis focuses on construction and utilization of genomic resources from 

the wheat chromosome 4A. The first goal of this work was to construct and anchored 

4A physical map. The second part of the thesis is dedicated to construction of 4A-

specific RH map for anchoring of physical contigs. The last part of the thesis 

was focused to application of anchored physical map to saturate loci of cloned genes 

with new markers. 

 

4.1 Construction of physical map of the wheat chromosome 4A 

Besides gene cloning and markers development, construction of the physical 

map represents an ideal base for genome sequencing and the sequence validation. 

With the ultimate aim to aid the wheat genome sequencing the physical maps of long 

and short arm of the 4A chromosome were constructed.  

The physical map of 4A short arm comprise 415 contigs and 4 422 MTP 

clones were selected and pooled into 3D-pools. 4AS physical contigs were then end-

to-end elongate in to 130 scaffolds and 120 contigs. The assembly of 4A long 

arm contains 1 127 contigs and 8 369 MTP clones were selected and pooled into 3D-

pools. The physical map was subsequently improved and elongated and number 

of contigs decreased to 746 contigs and 178 long scaffolds.  

Both physical maps were anchored in three levels. CSS were used as first level. 

Overall, 250 contigs and scaffolds of 4AS physical map were anchored with at least 

one CSS which represents 100 % of physical map. Likewise, in the 4AL physical 

map 911 contigs and scaffolds were anchored with at least one CSS. This represents 

98.6 % of 4AL physical map. RH map was used as second level of physical 

map anchoring. Total of 199 and 496 contigs and scaffolds representing 79.6 % 

and 54.4 % of 4AS and 4AL physical map were anchored to 4A-specific RH map, 

respectively. As third level of physical map anchoring was used 4A-specific 

GZ (Abrouk et al., 2016). Overall, 212 and 615 contigs and scaffolds representing 

84.8 % and 67.5 % of 4AS and 4AL physical maps were anchored to GZ, respec-

tively.  

Finally, 88.4 % and 73.5 % of 4AS and 4AL physical map, respectively, 

is fully anchored, ordered and oriented along 4A chromosome. Remaining 11.6 % 

and 25.1 % of physical maps is anchored only to CSS.  
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An interactive internet application was developed to open the anchored physi-

cal map to public (https://urgi.versailles.inra.fr/gb2/gbrowse/wheat_phys_4AL_v1/).  

4.2 Construction of high density RH map of chromosome 4A 

ERH panel consist of 414 lines from which were 119 lines selected for geno-

typing by wheat 90K iSelect SNP array. Genotyping yielded 2 711 SNP markers 

specific for 4A chromosome. The final RH map comprises 2 317 markers and span-

ning 6 550.9 centi Ray (cR).  

Deletion lines were also genotyped by 90K iSelect wheat chip. Verification de-

letion map was constructed from 2 687 SNP identified as 4A specific. Deletion 

map was used as control of marker order in RH map. 

Sequences of SNP markers were aliened and anchored to CSS. Only 

14 SNP markers cannot be anchored to any 4A CSS.  

 

4.3 Application of the physical map for positional cloning of important 

wheat genes 

Anchored physical map significantly facilitated saturation of region 

of all mapped loci. Physical map allowed development of new specific markers 

and saturated or narrowed down gene locus. 

 Powdery mildew resistance locus (QPm-tut-4A) and introgression studies 

Physical map facilitated development of specific markers for QPm-tut-4A locus 

saturation and narrowed it down to 0.02 cM. Mapping population used for mapping 

of this gene was derived from T. militinae introgression line 8,1 (Jakobson 

et al., 2012) and resources created in this study were also used for development 

of new method for introgression characterization (Abrouk et al., 2016).  

 Pre-harvest sprouting (Phs-A1) 

Region of possible gene locus for Phs-A1 gene was narrowed down to 0.3 cM 

and candidate genes were identified. Physical map was used for identification 

of new markers and the gene locus saturation. The BAC sequences of contig span-

ning the locus were annotated and causal gene identified (Shorinola et al., 2016) 

 Yellow rust resistance gene (Yr51) 

Region of gene resistance Yr51 was delimited by 3.7 cM between markers 

owm45F3R3 and sun104. The physical map and GZ were used for new marker de-
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velopment in the gene region. The markers owm45F3R3 and sun104 are now suc-

cessfully used for marker-assisted selection (Randhawa et al., 2014). 

 Locus influencing yield (Qyie-4A-bga) 

Using the 4A physical map, the Qyi-4A-bga gene locus was reduced to 0.5 cM 

and the flanking markers are being used in pre-breeding and breeding process (un-

published results).  
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5 Conclusions  

The main aim of presented study was construction a physical map of bread 

wheat 4A chromosome and development of 4A-specific RH map for anchoring 

and physical map use in positional cloning of agronomically important genes 

and ultimately as a base for sequencing of the chromosome. 

In the first part of this thesis, two 4A arm specific physical map were con-

structed. MTP clones were selected and pooled in to 3D-pools. Then, 3D-pools were 

Illumina sequenced and were used for physical map anchoring and marker develop-

ment. Anchoring of physical map was done on tree levels using available CS chro-

mosome specific survey sequences, improved 4A specific GenomeZipper and 4A-

specific RH map. Combination of these tree genomic recourses allowed anchoring 

and orientation of 104 % and 92 % of total length of 4AS and 4AL chromosome, 

respectively. The developed genomic resources were made available to public 

through scientific papers and internet application.  

In the second part of the thesis, 4A-specific ERH panel was developed to con-

struct recombination independent 4A-specific RH map. 119 lines were genotyped 

by 90K wheat SNP chip. Final RH map comprised of 2 317 markers and spans 

6 550.9 cR. RH map allowed anchoring of 79.6 % and 54.4 % of 4AS and 4AL 

physical maps, respectively.  

In the third part of the thesis, physical map of 4AL chromosome was involved 

in positional cloning of agronomically important genes. Physical map was success-

fully engaged in identification of candidate genes for pre-harvest sprouting and de-

limitation of alien introgression to 4AL chromosome arm. Additionally, 

the map was successfully used in saturation of loci and identification of tightly 

linked marker for effective MAS of resistance genes Yr51and QPm-tut-4A, and yield 

influencing gene Qyie-4A-bga. 
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8 Summary (in Czech) 

Fyzická mapa chromosomu 4AL pšenice a poziční klonování genu pro výnos 

 

Pšenice setá (Triticum aestivum L.) představuje jednu z nejvýznamnějších zeměděl-

ských plodin, jež poskytuje základní potravu pro 30 % světové populace. Studium geno-

mu pšenice, zejména pak genetické a fyzické mapování, sekvenování a poziční klonová-

ní, je ztíženo značnou velikostí genomu (~ 17 Gb), přítomností tří homeologních sub-

genomů a převahou repetitivních sekvencí (> 80 %). Řešení těchto problémů nabízí třídě-

ní jednotlivých chromosomů a jejich ramen pomocí průtokové cytometrie. Toto rozdělení 

genomu na malé přesně definované části je nezbytným krokem k získání referenční sek-

vence genomu pšenice. 

Předkládaná práce se zabývá studiem chromosomu 4A. V rámci práce byla zkon-

struována fyzická mapa obou ramen chromosomu 4A. Ty posloužily k výběru tzv. mini-

mal tilling path (MTP), což představuje minimální sestavu klonů, které pokrývají celou 

délku obou ramen. Klony z MTP byly sloučeny do tzv. 3D-poolů a následně osekvenová-

ny. Tyto sekvence umožnily ukotvení fyzické mapy na chromosom a její orientaci pomo-

cí tří různých genomických zdrojů. Nejprve byla fyzická mapa propojena se „survey“ 

sekvencemi (CSS) což dále umožnilo ukotvení fyzické mapy k 4A specifické radiačně 

hybridní mapě a k „GenomeZipperu“ (GZ).  

Součástí práce byl i vývoj radiační hybridní (RH) mapy, která představuje alterna-

tivní variantu genetického mapování především v chromosomových oblastech s nízkým 

nebo dokonce nulovým výskytem rekombinace. Radiační hybridní mapa je založena 

na mapování delecí indukovaných radiací a tudíž nezávislá na rekombinaci. Výsledná 

RH mapa obsahuje 2 317 SNP markerů a je dlouhá 6 550,9 cR. Pomocí RH mapy bylo 

ukotveno 79,6 % fyzické mapy krátkého a 54,4 % dlouhého ramene 4A chromosomu. 

Plně zorientováno a ukotveno k RH mapě a GZ je 88,4 % fyzické mapy krátkého ramene 

a 73,5 % fyzické mapy dlouhého ramene. Zbývajících 11,6 % fyzické mapy krátkého 

ramene a 25,1 % dlouhého ramene je ukotveno jen k CSS. Výsledné ukotvené fyzické 

mapy jsou veřejné dostupné přes webovou aplikaci (htt-

ps://urgi.versailles.inra.fr/gb2/gbrowse/wheat_phys_4AL_v1/). 

Kromě sekvenování je fyzická mapa nástrojem usnadňujícím poziční klonování ag-

ronomicky významných genů. Fyzická mapa chromosomu 4A byla úspěšně využita pro 

pozičním klonování lokusů ovlivňující výnos (Qyi-4A-bga), resistenci k padlí travnímu 

(QPm-tut-4A), rzi travní (Yr51) a genu ovlivňujícího klíčení semen v klasu před sklizní 

(Phs-A1). 

 


