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Resumo 
 

O núcleo alopoliplóide experiencia alterações genéticas e epigenéticas irreversíveis. A 

tribo Triticeae constitui um excelente taxon para estudar reestruturações genómicas em 

alopoliplóides recém-formados. 

O principal objetivo deste estudo foi verificar a ocorrência de potenciais 

reestruturações genéticas ao nível molecular e citogenético em tritordeuns (alopoliplóides 

H.chilense x T.turgidum) recém-formados por comparação com os respectivos progenitores. 

A natureza anfiplóide dos tritordeuns foi previamente confirmada por FISH. 

Realizou-se DNA fingerprint de duas linhas recém-formadas de tritordeum hexaplóide 

(HT22 e HT27) e respetivos progenitores utilizando os marcadores moleculares: IRAP, 

REMAP, ISSR e SCoT. Seis combinações de primers LTR e sete combinações de primers 

LTR e SSR produziram IRAPs e REMAPs, respetivamente. Dos 60 primers SCoT testados, 

apenas 18 amplificaram SCoTs na linha HT22 e 19 na linha HT27. Após análise de 

presença/ausência de bandas entre tritordeuns e respetivos progenitores, detetaram-se bandas 

polimórficas: i) comuns ao tritordeum e um dos progenitores, ii) amplificadas exclusivamente 

em tritordeum e/ou iii) específicas para um dos progenitores. Globalmente, todos os 

marcadores produzidos em tritordeum foram maioritariamente comuns ao progenitor trigo. As 

bandas polimórficas exclusivamente amplificadas em tritordeum (bem como as eliminadas), 

foram consideradas rearranjos genéticos derivados de alopoliploidização. Dos marcadores 

usados, os IRAP, REMAP e ISSR, foram melhor sucedidos na evidenciação de reestruturação 

genética em tritordeum. 

Ao nível citogenético foram testadas diferentes sondas SSR em esfregaços 

cromossómicos mitóticos de tritordeum recém-formado e respectivos progenitores através de 

ND-FISH. Apenas a sonda SSR (AG)10 revelou rearranjos estruturais nos cromossomas 

nucleolares 1B e 6B de tritordeum. Sucessivas experiências FISH com as sondas genómica de 

H.chilense e pTa71; e com as sondas SSR (AAC)5, 5S rDNA e pSC119.2 permitiram detectar 

os rearranjos e identificar os cromossomas neles envolvidos. Inicialmente, detetaram-se oito 

sinais de hibridação da sonda (AG)10 no tritordeum HT27, e seis sinais em trigo rijo devido à 

ausência de um sinal de hibridação (AG)10 no par cromossómico 1B de trigo. Este sinal 

resultou de uma sequência de rearranjos estruturais: uma dupla inversão pericêntrica no 

cromossoma 6B que resultou em duas regiões (AG)10 pericentroméricas (uma no braço curto e 

outra no braço longo). O cromossoma derivado, der(6B) recombinou-se com o cromossoma 



 
xiv

1B resultando na translocação recíproca Robertsoniana que originou os dois pares de 

cromossomas 1BS.6BL e 6BS.1BL. Provavelmente estes rearranjos que envolveram as 

regiões SSR (AG)10 e (AAC)5 foram induzidos pela alopoliploidização e mediados pela 

actividade de RTNs.  

Comparando os resultados moleculares com os citogenéticos, verificou-se que: (1) - a 

maioria dos marcadores herdados pelo tritordeum tiveram origem no progenitor trigo; (2) - à 

excepção do sinal de hibridação adicional observado no cromossoma 1B de tritordeum, os 

sinais de hibridação (AG)10 em tritordeum também foram herdados de trigo rijo; (3) - os 

rearranjos estruturais ocorreram ao nível dos cromossomas nucleolares 1B e 6B do trigo.  

Considerando que os SCoTs são marcadores de regiões codificantes do genoma e que 

a maioria dos SCoTs em tritordeum foram herdados do trigo, estes resultados suportaram a 

hipótese da utilização deste anfiplóide como cereal alternativo para agricultura, e como 

material-ponte no âmbito de programas de melhoramento de trigo. 

 

 
Palavras-chave: Citogenética; DNA fingerprinting; Hordeum chilense; marcadores 

moleculares; trigo rijo; tritordeum. 
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Abstract 
 

The allopolyploid nucleus experience irreversible genetic and epigenetic 

modifications. Triticeae tribe constitutes an excellent taxon for studying genomic 

restructuring in newly formed allopolyploids. 

The major goal of this study was to verify the potential occurrence of genetic 

restructuring at the molecular and cytogenetic levels in newly formed tritordeums 

(allopolyploids H.chilense x T.turgidum) by comparison with their parents. The amphiploidy 

of tritordeums was previously confirmed by FISH. 

DNA fingerprint of two newly formed lines of hexaploid tritordeum (HT22 and HT27) 

and respective parents using IRAP, REMAP, ISSR and SCoT markers was performed. Six 

combinations of LTR primers and seven combinations of one LTR and one SSR primer 

produced IRAPs and REMAPs, respectively. Among 60 primers SCoT tested, only 18 

amplified SCoTs in line HT22 and 19 in line HT27. After the presence/absence analysis of 

bands among tritordeums and their parents, it was detected polymorphic bands: i) common to 

tritordeum and one of the parents, ii) exclusively amplified in tritordeum and/or iii) specific to 

one of the parents. Globally, all markers produced in tritordeum were mostly inherited from 

the wheat parent. The novel bands amplified in tritordeum (and those eliminated) were 

considered allopolyploidization-induced genetic rearrangements. Among the markers used, 

IRAPs, REMAPs and ISSRs, evidenced better the genetic restructuring in tritordeum. 

Cytogenetically, it was tested different SSR probes in mitotic chromosome spreads of 

newly formed tritordeums and their parents by ND-FISH. Only the SSR (AG)10 probe 

revealed structural rearrangements in the nucleolar chromosomes 1B and 6B of tritordeum. 

Successive FISH experiments with the probes: genomic of H.chilense and pTa71; and SSR 

(AAC)5, 5S rDNA and pSC119.2, simultaneously, allowed the detection of rearrangements 

and identification of the involved chromosomes. Firstly, it were detected eight hybridization 

signals of (AG)10 in tritordeum HT27, and six signals in durum wheat, due to the absence of 

an hybridization signal (AG)10 in the wheat chromosome pair 1B. The novel signal resulted 

from a sequence of structural rearrangements: an inverted pericentric duplication in the 6B 

chromosome which resulted on two (AG)10 pericentromeric regions (one in the short and other 

in the long arm). The derivative chromosome, der(6B) recombined with the 1B chromosome 

resulting on the reciprocal Robertsonian translocation that originated the two chromosome 
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pairs 1BS.6BL and 6BS.1BL. Probably, these rearrangements which involved the SSR 

regions (AG)10 and (AAC)5 were induced by allopolyploidization and mediated by RTNs 

activity.  

Comparing the molecular with the cytogenetic results, it was verified that: (1) – most 

of the markers inherited by tritordeum had origin in wheat parent; (2) – except for the novel 

hybridization signal observed in the 1B chromosome of tritordeum, the hybridization signals 

(AG)10 in tritordeum were also inherited from durum wheat; (3) - the structural 

rearrangements occurred in the wheat nucleolar 1B and 6B chromosomes.  

Considering the SCoTs as markers of coding regions in the genome and that most of 

the SCoTs in tritordeum were inherited from wheat, these results supported the hypothesis of 

the use of this amphiploid as alternative cereal in agriculture, and as bridge-material under the 

scope of wheat breeding programs. 

 

 

Keywords: Cytogenetics; DNA fingerprinting; Hordeum chilense; molecular markers; durum 

wheat; tritordeum. 
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1. General introduction 

 

 Wheat, rice and maize are crops of major economical importance worldwide, 

accompanied by barley, rye, sorghum, and oat (Vasal 2002). Globally, the cereals represent an 

extensive cultivated land and a high annual production. According to the Food and 

Agriculture Organization (FAO), 95% of the worldwide wheat production refers to bread 

wheat (Triticum aestivum L. em. Thell) while durum wheat (Triticum turgidum subsp. durum 

(Desf.) Husn.) only represents 5%. The wheat production in 2012 was around 675 million 

tons, being 195 of them produced in the European Union. 

The increase in the worldwide population requires the increase of food production. In 

the 1960s, it was verified an increase in the cereals production due to the optimization of the 

agricultural practices and use of a reduced number of cereal varieties that were intensively 

genetically improved and which replaced a larger number of landraces (regionally adapted 

varieties). Despite these features have contributed for the increase in the cereals production, 

particularly, in the underdeveloped countries, during this period named as Green Revolution, 

it was verified a significant reduction of the genetic diversity (Khush 2001). In order to 

overcome the reduced genetic variability verified in wheat, breeders explored interesting 

agronomic genes such as pest and disease resistance, drought and salinity tolerances, rusticity, 

adaptation to poor soils and high protein content in landraces and closely related wild species, 

with the goal of transferring them directly or indirectly to the cultivated wheat, widening its 

genetic basis (Feldman and Sears 1981; Islam and Shepherd 1991; Jiang et al. 1994; Friebe et 

al. 1996; McIntosh et al. 2003). One of the methodologies widely used for that purpose was 

the artificial hybridization which allowed the production of allopolyploids, synthetic 

amphiploids, or hybrid wheat.  

In the last years, the global climatic changes have been negatively affected the wheat 

production, and breeders and researchers of all world have been developed efforts in order to 

increase the wheat production and quality.  

 

 1.1. Triticeae tribe and wheat evolution 

 

The Triticeae tribe (Family Poaceae) includes a high number of diploid and polyploid 

species belonging to multiple genera, grouped in the sub-tribes Triticinae and Hordeinae. This 
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taxon presents morphological characters that distinguished it from the remaining tribes of the 

subclass Graminaea (Sakamoto 1973). Wheat (genus Triticum), barley (genus Hordeum) and 

rye (genus Secale) belong to the Triticeaetribe as well as species from the Agropyron, 

Aegilops, Haynaldia, Elymus, Psathyrostachys, Brachypodium and Leymus genera (Miller 

1987), among others. 

Despite the phylogenetic and taxonomical differences among the members of Triticeae, 

the production of amphiploids and interspecific hybrids suggests the existence of a genetic 

or cytoplasmic compatibility among the genera (Sakamoto 1973). The genetic compatibility 

derives from the homeology relationships among the chromosomes of the different genomes 

which evoluted by divergence from a common ancestor (Kihara 1982; Kimber and Feldman 

1987). Additionally, breeders need to know the relationships among species, sub-species, 

varieties, and ecotypos, and should be able to group them according to their parentage degree 

on a determined genetic pool (Hoyt 1988). The genetic pool of a cultivated species includes 

all the cultivars, wild and related species, which contain all the available genes that could be 

used under the scope of breeding programmes (Lima-Brito 1998). Two species belonging to 

the same genetic pool produce high percentage of fertile descendents. Jiang and Gill (1994) 

defined that, generally, the tertiary genetic pool of T. aestivum includes diploid and polyploid 

species with non-homologous genomes to those of bread wheat. However, the genetic 

transference among such species could be allowed through methodologies that enable the 

homeologous chromosome pairing or induction of intergenomic translocations (Lima-Brito 

1998). 

The Triticum genus includes diploid (2n=2x=14), tetraploid (2n=4x=28) and hexaploid 

(2n=6x=42) species, being the chromosome number of the haploid complement (x) equal to 

seven (Sax and Sakamura 1918 cit. by Kihara 1982). Due to existence of a high crossability 

and genetic compatibility among the Triticeae species, arose the bread wheat (T. aestivum; 

2n=6x=42; AABBDD), a natural allopolyploid which resulted from the hybridization between 

the tetraploid wheat T. turgidum (AABB) and the wild species Triticum tauschii Coss. 

(2n=2x=14; DD) (Syn. Aegilops tauschii Coss. Schmalh. and syn. Aegilops squarrosa L.), 

followed by a spontaneous chromosome doubling (Kihara 1944; McFadden and Sears 1946; 

revised by Sabot et al. 2005). 
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The genome A of the cultivated wheats, Triticum turgidum ssp. durum (2n=4x=28; 

AABB) and T. aestivum (2n=6x=42; AABBDD), could be derived from two donor species: 

Triticum monococcum L. (2n=2x=14; AA) or Triticum urartu Thumanian ex Gandilyan 

(2n=2x=14; AUAU). 

The donor species of the wheat B genome is not known but several theories have been 

proposed about its origin through the years. Some authors suggested that the genome B was a 

mixogenome resulting from the hybridization between two or more allotetraploids containing a 

common genome A and a second modified genome due to structural reorganizations (Zohary and 

Feldman 1962). Based on morphological data, Feldman (1978) proposed the species Aegilops 

searsii as donor of the genome B, but the molecular data obtained by Ogihara and Tsunewaki 

(1988) refused this theory. However, is consensually accepted that the donor species of the B 

genome belongs to the Sitopsis section of the Aegilops genus (Sears 1956; Kihara 1982; Kerby 

and Kuspira 1987). The Aegilops speltoides (Tausch) Gren. ex K. Richt. (SS; 2n=2x=14) was 

acceptable as potential donor species of the genome B (Jiang and Gill 1994; Dvorák and Zhang 

1990; Daud and Gustafson 1996).  

The putative donor species of the B genome hybridized with T. urartu originating the 

tetraploid wheat T. turgidum ssp. dicocoides (2n=4x=28, AABB) (Levy and Feldman 2002). 

The tetraploid wheat (AABB) spontaneously hybridized with the donor species of the D 

genome, Ae tauschi (2n=2x=14; DD), resulting on the natural allopolyploid T. aestivum 

(2n=6x=42, AABBDD) (Kihara 1944; McFadden and Sears 1946).  

The scientific names of the species reported so far in this dissertation, have been 

changed over the years. In the present study, it were used the scientific designations of the 

International Code of Botanical Nomenclature (ICBN) and/or the Integrated System of 

Taxonomical Information (ITIS). 

 

1.2 Polyploidy and its importance 

 
Polyploidy is the process of genome doubling that gives rise to organisms with 

multiple sets of chromosomes. The polyploid organisms have more than two complete sets of 

chromosomes in the nucleus comparatively to the normal diploid cells (Cullis 2004). In 

autopolyploid organisms, all chromosomes had origin in the same species (Kihara and Ono 

1926 cit. by Heilborn 1934). This phenomenon could occur naturally or it could be induced 

by thermal and physical shocks, or by chemical agents such as colchicine (Blakeslee and 

Avery 1937). The natural polyploidy occurs more frequently in plants (Lacadena 1996; Mable 



Chapter 1. General Introduction 

 
6

2004), contributing for their evolution, increasing diversity, genomic plasticity, and inducing 

speciation (Chen 2007; Ma and Gustafson 2008). The polyploid plants show higher adaptation 

and survival potentials under unfavourable environmental conditions than the diploids 

(Ehrendorfer 1980; Levin 1983; Novak et al. 1991). This phenomenon has been reported for 

95% of pteridophytes, 80% of angiosperms, and rarely in gymnosperms (Cullis 2004).  

The Triticeae tribe constitutes an excellent taxon for polyploidy studies in cereals, 

because their species diverged from a common ancestor, share groups of homeologous 

chromosomes, and present high genetic and cytoplasmic compatibilities, allowing the 

production of allopolyploids with different genomic constitutions and ploidy levels. The 

synthetic allopolyploids (interspecific or multigeneric hybrids and synthetic amphiploids) 

developed by breeders and researchers have been studied at the molecular and cytogenetic 

levels and proposed as: alternative crops for agriculture; useful for animal food; start or bridge 

material in wheat breeding programmes allowing the production of addition, substitution or 

translocation lines, widening the genetic basis of cultivated wheat; and suitable for studies of 

genetic restructuring since different genomes interact under the same cytoplasm background 

(Martín et al. 1996; 1998; 2008; Ramsey and Schemske, 1998; Ozkan et al., 2001; Levy and 

Feldman, 2002; Soltis et al. 2003; Adams and Wendel, 2005; Chen and Ni 2006; Bento et al. 

2008; 2010; 2011; Cabo et al. 2013 a,b,c). 

 

1.3 Amphiploids of the Triticeae tribe 

 
Amphiploids are allopolyploids that join the real or functional chromosome 

complements of the two parental species generally related (Lima-Brito 1998) and show a 

meiotic behavior similar to the diploid individuals after chromosome doubling (Singh 

2002).  

Although wheat, rye and barley belong to the Triticeae tribe, the synteny between 

wheat and barley is higher, because wheat and rye are phylogenetically distant by seven 

translocation events (Devos et al. 1993). Nonetheless, it is unknown for how much time more, 

in evolutionary terms, wheat and barley will be considered collinear (Gale and Devos 1998). 

These results have implications in the introgression strategies of agronomic interesting genes 

from alien species such as rye and barley to the cultivated wheat. Rye presents interesting 

traits such as vigour, rusticity, and tolerance to unfavourable edapho-climatic factors 

(Guedes-Pinto 1986); barley shows agronomic traits such as earliness, drought and salinity 

tolerances, and quality characters (e.g. carotenoids) (Molnár-Láng et al. 2000) that should be 
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transferred from these species to the cultivated wheat.  Conversely, it also will be useful the 

transference of some interesting traits from wheat to barley as the baking quality, and 

production rate (Molnár-Láng et al. 2000; Nagy et al. 2002). 

The hybridization between wheat and rye is hampered by the presence of the genetic 

system Kr of wheat which reduces or inhibits the production of F1 hybrid seed (Stebbins 

1971; Riley and Chapman 1967; Snape et al. 1979).  

After the production of an interspecific hybrid, the transference of alien traits to wheat 

could occur by intergenomic recombination. Nonetheless, this event is disturbed by the 

activity of the locus Ph1, located in the wheat chromosome 5BL, which suppresses the 

homeologous bivalents formation between wheat and alien chromosomes. To overcome this 

problem, it is need the production of stable amphiploids derived from the interspecific hybrids 

that ensure the transference of interesting traits from the alien species to the cultivated wheat 

(Carvalho 2004). 

 

 1.3.1. Triticale 

 

The former hexaploid amphiploids involving wheat and rye were produced by crosses 

between Triticum turgidum ssp. durum (2n=4x=28) and Secale montanum L. (2n=2x=14) 

(Derzhavin 1938 cit. by Kihara 1982), and by crosses between tetraploid wheat and S. cereale 

(O’Mara 1948).  

Triticale (X Triticosecale Wittmack; 2n=6x=42; AABBRR) resulted from crosses 

between the cultivated durum wheat T. turgidum subsp. durum (2n=4x=28; AABB) and 

cultivated rye, S. cereale (2n=2x=14; RR). Initially it were produced tetraploid (2n=28); 

hexaploid (2n=42); octoploid (2n=56) and decaploid (2n=70) triticales. The development of 

hexaploid triticales did fading the early emphasis given to the octoploid triticales (2n=8x=56; 

AABBDDRR) obtained by Müntzing (1939). Later, octoploid triticales with the genomic 

constitution AABBRRRR (2n=8x=56) were produced (Skovmand et al. 1984). These 

triticales, also reported in Portugal by Guedes-Pinto and Mello Sampayo (1985), showed a 

high degree of chromosome diploidization.  

Among the triticales produced so far, the hexaploid ones showed better agronomic 

performance, and in certain parts of the world, they exceeded their parental species – heterosis 

(Guedes-Pinto et al. 1991). It was supposed that this amphiploid joins the interesting 

agronomic traits of wheat and rye, namely, the vigour, rusticity, tolerance to marginal soils 
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and/or acid, high yield and quality, and disease resistance as reported by Guedes-Pinto (1986). 

However, this goal was not observed completely and triticales have been mainly used for 

animal feed. Additionally, other disadvantages that were pointed out for the hexaploid 

triticales were the seed shrivelling sometimes associated with meiotic irregularities or to the 

telomeric heterochromatin blocks in the rye origin chromosomes, and the occurrence of 

aneuploidy (Gupta and Priyadarshan 1982; Falcão et al. 1990). 

In order to improve their baking qualities (Martín et al. 1999), it were used 

translocation lines for the introgression of bread wheat genes coding for glutenins in the 1RL 

and 1AL chromosomes of triticale (Lukaszewski and Curtis 1992).  

Triticale has been also used as bridge material for the transference of genes coding for 

bread wheat glutenins to the cultivated durum wheat (Blanco et al. 2002).  

 

 1.3.2. Tritordeum 

 

After several unsuccessful attempts to hybridize different species of the genera 

Triticum and Hordeum, the synthetic amphiploid tritordeum (X Tritordeum Ascherson et 

Graebner; 2n=6x=42; HchHchAABB) arose from interspecific crosses between the wild barley 

Hordeum chilense Roem. et Schultz. (2n=2x=14; HchHch) and the cultivated durum wheat 

(2n=4x=28; AABB).  

H. chilense is native from the South of America (Chile and Argentina), has a 

perennial habit (Bothmer et al. 1995), belongs to the Anisolepis section of do genus 

Hordeum, and presents high crossability with other members of the Triticeae tribe. 

This wild barley also presents high variability in the storage proteins content (Alvarez et al. 

2001) as well as high carotenoids content, pests and diseases resistance and tolerance to 

abiotic stressses (Rubiales et al. 1993; Martín et al. 1998; 1999; Rubiales et al. 2001). 

Recently, the H. chilense cytoplasm has also been used as a new source of cytoplasm male 

sterility (CMS) in the production of hybrid wheat (alloplasmic lines). The presence of Hch 

introgressions containing restorer fertility genes (Rf) in wheat chromosomes of these lines 

effectively restore their fertility (Martín et al. 2008; 2009). 

Although it have been produced octoploid tritordeums with the genomic constitution 

HchHchAABBDD (2n=56), derived from crosses between H. chilense and T. aestivum cv. 

‘Chinese Spring’, they showed as main disadvantages the reduced fertility rate ( Martín and 

Chapman 1977) and diluted resistance to wheat diseases (Rubiales et al. 2001). Nevertheless, 
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the octoploid tritordeums have been used as bridge material for Hch introgressions in bread 

wheat, and in the production of hybrid wheat (Martín et al. 2008; 2009). 

Hexaploid tritordeum seems to be the most promissory for agriculture, once it 

demonstrates a reduced frequency of aneuploidy; high growth rate; high biomass yield; and 

fertility; chromosome stability; morphology and agronomic performance similar to the wheat 

parent (Martín and Sánchez-Monge Laguna 1982); high number of spikelets per spike, protein 

content and seed size (Martín and Cubero 1981; Martín et al. 1999); resistance to the barley 

yellow rust, to the brown rust of Agropyron (Rubiales et al. 1991); and to the wheat powdery 

mildew (Rubiales et al. 2001). The hexaploid tritordeum presents a nutritional content 

similar to that of durum wheat, being suitable for animal feeding (Cubero et al. 1986). 

The agronomic disadvantages pointed out for the hexaploid tritordeum are the glumes 

fragility and brittle rachis (Martín et al. 1999; Ballesteros et al. 2003). 

Both synthetic amphiploids triticale and tritordeum have been used in the agriculture 

as alternative crops though in small scale. Nonetheless, they have beem widely used in wheat 

genetic breeding programmes, as bridge materials enable the transference of interesting 

agronomic traits from rye and barley to the cultivated wheat. Besides, they have been also 

target of cytogenetic, evolutionary and genomic studies, contributing for the understanding of 

meiotic pairing between homeologous chromosomes, and events derived from the 

allopolyploidization process (Lima-Brito et al. 1998; 2002 b; Carvalho et al. 2005 a,b; Bento 

et al. 2008; 2010). 

 

1.4. Genome organization in plants 

 
 It is well established that plant genomes contain, in addition to genes and regulatory 

sequences, various classes of repetitive DNA sequences organized in tandem or dispersed, 

each class with specific chromosome locations (for review see Schmidt and Heslop-

Harrison 1998; Heslop-Harrison and Schmidt 2007; Schwarzacher et al 2011) (Fig. 1.1). 
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Figure 1.1 Linear plant chromosome model.  

Source: [http://www.le.ac.uk/bl/phh4/chrmod.htm] 
 
 
These motifs contain numerous repetitive DNA sequences that may be found 

thoroughly dispersed into the genome or chromosome at specific locations, such as in 

telomeres, centromeres or in the 5S and 45S rDNA loci (Heslop-Harrison and Schmidt 2007). 

The rRNA genes are multigene families with rDNA units repeated in tandem, arranged in 

"head-to-tail" arrays, being separated by the intergenic spacer (IGS) and the internal 

transcribed (ITS). 

According SanMiguel et al. (1996), in the genomes of the family Gramineae, genes 

are located in “islands” interspersed with “sea of repeats”. Sandhu and Gill (2002) 

strengthened this statement indicating that on a wheat chromosome, the genes rich regions are 

interspersed with intergenic regions consisting of repetitive DNA sequences, such as SSRs (Li 

et al. 2002; 2004) and retrotransposon (RTNs). 

 

 1.4.1 Microsatellites or SSRs 

 

Microsatellites or SSRs (Simple Sequence Repeats) consist on repeat motifs of 1 to 6 

nucleotides tandemly repeated throughout all eukaryotic genomes. The SSRs are abundant 

and dispersed through the intergenic regions together with other repetitive DNA sequences 

(Tautz and Renz 1984; Jeffreys et al. 1985; Beckmann and Weber 1992; Cuadrado and Jouve 

2007, 2010) but also within gene regions (Li et al. 2002; 2004).  
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Li et al. (2004) found and characterized SSRs distributed within Expressed Sequence 

Tags (ESTs) of protein-coding genes and in their untranslated regions (UTRs). These data 

showed the possible roles of SSRs and revealed that their distribution is not random in the 

coding regions, UTRs and introns. Li et al. (2004) also reported that the simple changing in 

the number of repetitions (expansion or contraction of SSR regions) could induce 

consequences at different levels: i) gain or loss of gene function; ii) expansion of messenger 

RNA (mRNA); iii) alterations in the regulation of gene expression due to transcriptional 

effects; iv) changes in cell function; v) and induction of gene silencing. The effects caused by 

the expansion or contraction of SSRs within the genes may eventually lead to phenotypic 

changes and evolution by mutational process, similarly to what was verified for the SSRs 

contained in other genomic regions ( Li et al. 2004). 

The SSRs have several characteristics that make them versatile instruments for 

genomes study: abundance, ubiquity, located in certain chromosomal regions, high level of 

polymorphism and ease of amplification by PCR (Fabregat et al. 2001; Li et al. 2004; 

Cuadrado et al 2008). Thus, the abundance, distribution, organization and evolution of SSRs 

have been studied in different plant species through molecular biology and cytogenetic 

techniques. 

 

 1.4.2 Retrotransposons (RTNs) 

 

The genomes of polyploid species belonging to the Triticeae tribe are large, and 

complex, presenting a high proportion of repetitive DNA and transposable elements (TEs), 

derived from polyploidization events (Sabot and Schulman 2007, Kraitshtein et al. 2010).  

Since their discovery, TEs have been considered as controllers (McClintock 1983), 

selfish or parasitic (Dawkins 1976; Doolittle and Sapienza 1980; Orgel and Crick 1980; 

Hickey 1982); parasitic and useful (Capy et al. 2000) or maladaptive (Charlesworth et al. 

1994; Vinogradow 2003). TEs could be splitted in two classes: the Class I (RNA-based 

RTNs) and Class II (DNA-based transposons) according to their structure and transposition 

cycle (Kalendar et al. 2011).  

Class II TEs were discovered by McClintock (1983), which move by a cut and copy 

mechanism (e.g. miniature inverted repeat terminal elements - MITE) through a DNA 

intermediary (Hansen and Heslop-Harrison 2004; Kalendar et al. 2011).  
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The Class I includes the RTNs which realize the transposition through a RNA 

intermediary, and the original copy is maintained in the genome (Finnegan 1989), increasing 

its size (Kalendar and Schulman 2006). They are ubiquitous, abundant and distributed 

throughout the eukaryotic genomes, being highly numerous in plants (Finnegan 1989; Flavell 

et al. 1992; Voytas et al. 1992; Katsiotis et al. 1996, Pearce et al. 1996; 1997; Suoniemi et al. 

1998; Kalendar and Schulman 2006). At least in cereals and Citrus, the RTNs are locally 

grouped and organized in large areas sometimes called as “RTNs seas” surrounded by “gene 

islands” (SanMiguel et al. 1996; Shirasu et al. 2000; Ramakrishna et al. 2002; Bernet and 

Asins 2004; Gu et al. 2004; Kong et al. 2004; Sabot et al. 2005; Kalendar et al. 2011). 

The RTNs could be flanked by long terminal repeats (LTRs) being named as LTR 

RTNs, such as the TRIM (Terminal-repeat Retrotransposons In Miniature) and LARDs 

(Large Retrotransposon Derivatives), but it could also include non LTR RTNs such as the 

LINE (Long Interspersed Repetitive Elements) and SINE (Short Interspersed Repetitive 

Elements) (Kumar and Bennetzen 1999; Schmidt 1999; Calonje et al. 2009; Kalendar et al. 

2011). 

The LTR RTNs are typically more abundant and active comparatively to the non LTR 

RTNs (Hill et al. 2005; Paterson et al. 2009). In cereals, about 40 to 70% of the total DNA 

comprises LTR RTNs (Pearce et al. 1996; SanMiguel et al. 1996; Shirasu et al. 2000; 

Echenique et al. 2002). These genomic components are dynamic and subject to rapid 

evolution (Hansen and Heslop-Harrison 2004). 

The LTR RTNs could be divided in two main classes or superfamilies: Ty1/copia 

(Pseudoviridae) and Ty3/gypsy (Metaviridae) (Flavell et al. 1992; Voytas et al. 1992; Kumar 

and Bennetzen 1999), both ubiquous in plants, mostly in angiosperms (Hansen and Heslop-

Harrison 2004; Havecker et al. 2004; Vitte and Panaud 2005). These classes are distinguished 

by the positions of the integrase (IN) gene relatively to the other genes needed for replication 

by the reverse transcriptase (RT) (Vicient et al. 2001).  

Due to the dynamism and distribution throughout the genomes, the TEs, particularly, 

the RTNs have been widely explored as alternative molecular marker systems (Kalendar et al. 

2011).  
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1.5. Genetic restructuring in allopolyploids 

 

 During the formation of an allopolyploid two genetic shocks may occur: the 

hybridization of two or more different genomes in a single nucleus, and the chromosome 

doubling (polyploidization). These two events are considered more revolutionary than 

evolutionary (Ozkan et al. 2001). Some authors suggested even the occurrence of a 

revolutionary phase and of an evolutionary phase (Feldman and Levy 2005; Ma and 

Gustafson 2008; Bento et al. 2011). As answer to these conflicts, the genomes of the 

allopolyploid species react with irreversible reorganizations and genomic modifications 

(Ozkan et al. 2001). These alterations include structural rearrangements at the chromosome 

level (Leitch and Bennett 1997), at the DNA sequence level (Song et al. 1995; Wendel et al. 

1995); regulation of gene expression (Scheid et al. 1996; Comai et al. 2000); activation of 

transposons (Matzke and Matzke 1998); amplification, segregation, and/or elimination of 

highly repetitive DNA sequences (Salina et al. 2000) and low-copy sequences (Feldman et 

al. 1997; Liu et al.1998).  

The genomic duplication could cause instabilities such as unbalanced chromosomes, 

incompatibilities in gene expression and/or sterility. Thus, the newly formed allopolyploids 

need to establish cytoplasm compatibility (between the alien cytoplasm and the hybrid 

nucleus) and genetic compatibility among the different genomes involved in the same nuclear 

background, to ensure their stability and success in the nature (Chen, 2007).  

Taking into account that Triticeae tribe includes diploid and polyploid species with 

high crossability among them, promoting the production of allopolyploids with different 

genomic constitutions, one can argue that this tribe is an excellent base for the study of 

genetic restructuring within newly formed hybrid nuclei. 

Ozkan et al. (2001) reported the occurrence of fast genomic alterations in newly 

formed allopolyploids involving the genera Aegilops and Triticum. These alterations consist 

in the rapid elimination of low-copy sequences, probably, non coding, present in the diploid 

parents. The elimination of such sequences promotes the strict bivalent pairing (avoiding the 

intergenomic recombination), high fertility and heterosis (Ozkan et al. 2001). 

Recently, it were developed studies of genetic restructuring in newly formed 

allopolyploids, namely, in triticale and wheat-rye addition lines (Bento et al. 2008; 2010) 

and in hexaploid tritordeum (Cabo et al. 2013a,b c). 
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 Considering the actual availability of multiple cytogenetic techniques and molecular 

marker systems, these tools could be useful, complementary and contributory for the deeper 

understanding of genetic restructuring in newly formed allopolyploids. However, in the 

following items it will be addressed only those related with the research presented in this 

dissertation. 

 

  

1.6 Cytogenetic techniques useful for genetic restructuring studies in  allopolyploids 

 

 1.6.1. Fluorescence in situ hybridization (FISH)  

 

The cytogenetic technique Fluorescence in situ hybridization (FISH) arose in the XX 

century and, unlike to the radioactive in situ hybridization (ISH); (Gall and Pardue 1969; 

John et al. 1969), the technique uses probes labeled with fluorochromes which bind to 

haptens such as biotin and digoxigenin (Langer-Safer et al. 1982; Pinkel et al. 1896; 

Schwarzacher et al. 1989). FISH allows the detection of hybridization signals in targets such 

as nuclei, chromosomes, genes, sequences, translocations or transgenes in chromosome 

spreads or in extended chromatin fibres (Schwarzacher and Heslop-Harrison 2000). The 

FISH advantages are the high resolution, contrast, prompt achievement of results, safe 

(Schwarzacher and Heslop-Harrison 2000). The immunocytochemistry is inherent to the 

detection of the hybridization signals, and despite being more sensible than the 

autorradiografy, it allows the use of two or more probes simultaneously (Multicolor-FISH) 

(Schwarzacher and Heslop-Harrison 2000).  

In plants, FISH technique has been used for: chromosome morphology study; 

genome and chromosome structure and organization; parental genomes discrimination 

in allopolyploids; nuclear architecture studies; identification of individual 

chromosomes or structural rearrangements; detection of genes; physical location of 

repetitive DNA sequences; meiotic pairing; understating of gene expression, and 

tridimensional structure of chromosomes and nuclei (Schwarzacher and Heslop-Harrison 

2000; Schwarzacher 2003; Singh 2002; Schubert 2011). 
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Different FISH variant techniques arose through the years: GISH (Genomic In situ 

Hybridization), Multicolor-FISH/GISH, Fibre-FISH, BAC-FISH, Immuno-FISH, 

Chromosome Painting, High-Resolution Single-Copy Gene FISH, ND-FISH (Nondenaturing 

FISH) (Cuadrado and Jouve 2010), among others (Shubert et al. 2011; Jong 2003; Speicher 

and Carter 2005).  

The FISH designation is usually applied when the methodology envolves the use of 

probes such as repetitive DNA sequences or low copy seqeunces (Forsström et al. 2002) but 

also when simultaneously it is used a genomic DNA probe simultaneously with a repetitive 

DNA probe (Leitch et al. 1991; Mukai et al. 1993; Lima- Brito et al. 1996; Carvalho et al. 

2002; 2005a; 2005b).  

The GISH technique only uses genomic DNA probes and sheared unlabeled blocking 

DNA in excess relatively to the probe amount. GISH has been widely used in cereals under 

the scope of genetic breeding programmes, genomes and meiotic pairing studies and 

identification of alien chromatin or genomes (Anamthawat-Jonsson and Heslop-Harrison 

1990; Schwarzacher et al. 1989; Mukai et al. 1993; Fernández-Cálvin et al. 1995; Benavente 

et al. 1996; Lima-Brito et al. 1996; 1997; 2002a,b,c; Islam-Faridi and Mujeeb-Kazi 1996; 

Alkhimova et al. 1999; Jenkins et al. 2000; Wang et al. 2000; Cai et al. 2001; Taketa and 

Takeda 2001; Forsström et al. 2002; Carvalho et al. 2002; 2005a; 2005b). 

The Multicolor-FISH consists in the simultaneous use of three or more repetitive DNA 

sequences or genomic probes directly or indirectly labeled with multiple fluorochromes with 

different wavelengths of fluorescence emmission.  

In the particular case of cereals, FISH has been used for the physical mapping of 

multigene families, such as the ribossomal RNA (rRNA) genes (Gerlach and Bedbrook 

1979; Mukai et al. 1991; Heslop-Harrison 2000; Carvalho et al 2008, Carvalho et al 2009, 

Carvalho et al 2010, Carvalho et al 2011, Carvalho et al 2013), telomere and centromere 

sequences, retrotransposons LTR and non-LTR (Linde-Laursen et al. 1997; Heslop-Harrison 

2000); simple sequence repeats (SSRs) (Pedersen et al. 1997; Cuadrado and Schwarzacher 

1998; Cabo et al. 2013b), and low- and single-copy sequences (Mikhailova et al. 2001). 

FISH has also been contributed for the identification of wheat and rye chromosomes (Mukai 

et al. 1993; Cuadrado and Jouve 1994; Cuadrado et al. 1995; Castilho and Heslop-

Harrison 1995; Cuadrado and Jouve 1996; 1997; Lima-Brito et al. 1996; Cuadrado et al. 

1997; Lima-Brito et al. 1997; Cuadrado and Schwarzacher 1998; Ribeiro-Carvalho et al. 
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2001; Carvalho et al. 2005a; Cabo et al. 2013a,b); and studies of meiotic pairing (Carvalho et 

al. 2005). 

The FISH technique is of huge importance since its wide range of applicability highly 

contributes for the genome study of several plant species (Figueroa and Bass, 2010). In the 

present dissertation it were used the conventional FISH, Multicolor-FISH and ND-FISH. 

 

 1.6.2. Nondenaturing FISH (ND-FISH) 

 

Cuadrado et al. (2009) have published a method for the rapid detection of telomeric 

sequences in plants which did not involves denaturing of the chromosomal DNA. Later, 

Cuadrado and Jouve (2010) demonstrated that this technique, called nondenaturing 

fluorescent in situ hybridization (ND-FISH) could also be used for the physical location of 

simple SSRs (21 bp) in different species (human, Drosophila, plants). These authors showed 

that oligonucleotides repeat motifs mono-, di -, tri- or tetranucleotide recognized SSR-

enriched regions in non-denatured chromosomes, showing strong hybridization signals.  

The advantages of ND-FISH technique relies in its speed, maintenance of 

chromosome morphology in nondenaturing conditions, even with the omission of the 

prehybridization step required by the conventional FISH protocol to prepare and preserve the 

quality of chromosome spreads (Cuadrado and Jouve 2010). This protocol could use directly 

labeled probes further simplifying the procedure and showed higher sensitivity (strong signal 

intensity) and resolution than the conventional FISH protocol. The hybridization mixture is 

extremely simple, relying essentially, in the saline buffer SSC (comprising sodium chloride 

and sodium citrate) and did not require formamide, dextran sulfate or other agent that 

facilitates the hybridization of the probe (Cuadrado and Jouve 2010). The affinity between 

probe and target DNA probes was high and hybridized with less impact on the structure of the 

chromosome, despite maintaining high stability with the target sequences even under 

nondenaturing conditions (Cuadrado and Jouve 2010). Since ND-FISH did not affect the 

chromosome morphology, this approach allows multiple reprobes and it was also successful 

by using multiples repetitive DNA sequences simultaneously (Multicolor-FISH), as 

documented recently in mitotic chromosome spreads of tritordeum and its male parent, durum 

wheat (Cabo et al. 2013c).   
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The cytogenetic techniques are constantly evolving and have contributed greatly to the 

study of genomes organization and evolution.  

 

1.7 Marker systems useful for genetic restructuring studies in allopolyploids 

 

A genetic marker is any signal (phenotype, protein or DNA fragment) of a genotype 

that is manifested by polymorphism and may be used in combination with other markers 

characteristic of the same genotype (O'Brien 1990). The polymorphism (identification of 

different alleles at the same locus) is the main characteristic of a genetic marker (Ferreira and 

Grattapaglia 1996). 

Solanille (1994) classified the genetic markers in four groups: morphological, 

biochemical, molecular and cytogenetics. According to Lefebvre and Chèvre (1995), the 

genetic markers could be divided only in morphological and molecular markers, including in 

this latter group: the biochemical markers (isozymes and storage proteins) and the DNA 

markers. The DNA markers could be based on DNA hybridization, RFLPs (restriction 

fragment length polymorphisms) (Botstein et al. 1980), or based on PCR amplification, such 

as the: RAPD (Random Amplified Polymorphic DNA; Williams et al. 1990; Welsh and 

McClelland 1990); AFLP (Amplified Fragment Length Polymorphism; Vos et al. 1995); 

SSRs (Solanille 1994; Lefebvre and Chèvre 1995), and ISSRs (Inter-Simple Sequence 

Repeats or inter-microsatellites; Zietkiewicz et al. 1994). Depending on the information 

provided about the heterozygosity, these DNA markers are classified as dominant or co-

dominant. The co-dominant markers (e.g. RFLPs) have the advantage of allowing the 

distinction between heterozygotes and homozygotes (Laurentin 2009). According Weising et 

al. (1995), a good molecular marker should behave highly polymorphic and selectively 

neutral, being codominant, ubiquous in the genome, and its development should be easy, fast, 

reliable and highly reproducible. However, there is no ideal marker that can be applied to all 

studies, it is necessary to adjust one or more technical research in each case (Robinson and 

Harris 1999). During the last two decades, DNA markers based on PCR amplification have 

been widely used in genetic mapping (Moore et al. 1995; Gale and Devos 1998); marker-

assisted selection (Alzate-Marin et al. 2005); gene-tagging (Tanksley 1983; Ammiraju et al. 

2001, 2002; Dayteg et al. 2008); DNA fingerprinting (Carvalho et al. 2005; Lima-Brito et al. 

2006); analysis of genetic diversity (Carvalho et al. 2009a,b; 2010; 2012); estimate of 
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phylogenetic relationships; clonal certification, and evolutionary studies (Bennetzen 2000; 

Agarwal et al. 2008). 

Some DNA markers have been considered arbitrary once they did not require specific 

primers for the target region of the genome to be amplified (Agarwal et al. 2008; Poczai et al. 

2013).  

In the present study we used four molecular marker systems: IRAP (Inter-

Retrotransposon Amplified Polymorphism), REMAP (Retrotransposon-Microsatellite 

Amplified Polymorphism), ISSR, and SCoT (Start Codon Targeted). Except for ISSRs, the 

RTN based markers, IRAP and REMAP (Kalendar et al. 1999), and SCoT (Collard and 

Mackill 2009) arose after the classification of Lefebvre and Chèvre (1995). However, these 

marker systems have been considered as DNA markers based on the PCR amplification 

(Poczai et al. 2013). Therefore, only the molecular marker systems used in the present study 

(IRAP, REMAP, ISSR and SCoT) will be addressed in the following items.  

 

 1.7.1. RTNs-based markers: IRAP and REMAP 

 

RTNs generate genetic diversity and constitute useful molecular tools for the 

detection of genomic alterations associated with their activity because they could create 

large and stable insertions contributing for the increase of the genome size (Kalendar et al. 

2011).  

Conversely to the TEs from Class II, the RTNs did not have the ability of excise 

itselves from their insertion sites (Finnegan 1989). This unidireccional integration confers 

big advantages for reconstruction of pedigrees and phylogenies because the ancestor state 

becames obvious (empty local) while with most of the other markers, it was not possible to 

infer about the direction of the genetic polymnorphisms (Kalendar et al. 2011).  

The RTN based markers presente advantages based on two basic properties, namely, 

they generate large and stable insertions through the transposition activity, and they have 

conserved domains to which PCR primers are designed for their amplification (Kalendar et 

al. 1999; Kalendar and Schulman 2006; Kalendar et al. 2011). For the LTR RTNs, the 

primers are designed for LTRs nearby to the insertion site, in LTR subdomains that are 

conserved in RTN families and which differ among families (Schulman 2007; Kalendar et 

al. 2011).  
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The methodologies SSAP (Sequence Specific Amplified Polymorphism), RBIP 

(Retrotransposon-Based Insertion Polymorphism”), IRAP and REMAP are examples of 

RTN based markers (Kalendar et al. 1999; Kalendar and Schulman 2006; Kalendar et al. 

2011) which allow the exploration of polymorphisms in insertion patterns.  

IRAP amplifies DNA segments between LTRs of two nearby RTNs (Kalendar et al. 

1999; Kalendar and Schulman 2006). IRAP methodology could use one or two primers 

complementary to the LTR at the ends 3’ and 5’. To amplify the genomic DNA segments 

between RTNs with LTR regions with orientations ‘head-to-head’ or ‘tail-to-tail’ is 

sufficient to use a single LTR primer (Kalendar et al. 1999). The amplification of genomic 

DNA between two RTNs with LTRs oriented by the mode ‘head-to-tail is required the use 

of two primers (Kalendar et al. 1999). These two primers LTR may be elements of the same 

RTN family or from diferente families (Kalendar and Schulman 2006). 

The REMAP methodology amplifies the insertional polymorphisms present in 

genomic DNA regions localized between one SSR region and one LTR region from one 

RTN, using one SSR and one LTR primer, respectively (Kalendar et al. 1999; Kalendar and 

Sculman 2006). The LTR primer should be complementary to the 5’- or to 3’-end of a LTR 

sequence and the anchored SSR primer should be complementary to the conserved SSR 

region. 

IRAP and REMAP methods originate tens to hundreds of markers by amplification, 

depending on the prevalence of the RTNs family and genome organization of the plant under 

study (Schulman 2007). These two techniques can be used individually or in combination, 

and they produce a greater number of markers and have been useful for genetic diversity and 

phylogenetic studies in plants from different genera: Hordeum ( Kalendar et al. 1999), Citrus 

(Bretó et al. 2001), Spartina ( Baumel et al. 2002), Musa (Teo et al. 2005), Dyospirus (Guo et 

al. 2006), Pisum (Smykal 2006), Oryza (White et al. 2007), Aegilops (Saiedi et al. 2008), 

Crocus (Alavi-Kia et al. 2008), Triticum (Carvalho et al. 2010a); and for DNA fingerprinting 

(Kalendar et al. 1999; Cabo et al. 2013a); gene mapping (Manninem et al. 2000); and 

analysis of genetic restructuring in newly formed allopolyploids (Cabo et al. 2013a). 

Molecular studies obtained with RTNs based markers can provide information about 

the level of genetic diversity and estimate phylogenies among individuals, populations or 

species, which may be useful for the development of strategies for plant breeding. 
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 1.7.2. ISSR markers  

 
 

ISSR (Inter-Simple Sequence Repeats) markers are based on the PCR technique and 

derived from SSRs (Gupta et al. 1994; Smith and Bateman 2002). ISSRs consist in the 

amplification of genomic DNA regions between two SSRs using a single SSR primer without 

the need of knowledge of the target sequence (Zietkiewicz et al. 1994). The SSR primer 

should have a repeated nucleotide sequence proper of a SSR, e.g., (CA)n, with two to four 

degenerated nucleotides anchored at the 3’- or 5’-end of the primer, resulting on sequences 

such as (CA)8RG or (AGC)6TY (Charters et al. 1996). The PCR product will correspond to 

the amplification of regions between two nearby adjacente SSR regions. 

ISSRs are multilocus, highly reproducible, have a high degree of resolution and 

polymorphism that results from variations in the length of the primers used, and have been 

useful for DNA fingerprinting; analyses of genetic diversity among populations, individuals 

or species; and genomic mapping (Zietkiewicz et al. 1994; Charters et al. 1996; Tsumura et 

al. 1996; Yang et al. 1996; Wolfe et al. 1998; Smith and Bateman 2002). 

These markers are advantageous relatively to the RFLPs (Kantety et al. 1995) and 

RAPDs (Tsumura et al. 1996; Fang and Roese 1997), but they could be combined in studies 

such as genetic mapping and quantitative trait loci (QTL) analyses (Hashizume et al. 2003).  

The ISSRs have been used in studies of genetic diversity in populations, species or 

individuals (Hess et al. 2000, Qian et al. 2001; Fernandez et al. 2002; Qiu et al. 2006; 

Carvalho et al. 2009b), identification of genotypes and varieties (Kantety et al. 1995; 

Nagaoka and Ogihara 1997; Pejic et al. 1998; Blair et al. 1999; Joshi et al. 2000; Matos et al. 

2001; Hao et al. 2002 ; Korbin et al. 2002 ); in DNA fingerprinting (Raina et al. 2001; Bornet 

et al. 2002; Carvalho et al. 2005b), the identification of genes encoding traits of agronomic 

interest ( Ammiraju et al. 2001, 2002 ), in marker-assisted selection (Dayteg et al. 2008) and 

genetic mapping (Kantety et al. 1995; Sankar and Moore 2001; Hashizume et al. 2003). 
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 1.7.3. SCoT markers 

 

Mackill and Collard (2009) developed a new type of molecular markers called Start 

Codon Targeted (SCoT) markers. These markers are considered dominant and highly 

reproducible, being based on the start codon (ATG) of coding sequences which is inserted in a 

short conserved region among the plants.  

This DNA markers result from PCR amplification, require the use of a single primer 

designed from the initiation codon. However, Gorji et al. (2011) tested a few combinations of 

the primers designed by Collard Mackill (2009) and used a pair of primers per amplification 

reaction, and achieved a higher rate of polymorphism. The use of pairs of primers SCoT could 

be advantageous once it could allow the test of a large number of combinations by using the 

same set of primers reducing the research cost (Gorji et al. 2011) as well as obtaining 

additional data. 

The SCoT technique resembles the RAPDs and ISSRs by the use of a single primer 

(Collard and Mackill 2009). The amplification of SCoT markers requires an annealing 

temperature of 50 °C. The amplification products are visualized after electrophoresis on 

agarose gels which constitutes another advantage since most laboratories are properly 

equipped to perform this technique (Collard and Mackill 2009). 

These markers have application in genotyping, and it can be directly associated with 

the function of a gene (Poczai et al. 2013). The SCoT markers might be distributed in the 

gene region and on both strands (sense and antisense) (Poczai et al. 2013).  

This technique is relatively new and has been used in the analysis of genetic diversity 

of different plant species: rice (Collard and Mackill 2009), manga (Luo et al. 2010), peanut 

(Xiong et al. 2011a), chickpea (Amirmoradi et al. 2012) and Jatropha curcas L. (Mulpuri et 

al. 2013) and for DNA fingerprinting in tetraploid potato (Gorji et al. 2011). 



Chapter 1. General Introduction 

 
22



Chapter 1. General Introduction 

 
23

1.8 Objectives 

 

Overall, this study had as major goal the study of possible genetic restructuring at 

the cytogenetic and molecular levels in newly formed hexaploid tritordeums (lines HT22 

and HT27 ) derived from interspecific crosses between H. chilense (lines H1 and H7, 

respectively) and durum wheat (line T81). Thus, in the present study it was intended to:  

 

(1) - Detect possible structural rearrangements in mitotic chromosome spreads of 

tritordeum after: a) ND-FISH performed with 14 SSR probes; b) FISH 

performed with the probes genomic DNA from H. chilense and the repetitive 

DNA sequence 45S rDNA pTa71, simultaneously; and c) Multicolor-FISH 

performed with the repetitive DNA sequences 5S rDNA (pTa794), SSR (AAC)5 

and pSc119.2, after comparison of the hybridization patterns obtained in the 

allopolyploids with their respective parents. 

(2) - Evaluate the efficiency of different molecular marker systems, in particular, 

the arbitrary ISSR, IRAP and REMAP, and the gene-targeted SCoT markers for 

DNA fingerprinting and detection of molecular rearrangements induced by the 

alopolyploidization process in the newly formewd tritordeums and respective 

parents after comparison of their molecuar profiles. 

(3) - Integrate the molecular and cytogenetic data in order to infer about the 

mechanisms underlying the occurrence of genetic restructuring in newly formed 

allopolyploids, which parental genomes are preferentially eliminated or inherited 

by tritordeum, and to discuss how, at some extent, the genetic or genomic 

instability of newly formed allopolyploids could be useful for cereals 

improvements, particularly, in wheat.  
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2. IRAP, REMAP and ISSR fingerprinting in newly formed hexaploid tritordeum (X 

Tritordeum Ascherson et Graebner) and respective parental species 

 

 2.1. Abstract 

 

 Retrotransposon (RTN)-based markers, such as the inter-retrotransposon amplified 

polymorphism (IRAP) and the retrotransposon-microsatellite amplified polymorphism 

(REMAP), are highly informative, multilocus and reveal insertion polymorphisms among 

individuals. These markers have been used for evolutionary studies, genetic diversity 

assessment, DNA fingerprinting, and detection of genetic rearrangements induced by 

allopolyploidization. The hexaploid tritordeum (HchHchAABB; 2n = 6x = 42) is an 

allopolyploid produced from crosses between wild barley (Hordeum chilense Roem. et 

Schultz.) (HchHch; 2n = 2x = 14) and durum wheat (Triticum turgidum L. conv. durum) 

(AABB; 2n = 4x = 28).  

With this study, we intended the DNA fingerprinting of two newly formed hexaploid 

tritordeum lines (HT22 and HT27) and their respective parents, line H1 of H. chilense and 

line T81 of durum wheat, based on IRAPs, REMAPs and inter-simple sequence repeats 

(ISSRs), and to detect potential rearrangements in tritordeum derived from polyploidization.  

The amphiploid nature of the HT22 and HT27 individuals was successfully confirmed after 

fluorescence in situ hybridization (FISH) that was performed on their mitotic chromosome 

spreads with genomic DNA from H. chilense and 45S ribosomal DNA (rDNA), 

simultaneously, as probes. Six combinations of LTR (long terminal repeat) primers and seven 

combinations of one LTR and one SSR (simple sequence repeat) primers successfully 

produced IRAPs and REMAPs, respectively, in both tritordeum lines, and their respective 

parents. ISSRs were produced with three SSR primers (8081, 8082 and 8564). The analysis of 

the presence/absence of bands among the tritordeum lines and the respective parents, allowed 

the detection of polymorphic bands: i) shared by tritordeum and one of the parents; ii) 

exclusively amplified in tritordeum; and iii) exclusively present in one of the parents. Once no 

polymorphism was detected among the individuals of each parental species, the polymorphic 

bands that fit into the second and third cases probably constituted rearrangements in the newly 

formed tritordeums that arose in response to allopolyploidization, which resulted from the 

loss of parental bands or, conversely, from the appearance of novel bands not seen in the 
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parental species. Most of the polymorphic IRAPs in tritordeum were shared with the female 

parent (H. chilense), while most of the polymorphic REMAPs and ISSRs were common to the 

male parent (durum wheat), but globally, most of the bands inherited by tritordeum had a 

wheat origin. In conclusion, these dominant markers were successful for DNA fingerprinting 

and detection of rearrangements in newly formed tritordeum derived from responses to 

allopolyploidization. 

 

 2.2. Introduction 

 

 The Triticeae tribe (Poaceae family) includes a high number of diploid and polyploid 

species that share a common ancestor and homeologous chromosomal groups. Wheat, barley 

and rye belong to this tribe. The polyploid species of Triticeae have huge and complex 

genomes with high amounts of repetitive DNA and transposable elements (TEs) derived from 

polyploidization (Sabot and Schulman 2007; Kraitshtein et al. 2010). The hexaploid wheat 

(Triticum aestivum L. em. Thell) is a natural amphiploid derived from spontaneous 

hybridizations between diploid and allopolyploid species (revised by Sabot et al. 2005). 

Breeders developed synthetic amphiploids such as triticale (X Triticosecale Wittmack) and 

tritordeum (X Tritordeum Ascherson et Graebner) of different ploidy levels and genomic 

constitutions, but the hexaploids have a higher potential for agriculture and wheat genetic 

improvement. The hexaploid triticale resulted from interspecific crosses between durum 

wheat (Triticum turgidum L.; 2n = 4x = 28) and rye (Secale cereale L.; 2n = 2x = 14), 

whereas the hexaploid tritordeum was produced by interspecific crosses between the wild 

barley Hordeum chilense Roem. et Schultz. (2n = 2x = 14) and the durum wheat (Martín and 

Sánchez-Monge Laguna 1982). The hexaploid tritordeum has recently received attention as a 

potential crop, and a breeding program has been developed including the production of 

chromosome substitutions involving D and Hch genomes (Castilho et al. 2013). During the 

past 15 years, our research group has characterized advanced lines of hexaploid tritordeum at 

morphological, molecular, yield and cytogenetic levels, as well as multigeneric hybrids 

involving it as a male parent. This amphiploid has a reduced frequency of aneuploidy, high 

growth rate, good fertility, chromosome stability and morphology similar to that of wheat 

(Lima-Brito et al. 1998; 2006; Carvalho 2004; Carvalho et al. 2005; 2008; 2009).  

Allopolyploids conjugate genomes (multiple sets of chromosomes) from two or more 

species within a single nucleus and embed it in the cytoplasm of the female parent. 
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Allopolyploidization is considered a revolutionary event through which a new species is 

formed in one step, generating two genomic “shocks” on the newly formed allopolyploid 

species: hybridization and polyploidization (Ozkan et al. 2001). The nucleus of the nascent 

allopolyploids experience several conflicts due to differences in the sizes and compositions of 

the genomes, regulatory mechanisms of gene expression, cell cycle duration, genetic and 

epigenetic modifications, and other aspects that contribute to the nuclear physiological 

harmony (Jones and Hegarty 2009; Kraitshtein et al. 2010). The successful establishment of a 

newly formed allopolyploid species might involve chromosome and sequence 

rearrangements, activation of transposons, reassortment or elimination of highly repetitive and 

low-copy sequences (Ozkan et al. 2001). Furthermore, the low-copy sequences eliminated 

during allopolyploidization might be non-coding, chromosome-specific sequences (CSS) or 

genome-specific sequences (GSSs) that are ubiquitous and highly conserved among the 

diploid species of Triticeae. The nonrandom elimination of DNA sequences increases the 

divergence among the homeologous chromosomes, accelerating the evolution and providing 

the physical basis for the diploid-like meiotic behavior (i.e., the exclusive pairing of 

homologous chromosomes) in the newly formed allopolyploids (Ozkan et al. 2001). 

The TEs are known to play an important role in the structure and evolutionary 

dynamics of the Triticeae genomes (Levy and Feldman 2002; Sabot et al. 2005; Sabot and 

Schulman 2007). Based on their mode of transposition, TEs are divided into two major 

classes: Class I and Class II. Class I elements (retrotransposons, RTNs) move via an RNA 

intermediate, while Class II elements (transposons) move via a DNA intermediate (see Sabot 

et al. 2005). Class I transposable elements include the long terminal repeat (LTR) and the 

non-LTR RTNs (Sabot et al. 2005; Calonje et al. 2009). Most of the nuclear DNA in grasses 

such as maize, wheat and barley is composed of LTR RTNs (Sabot and Schulman 2007). In 

natural and newly formed allopolyploids, several kinds of RTNs are activated (Baumel et al. 

2002; Kashkush et al. 2002). However, it is difficult to ascribe the nonrandom, directional, 

and highly reproducible elimination of sequences to RTN activity (Ozkan et al. 2001). 

The design of primers to the highly conserved terminals of LTRs allowed the 

development of RTN-based markers, such as the inter-retrotransposon amplified 

polymorphism (IRAP) and retrotransposon-microsatellite amplified polymorphism (REMAP), 

for the BARE-I family of Hordeum (Kalendar et al. 1999; Kalendar and Schulman 2006). The 

IRAP markers consist of the amplification of genomic DNA between two nearby RTNs using 

outward-facing primers that anneal to LTR target sequences. REMAP markers arise from 

amplification of the DNA region between two close RTN and simple sequence repeat (SSR) 
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regions, using one outward-facing LTR primer and one SSR primer (Kalendar and Schulman 

2006). Both markers detected a high degree of heterogeneity and irreversible insertion 

polymorphisms within and among species (Kalendar et al. 1999; Kalendar and Schulman 

2006). IRAP and REMAP have been used for genetic diversity assessment (Chadha and 

Gopalakrishna 2005; Branco et al. 2007; Carvalho et al. 2010; 2012); genetic mapping; 

marker-assisted selection (MAS); DNA fingerprinting; evolutionary studies; and estimation of 

phylogenetic relationships (Kalendar et al. 1999; Manninen et al. 2000; Leigh et al. 2003; 

Alavi-Kia et al. 2008; Saeidi et al. 2008; Carvalho et al. 2010; 2012). These markers were 

also successful for the uncovering of polyploidization-induced genetic restructuring in 

triticale and in seven wheat-rye addition lines (Bento et al. 2008; 2010). Bento et al. (2010) 

stated that the lesser the amount of rye chromatin introgressed into the wheat the larger the 

outcome of genome reshuffling.  

In order to extend our previous studies of tritordeum, we evaluated the potential of 

IRAP, REMAP and ISSR markers for DNA fingerprinting in two lines of newly formed 

hexaploid tritordeum (HT22 and HT27) and their respective parents, H. chilense (lines H1 

and H7, respectively) and T. turgidum (line T81). We also investigated the occurrence of 

rearrangements in tritordeum derived from the allopolyploidization process.   

   

 2.3. Materials and methods 

 

 2.3.1. Plant materials and genomic DNA extraction 

 

 Seeds from the hexaploid tritordeum lines HT22 and HT27 (2n = 6x = 42; 

HchHchAABB), the female parent H. chilense – lines H1 and H7 (HchHch; 2n = 2x = 14) and 

the male parent, T. turgidum line T81 (AABB; 2n = 4x = 28), were kindly given by Prof. 

Antonio Martin (IAS-CSIC, Cordoba). The tritordeum lines were produced at IAS-CSIC 

(Cordoba). The seeds were allowed to germinate in distilled water in the dark at 25 ºC for 48 

h. Root tips of approximately 1-cm long were cut, treated in ice-cold water for 24 h to arrest 

mitotic metaphase cells, and fixed in an ethanol and acetic acid (3:1) solution. Root tips were 

maintained at -20 ºC until the preparation of chromosome spreads.  

The plantlets were maintained under greenhouse conditions. Three to five young 

leaves were cut and immediately conserved in liquid nitrogen. Genomic DNA extraction was 

performed following a CTAB-based protocol (Doyle and Doyle 1987), and the quantification 
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was carried out with the spectrophotometer NanodropTM ND-1000. The DNA integrity was 

evaluated after electrophoresis on 0.8% agarose gels stained with ethidium bromide.  

 

 2.3.2. Fluorescence in situ hybridization (FISH) 

 

 Mitotic chromosome spreads from eight tritordeum plants (four plants of line HT22 and 

four plants of line HT27) were used in FISH experiments performed with genomic DNA 

isolated from H. chilense and the 45S ribosomal DNA (rDNA) sequence, pTa71 (Gerlach and 

Bedbrook 1979), simultaneously, as probes. The genomic DNA from H. chilense and pTa71 

were labeled by nick translation with biotin-16-dUTP and digoxigenin-11-dUTP, respectively. 

Unlabeled total genomic DNA from durum wheat ‘Candial’ (AABB) was sheared by 

autoclaving and used as blocking DNA. The hybridization signals of the probes labeled with 

biotin and digoxigenin were detected with the secondary antibodies fluorescein-avidin-FITC 

(Vector Laboratories) and anti-digoxigenin-rhodamine (Roche Applied Sciences), respectively. 

The slides were mounted with Vecta Shield with DAPI (4', 6’-diamino-2-phenilindole; Vector 

Laboratories), and observed on an epifluorescence microscope (Axioplan 2, Zeiss) equipped 

with appropriate light filters. The images were captured by an AxionCAM (Zeiss) with the 

AxionVision software and prepared for printing with Adobe Photoshop® 6.0. 

 

 2.3.3. IRAP, REMAP and ISSR amplifications 

 

Thirteen LTR primers, previously used by other authors (Table 2.1), were tested 

individually in the eight tritordeum plants and respective parental species (lines H1, H7, and 

T81) to achieve IRAP markers. The LTR primers that produced the IRAP markers when used 

alone were further combined among them, performing as many combinations as possible, to 

achieve additional IRAP markers. Seven SSR sequences reported by Kalendar et al. (1999) 

were tested for the production of ISSR markers (Table 2.1).  
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Table 2.1 LTR and SSR primers tested for IRAP, REMAP and ISSR amplifications 

 

 Primer Sequence 5’→3’ Reference 

L
T

R
 

Sukkula GATAGGGTCGCATCTTGGGCGTGAC Bento et al. (2008) 
3´LTR-BARE-1 TGTTTCCCATGCGACGTTCCCCAACA Saeidi et al. (2008) 

5´LTR-BARE-1 ATCATTGCCTCTAGGGCATAATTC Saeidi et al. (2008) 

Stowaway CTTATATTTAGGAACGGAGGGAGT Bento et al. (2008) 
F100 TAGGTCGGAACAGGCTCTGATACCA  Wegscheider et al. (2009) 
6150 CTGGTTCGGCCCATGTCTATGTATCCACACATGGTA Kalendar et al. (1999) 
6149 CTCGCTCGCCCACTACATCAACCGCGTTTATT Kalendar et al. (1999) 
7286 GGAATTCATAGCATGGATAATAAACGATTATC Kalendar et al. (1999) 
RTY-1 CCYTGNAYYAANGCNGT Bento et al. (2008) 
Tar1 CTCCCAGTTGACCAACAA Queen et al. (2004) 
Tagermina AGAGGAGGATATCCCAACAT Queen et al. (2004) 

Thv19 GCCCAACCGACCAGGTTGTTACAG Queen et al. (2004) 

Sabrina GCAAGCTTCCGTTTCCGC Bento et al. (2008) 

SS
R

 

8081 GAGAGAGAGAGAGAGAGAC 

Kalendar et al. (1999) 

8082 CTCTCTCTCTCTCTCTCTG 
8385 CACCACCACCACCACCACCACG 
8386 GTGGTGGTGGTGGTGGTGGTGC 
8387 CACACACACACACACACACAG 
8564 CACCACCACCACCACCACCACT 
8565 GTCACCACCACCACCACCACCAC 

 

The SSR primers that produced discriminative ISSRs were further combined with the 

LTR primers that produced IRAPs when used alone, to produce the REMAP markers. 

 The PCR reaction mixture (final volume of 20 μL) included: 80 ng/μL of genomic 

DNA, 5 μM of each primer, 2 μL of 10x reaction buffer, a final concentration of 1.5 mM 

MgCl2, a final concentration of 0.25 mM of dNTP mix, and 1.25 U of Taq DNA polymerase. 

The IRAP and REMAP markers were amplified using the following conditions: an initial 

denaturation of 5 minutes at 94 ºC; 34 cycles of 30 seconds of denaturation at 94 ºC; 45 

seconds of annealing at 55 ºC; 30 seconds of extension at 72 ºC, and a final extension at 72 ºC 

for 5 minutes.  

 The PCR products were visualized after electrophoresis on 2% agarose gels stained 

with ethidium bromide. Each band was considered an IRAP, REMAP or ISSR marker. All 

PCR reactions were repeated twice, and only reproducible bands were considered for the 

presence (1)/ absence (0) analysis. Once the conditions were standardized for the three marker 

systems, all REMAP bands with a similar molecular weight as the ISSRs or IRAPs produced 

by the same SSR and/or LTR primer involved in the REMAP primer combination were 

discarded from the respective matrix to ensure the analysis of effective REMAPs.  
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 2.4. Results and discussion 

 

 2.4.1. Parental genome discrimination by FISH 

 

 Tritordeums of line HT22 were produced by crosses between the H. chilense line H1 

and line T81, and tritordeums of line HT27 resulted from crosses between line H7 and line 

T81. Nonetheless, to confirm the success of these interspecific crosses, mitotic chromosome 

spreads of eight tritordeums (four of HT22 and four of HT27) were used for FISH performed 

with genomic DNA from H. chilense and pTa71 (45S rDNA), simultaneously, as probes (Fig. 

2.1).  

 

 

Figure 2.1 Mitotic cells after FISH performed with genomic DNA from H. chilense (green) 
and pTa71 (red), simultaneously, as probes: a) HT22 and b) HT27 tritordeum lines. The 
wheat-origin chromosomes (genomes A and B) were counterstained with DAPI (blue). The 
arrows indicate the rDNA loci detected by pTa71 
 

 The FISH technique allowed the unequivocal discrimination of the parental genomes, 

evidencing 14 H. chilense chromosomes (green; Fig. 2.1) and 28 wheat chromosomes that 

were counterstained with DAPI (blue; Fig. 2.1). The 45S rDNA probe detected eight rDNA 

loci corresponding to the chromosome pairs: 1B, 6B, 5Hch and 6Hch (red; Fig. 1). Figure 2.1-b 

also presents a minor wheat rDNA locus (not arrowed) probably located on chromosome 1A. 

This technique was previously used by our research group for discrimination of parental 
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genomes in tritordeum but also in F1 interspecific hybrids of the Triticeae tribe involving 

tritordeum as parental species (Lima-Brito et al. 2006; Carvalho et al. 2008; 2009). 

 The eight newly formed tritordeums showed a total of 42 chromosomes, and no 

intergenomic translocations were found (Fig. 2.1).  

 

 2.4.2. IRAP, REMAP and ISSR fingerprinting  

 

 Table 2.2 presents the IRAP results achieved with single or combined LTR primers in 

both tritordeum lines (HT22 and HT27) and their respective parents. 
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Table 2.2 IRAP results achieved in the tritordeum lines HT22 and HT27, and respective parents. TNB – Total number of amplified bands; MB – 
Number of monomorphic bands; *TNPB – Total number of polymorphic bands (includes those exclusively present in HT individuals but also 
other polymorphic observed) 
 

 

 

 

HT line Primers TNB MB 

Polymorphic Bands 

TNPB* % Polimorphism Bands shared by 
HT and female 
Parent 

Bands shared by 
HT and male 
Parent 

Bands exclusively present in HT 

HT22 

Sukkula 16 4 8 4 0 12 75% 

Stowaway 7 0 0 2 
1 (2400bp) in HT22-2 
1 (1900 bp) in HT22-2 
1 (1500 bp) in HT22-4 

7 100% 

3’LTR-BARE1 10 1 7 1 0 9 90% 
F100 8 3 0 1 0 5 62.5% 

Sukkula + Stowaway 17 2 4 4 

1 (1700 bp) in HT22-1 
1 (1200 bp) in HT22-1, HT22-2 and HT22-4 
1 (1050 bp) in all tritordeums 
1 (650 bp) in all tritordeums 

15 88.2% 

Sukkula + 3´LTR-BARE1 10 1 5 1 0 9 90% 
TOTAL 68 11 24 13 7 57 57/68x100=83.82%  

HT27 

Sukkula 14 3 8 2 0 11 78.5% 
Stowaway 13 0 3 2 1 (2400 bp) in HT27-7 and HT27-11 13 100% 

3’LTR-BARE1 9 2 0 3 
1 (900 bp) in HT27-7 and HT27-11 
1 (850 bp) in HT27-7, HT27-11 and HT27-12 

7 77.8% 

F100 4 0 1 3 0 4 100% 
Sukkula + Stowaway 16 2 9 3 1 (650 bp) in HT27-7, HT27-9 and HT27-11 14 87.5% 
Sukkula + 3´LTR-BARE1 10 1 6 1 0 9 90% 

TOTAL 66 8 27 14 4 58 58/66x100=87.88% 
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 Among the 13 LTR primers tested in both tritordeum lines and their parents, only four 

(Sukkula; 3’LTR-BARE1; Stowaway and F100) produced IRAPs when used alone (Table 2.2; 

Figs. 2.2-a and 2.2-b). After combining these four LTR primers among them, only the two 

combinations of primers, Sukkula + Stowaway and Sukkula + 3´LTR-BARE1, produced 

additional IRAPs (Table 2; Figs. 2.2-c and 2.2-d).  

 

Figure 2.2 IRAPs produced in the tritordeum lines HT22 (a, c) and HT27 (b, d), and 
respective parents, with the primer Sukkula (a, b) and the combination of primers Sukkula + 
3’LTR-BARE1 (c, d), visualized on 2% agarose gels stained with ethidium bromide. M – Gene 
Ruler DNA Ladder Mix (Fermentas). * Some of the scored IRAP bands 
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 The total number of polymorphic (TNPB) IRAP bands of Table 2.2 includes those 

shared by the tritordeums and one of their parents (female or male), those exclusively detected 

in tritordeums but also those specifically detected in one of the parents. The IRAP 

polymorphism was higher for the HT27 line and its respective parents (Table 2.2). A total of 

51 polymorphic IRAP bands were shared among tritordeums and the female parent (H. 

chilense), whereas a total of 27 IRAP polymorphic bands were common among tritordeums 

and the male parent (durum wheat line T81) (Table 2.2). With these markers, a total of 11 

polymorphic IRAPs exclusively amplified in some or all tritordeums (Table 2.2) were also 

detected. Polymorphic IRAP bands specific for each parental species (absent in all 

tritordeums) were also detected (Table S1).  

 After testing all possible combinations of LTR and SSR primers, only seven produced 

REMAPs in both tritordeum lines and their respective parents (Table 2.3; Figs. 2.3-a and 2.3-

b). Some REMAPs with molecular weights similar to IRAPs or ISSRs produced by LTRs or 

SSR primers, respectively, when used alone, were discarded. For instance, some IRAPs 

produced by Sukkula (Figs. 2.2-a and 2.2-b) and/or ISSRs produced by the SSR 8081 (Figs. 

2.3-c and 2.3-d) presented similar molecular weights to some REMAPs produced by the 

combination of primers Sukkula + 8081 primers (Figs. 2.3-a and 2.3-b). Consequently, those 

REMAPs were discarded from the molecular analysis. 

The percentage of REMAP polymorphisms was higher for the HT22 line and its 

respective parents (Table 2.3). The high number of polymorphic REMAP bands (31) was 

shared among tritordeums and durum wheat (Table 2.3). REMAPs revealed nine polymorphic 

bands exclusively amplified in the tritordeum individuals, which were absent in their parents 

(Table 2.3). REMAP polymorphic bands were also detected for each parental species (Table 

S2).  
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Table 2.3 REMAP results achieved in the tritordeum lines HT22 and HT27, and respective parents. TNB – Total number of amplified bands; 
MB – Number of monomorphic bands; *TNPB – Total number of polymorphic bands (includes those exclusively present in HT individuals but 
also other polymorphic observed) 

 

 

 

 

 

 

 

 

 

 

 

 

HT line Primers TNB MB 

Polymorphic Bands 

TNPB* % Polimorphism Bands shared 
by female 

parent and HT 

Bands shared 
by HT and 

male Parent 
Bands exclusively present in HT 

HT22 

Sukkula + 8081 7 0 3 1 1 (1500 bp) in HT22-2 7 100% 
Sukkula + 8082 7 1 4 4 0 6 85.7% 
Sukkula + 8564 10 2 3 1 0 8 80% 

Stowaway + 8081 8 1 0 3 
1 (990 bp) in HT22-1 
1 (550 bp) in all tritordeums 

7 87.5% 

3´LTR-BARE1 + 8081 10 5 0 1 1 (850 bp) in HT22-4 and HT22-5 5 50% 
3´LTR-BARE1 + 8564 5 1 0 2 1 (270 bp) in HT22-1 and HT22-2 4 80% 
F100 + 8081 6 0 0 3 0 6 100% 

TOTAL 53 10 10 15 5 43 43/53x100=81.13% 

HT27 

Sukkula + 8081 19 5 4 3 0 14 73.7% 

Sukkula + 8082 9 0 1 1 
1 (470 bp) in all tritordeums 
1 (250 bp) in all tritordeums 

9 100% 

Sukkula + 8564 9 0 2 4 0 9 100% 
Stowaway + 8081 7 1 0 4 1 (2500 bp) in HT27-11 6 85.7% 
3´LTR-BARE1 + 8081 10 4 1 0 0 6 60% 
3´LTR-BARE1 + 8564 7 3 1 2 1 (470 bp) in HT27-7 and HT27-11 4 57.14% 
F100 + 8081 8 1 0 4 0 7 87.5% 

TOTAL 69 14 9 16 4 55 55/69X100=79.71% 
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Figure 2.3 REMAPs and ISSRs produced in the tritordeum lines HT22 (a, c) and HT27 (b, d), 
and respective parents, with the combination of primers Sukkula+8081 (a, b) and the SSR 
primer 8081 (c, d), visualized on 2% agarose gels stained with ethidium bromide. M – Gene 
Ruler DNA Ladder Mix (Fermentas). * Effective REMAP bands and some of the scored ISSR 
bands 

 

 

 The results of ISSR fingerprinting are presented in Table 2.4.  
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Table 2.4 ISSR results achieved in the tritordeum lines HT22 and HT27, and respective parents. TNB – Total number of amplified bands; MB – 
Number of monomorphic bands; BEP in HT – Bands exclusively present in tritordeums (HT); UBFF – Unique bands for the female parent; 
UBFM – Unique bands for the male parent; TNPB – Total number of polymorphic bands 
 

 

 

HT line Primer TNB MB 

Polymorphic Bands 

TNPB % Polymorphism Bands shared 
by female 

parent and HT 

Bands shared 
by HT and 

male Parent 

BEP in HT UBFF UBFM 

HT22 

8081 8 1 0 4 
0 3 in H1  

(2500, 2000 and 
1500 bp) 

0 
7 

87.5 % 

8082 11 1 0 6 
2 (1550 and 220 bp) in HT22-1 and HT22-5  
1 (1200 bp) in HT22-1 

0 1 in T81 
(460bp) 

10 
90.9 % 

8564 4 0 0 1 
2 (1180 and 760 bp) in HT22-1, HT22-2 and 
HT22-4  

1 in H1 (790 bp) 0 
4 100% 

TOTAL 23 2 0 11 5 4 1 21 21/23x100=91.30% 

HT27 

8081 12 0 1 4 
2 (2400 and 1200 bp) in HT27-7 and HT27-9 
1 (700 bp) in all tritordeums  

4 in H7 (2500, 
900, 725 and 
390 bp) 

0 
12 100% 

8082 10 0 0 3 0 

2 in H7 (1300 
and 600 bp) 

5 in T81 
(1550, 
1200, 1100, 
800 and 
460 bp)  

10 100% 

8564 4 0 0 2 1 (1200 bp) in HT27-7 and HT27-9 1 in H7(550 bp) 0 4 100% 
TOTAL 26 0 1 9 4 7 5 26 26/26x100=100% 
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 Among the three marker systems used, the ISSRs showed the highest percentage of 

polymorphism for both tritordeum lines and their respective parents. The high number of 

polymorphic ISSR bands (20) was shared among the tritordeums and the durum wheat parent 

(Table 2.4). Only one ISSR band of H. chilense origin (line H7) was inherited by the HT27 

line. ISSRs also revealed nine polymorphic bands exclusively present in tritordeums (absent 

in their parents) as well as polymorphic bands specific for each parental species (not 

transmitted to tritordeum) (Table 2.4).  

IRAP, REMAP and/or ISSR markers have been reported as suitable for DNA 

fingerprinting (Kalendar et al. 1999; Carvalho et al. 2005). Recently, they were also pointed 

out as appropriate for the detection of sequence restructuring within genomes involving 

retrotransposon or SSR-rich regions in triticale and wheat-rye addition lines (Bento et al. 

2008; 2010). In triticale, the disappearance of IRAP and REMAP bands of wheat- and rye-

origin and the appearance of novel ones (absent in their parents) was reported (Bento et al. 

2008). These results were considered as polyploidization-induced rearrangements, uncovered 

in retrotransposon and/or SSR-associated sequences, preferentially allocated in major 

heterochromatic domains, and affecting mainly rye-origin bands (Bento et al. 2008). After 

using the same markers in the seven wheat-rye addition lines, Bento et al. (2010) confirmed 

that the lesser the amount of rye chromatin introgressed into wheat the larger the outcome of 

genome reshuffling.  

 Considering the global results achieved with the present study, most of the 

polymorphic markers inherited by the newly formed tritordeums had a wheat origin. The 

evaluation of the molecular data produced by each marker system indicated that most of the 

polymorphic IRAPs inherited by the tritordeums were of H.chilense origin, whereas most of 

the polymorphic REMAP and ISSR markers were of wheat origin. These results seem to 

indicate a preferential elimination of SSR-associated sequences from H. chilense origin in 

tritordeum, which could be related to the homogenization of the parental genomic DNA 

content. Consequently, the elimination of such sequences prevented the binding of SSR 

primers needed for the production of the REMAPs and ISSRs, explaining the results obtained. 

These data are consistent with our cytogenetic results, which revealed that most of the SSR-

rich regions inherited by tritordeum were of wheat origin (Cabo et al. 2013).  

All the marker systems used in the present study were able to detect novel RTNs and 

ISSRs in the newly formed allopolyploids (Tables 2.2, 2.3 and 2.4), suggesting the occurrence 

of polyploidization-induced rearrangements. These results were similar to those reported by 

Bento et al. (2008). Based on sequence analysis, these authors reported that the rearranged 
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genomic fragments in triticale, from either rye or wheat origin, were retrotransposon-related 

as well as coding sequences. Alterations in the organization patterns of chromatin 

condensation could induce changes at the RTN and SSR flanking sequences that are required 

for the polyploid stability (Bento et al. 2008). The nonrandom elimination of noncoding and 

coding sequences has been suggested to overcome genome redundancy induced by different 

genomes merging (Ozkan et al. 2001; Ma and Gustafson 2005). Although the present study 

did not include the analysis of the rearranged sequences (eliminated and novel from wheat 

and H. chilense origins) it is envisaged for the future. In addition, our parallel cytogenetic 

studies have also revealed a novel SSR-rich region located in one chromosome pair of one 

HT27 individual, which probably arose from a sequence of structural rearrangements 

mediated by RTN activity (Cabo et al. 2013). The occurrence of this novel SSR-rich region in 

tritordeum was in accordance with the appearance of novel REMAP and ISSR regions 

detected in the present study. Both the cytogenetic data (Cabo et al. 2013), and the molecular 

results presented here, allowed us to suggest the occurrence of genetic restructuring in newly 

formed tritordeums involving RTNs and SSR-rich regions.  

The specific markers for H. chilense (lines H1 and H7) and durum wheat (line T81) 

(Tables S1, S2 and 2.4) produced during this study could be further converted to sequence 

characterized amplified regions (SCARs), used for marker-assisted selection (MAS), gene-

tagging or development of quantitative trait loci (QTLs) associated with interesting 

agronomic traits, being useful for wheat improvement. Furthermore, the analysis of their 

sequences could also provide insights about their type and functions, and for the 

understanding of which sequences have been selectively eliminated from tritordeum in 

response to allopolyploidization.  

 

 2.5. Conclusions 

 

 IRAPs, REMAPs and ISSRs proved to be reliable tools for DNA fingerprinting of 

newly formed hexaploid tritordeums and their respective parents. Most of the REMAPs and 

ISSRs inherited by the newly formed tritordeums were originated from wheat. Conversely, 

most of the IRAPs inherited from the newly formed allopolyploids originated from H. 

chilense. These markers allowed the detection of novel bands that were uniquely amplified in 

tritordeum (absent in their parents), and revealed the elimination of bands from either H. 

chilense and durum wheat origin. These rearranged markers indicated the occurrence of 
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genetic restructuring in response to allopolyploidization, and their sequences will be further 

analyzed. 
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Supplemental Material  

 

Table S1 - Polymorphic unique IRAP bands amplified in the female and/ or male parents of 
the tritordeum lines HT22 and HT27 
 
 

 

Table S2 - Polymorphic unique REMAP bands amplified in the female and/ or male parents 
of the tritordeum lines HT22 and HT27 
 

 

 HT Line Primers 
Number and size of polymorphic unique bands amplified in: 
Female parent Male parent 

IRAP 

HT22 

Stowaway 2 in H1 (1300 and 1031 bp) 0 
3’LTR-BARE1 1 in H1 (800 bp) 0 
F100 3 in H1 (2100, 1550 and 250 bp) 1 in T81 (300 bp)  
Sukkula + Stowaway 3 in H1 (1100, 550 and 400 bp) 0 
Sukkula + 3’LTR-BARE1 1 in H1 (400bp) 2 in T81 (820 and 750 bp) 

HT27 

Sukkula 1 in H7 (1500 bp) 0 

Stowaway 
7 in H7 (2050, 1550, 1300, 1190, 
1031,900 and 750 bp) 

0 

3’LTR-BARE1 0 1 in T81 (1090 bp) 
Sukkula + Stowaway 1 in H7 (2600 bp) 0 
Sukkula + 3’LTR-BARE1 1 in H7 (550 bp) 1 in T81 (820 bp) 

TOTAL 20 5 

 HT Line Primers 
Number and size of polymorphic unique bands amplified in: 
Female parent Male parent 

REMAP 

HT22 

Sukkula + 8081 2 in H1 (1700 and 200 bp) 0 
Sukkula + 8082 0 2 in T81 (900 and 700 bp) 

Sukkula + 8564 
4 in H1 (1500, 1170, 1031 and 850 
bp) 

0 

Stowaway + 8081 1 in H1 (950 bp) 1 in T81 (1500 bp) 
3’LTR-BARE1+8081 2 in H1 (1190 and 1031bp) 1 in T81 (700 bp) 
3’LTR-BARE1+8564 1 in H1 (900 bp) 0 
F100+8081 2 in H1 (800 and 700 bp) 1 in T81 (620 bp) 

HT27 

Sukkula + 8081 
5 in H7 (1150, 1050, 825, 750 and 
525 bp) 

2 in T81 (490 and 425 bp) 

Sukkula + 8082 
4 in H7 (1900, 1450, 1250 and 650 
bp) 

1 in T81 (900 bp) 

Sukkula + 8564 1 in H7 (700 bp) 2 in T81 (520 and 390 bp) 
Stowaway + 8081 2 in H7 (1100 and 950 bp) 0 
3’LTR-BARE1+8081 4 in H7 (1400, 1031, 850 and 790 bp) 1 in T81 (700 bp) 
F100+8081 2 in H7 (1900 and 700 bp) 1 in T81 (600 bp) 

TOTAL 30 12 
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CHAPTER 3 
 

Structural rearrangements detected in newly formed hexaploid 

tritordeum after three sequential FISH experiments with 

repetitive DNA sequences 
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hexaploid tritordeum after three sequential FISH experiments with repetitive DNA sequences. Journal of 
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3. Structural rearrangements detected in newly formed hexaploid tritordeum after three 

sequential FISH experiments with repetitive DNA sequences 

 

 3.1. Introduction 

 

 Mitotic chromosomes of tritordeum (HchHchAABB; 2n=6x=42; HT27) and their 

respective parents, H. chilense (HchHch; 2n=2x=14; H7) and Triticum turgidum (AABB; 

2n=4x=28; T81), were analysed after three sequential FISH experiments performed with six 

probes: the simple sequence repeats (SSRs) (AG)10 and (AAC)5; genomic DNA from 

Hordeum chilense L.; 45S rDNA (pTa71); 5S rDNA (pTa794); and pSc119.2, to achieve a 

comparative analysis about the distribution of these sequences in the three plant materials. 

The SSR (AG)10 probe showed eight hybridization signals on tritordeum chromosomes and 

six in the chromosomes of its male parent (durum wheat). No hybridization signals were 

detected in female parent H. chilense. Two additional FISH experiments were realized 

regarding the discrimination of the parental genomes in HT27 and the identification of the 

individual chromosomes showing the (AG)10 hybridization signals in both HT27 and durum 

wheat line T81. Based on the comparative analyses among the hybridization patterns 

observed in tritordeum and durum wheat, we proposed a sequence of structural 

rearrangements to explain the origin of an additional (AG)10 hybridization signal in the 

newly-formed allopolyploid (tritordeum) that was absent in its male parent (durum wheat). 

These results enabled new insights about cereal genomes evolution. 

 Tritordeum, as well as triticale, are synthetic amphiploids belonging to the Triticeae 

tribe which present agronomic interest (Martin et al., 1996). Allopolyploidization constitutes 

a revolutionary event because in one single step, arises a new species as a result of 

hybridization of two or more divergent genomes on a single nucleus, and polyploidization due 

to genomes duplication (Ozkan et al. 2001). As answers to these events, the genomes of the 

allopolyploid species react with irreversible reorganizations and genome modifications 

(Ozkan et al. 2001), which might include: structural rearrangements in chromosomes (Leitch 

and Bennett 1997) or DNA sequences (Song et al. 1995; Wendel et al. 1995); alterations in 

the regulation of gene expression (Comai et al. 2000); transposons activation (Matzke and 

Matzke 1998); amplification, segregation or elimination of DNA sequences that could be 

highly repetitive (Salina et al. 2000) or low copy number (Feldman et al. 1997; Liu et al. 

1998). Ozkan et al. (2001) reported the fast elimination of non-coding sequences with low 
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copy number in newly-formed allopolyploids involving the Aegilops and Triticum genera, 

which were present in their diploid parental species. The elimination of these sequences 

promotes strict bivalent pairing (avoiding intergenomic recombinations), high fertility and 

heterosis (Ozkan et al. 2001). Nonetheless, previous cytogenetic studies of pollen mother 

cells (PMCs) at metaphase I developed by our research group in tetraploid tritordeum and F1 

interspecific hybrids involving hexaploid tritordeum as parent, demonstrated intragenomic 

and homeologous chromosome pairing by the occurrence of wheat multivalents (Carvalho et 

al. 2005; Lima-Brito et al. 2006), without jeopardize of their fertility.  

 ND-FISH technique constitutes one variant of the conventional FISH which does not 

involve the denaturation of chromosomal DNA, is more cost-effective, less laborious and 

faster than conventional FISH once the hybridization and the post-hybridization washes could 

be performed in one single day (Cuadrado and Jouve 2010). These authors considered that 

ND-FISH is more suitable for SSR probes and when the chromosomes spreads have to be 

reprobed several times. 

 The SSRs or microsatellites have been widely used as probes in FISH, namely, in 

cereals (Bardsley et al. 1999; Castilho et al. 2000; Cuadrado et al. 2000). SSR probes 

constitute valuable tools as cytogenetic markers in cereals. Their use could provide the 

identification of individual chromosomes; the efficient detection of variation among different 

taxa; and their physical distribution and abundance give insights about the genomes 

organization and evolution (Schmidt et al. 1993; Depeiges et al. 1995; Cuadrado and 

Schwarzacher 1998), being useful for the study of genomic restructuration in newly-formed 

allopolyploids.  

 In the present study, we intend to analyse mitotic chromosome spreads of tritordeum 

(HchHchAABB; 2n=6x=42; HT27 line) recently produced by interspecific crosses between the 

H. chilense line H7 (HchHch; 2n=2x=14) and the Triticum turgidum (AABB; 2n=4x=28) line 

T81 using Fluorescence In Situ Hybridization (FISH) experiments with repetitive DNA 

sequences as probes, including SSRs, in order to compare their hybridization patterns and 

probable occurrence of genomic restructuring in the newly-formed allopolyploid.  



Chapter 3 – Structural rearrangements by FISH 

 
65

 3.2. Materials and methods 

 

The line HT27 of hexaploid tritordeum (HchHchAABB; 2n=42) was produced by 

interspecific crosses between the female parent H. chilense (line H7; HchHch; 2n=2x=14) and 

the male parent durum wheat (line T81; AABB; 2n=4x=28). Seeds from these three plant 

materials were allowed to germinate in distilled water in the dark at 25ºC. Root-tips with 

about 1.5 cm were collected, treated on ice-cold water for 24h and fixed in ethanol-acetic acid 

(3:1), until the preparation of chromosome spreads by squashing.  

The SSR probes (AG)10 and (AAC)5 were labelled by the Random Primed DNA 

Labelling Kit (Roche Applied Science) with biotin-16-dUTP (Roche Applied Science) and 

50% biotin and 50% digoxigenin-11-dUTP (Roche Applied Science), respectively. The SSR 

(AG)10 probe was used alone following the ND-FISH protocol described by Cuadrado and 

Jouve (2010). The genomic DNA from H. chilense and 45S rDNA sequence - pTa71 (Gerlach 

and Bedbrook 1979) were labelled with biotin and digoxigenin, respectively, using the Nick 

Translation kit (Roche Applied Science). The cloned repetitive DNA sequences pSc119.2 

(McIntyre et al. 1990) and 5S rDNA were labelled with biotin and digoxigenin, respectively, 

by PCR as described by Schwarzacher and Heslop-Harrison (2000). 

The genomic DNA of H. chilense and pTa71 were used simultaneously on a 

conventional FISH protocol as described by Schwarzacher and Heslop-Harrison (2000), and 

in the presence of unlabelled sheared genomic DNA from durum wheat to act as blocking 

DNA. This protocol was also applied to the multicolour FISH which was performed with 

three probes in simultaneous, namely, the 5S rDNA, pSc119.2 and SSR (AAC)5, to avoid 

further reprobes of the same chromosome spreads.  

We used the antibodies fluorescein-avidin (Vector Laboratories) and anti-digoxigenin-

rhodamine (Roche Applied Science) for probes labelled with biotin and digoxigenin, 

respectively. After counterstaining the chromosomes with DAPI (Vector Laboratories), the 

hybridization signals were observed on the epifluorescence microscope AxioPlan2 (Zeiss). 

The images were captured by a digital camera (AxioCam, Zeiss) using the AxionVision 3.2 

software, and after double or triple exposure with appropriate filters, were prepared for 

printing with ADOBE PHOTOSHOP 6.0. 

Individual chromosomes were identified by comparison of the hybridization patterns 

achieved during this study with ideograms previously reported (Mukai et al. 1990; 1991; 

1993). 
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 3.3. Results and discussion 

 

 The ND-FISH technique was successful in the detection of clear and intense 

hybridization signals of the SSR (AG)10 probe on the mitotic chromosomes of tritordeum line 

HT27 (Fig. 3.1-a) and respective male parent – durum wheat line T81 (Fig. 3.1-b).  
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Figure 3.1 Mitotic metaphase cells of tritordeum line HT27 (HchHchAABB; 2n=42) (a, b, c) and durum wheat 
line T81 (AABB; 2n=4x=28) (d, e, f) after: (a, d) ND-FISH with the probe SSR (AG)10 (green), showing eight 
hybridization signals in HT27 (a) and six hybridization signals in durum wheat (d), and allowing the preliminary 
identification of the nucleolar chromosomes based on their shape and position of secondary constrictions; (b, e) 
conventional FISH performed with genomic DNA of H. chilense (green) and pTa71 (red), simultaneously, as 
probes, enabling the discrimination of the parental genomes. The pTa71 probe identified eight nucleolar 
chromosomes (arrows) in HT27 (b) and four in durum wheat (e); (c, f) multicolour FISH performed with the 
probes pSc119.2 (green); (AAC)5 (yellow) and 5S rDNA (red), simultaneously, providing the identification of 
the individual chromosomes 5A and 5B in HT27 (c) and T81 (f), as well as the 1B and 6B chromosomes derived 
from structural rearrangements that occurred during the allopolyploidization, as being the 6BS.1BL and 
1BS.6BL chromosome pairs (arrows) in HT27 (c).  
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 No hybridization signals were observed on the H. chilense chromosome spreads. The 

observation of secondary constrictions in four chromosomes allowed the preliminary 

identification of the chromosome pairs 1B and 6B in tritordeum and durum wheat (Figs. 3.1-

a, and 3.1-b). The SSR (AG)10 probe showed eight hybridization signals in tritordeum, located 

in four chromosome pairs, including the nucleolar ones 1B and 6B, and on two unknown 

pairs. The physical location of the SSR (AG)10 probe was pericentromeric, centromeric and 

subtelomeric in both plant materials (Figs. 3.1-a and 3.1-d). However, in the metaphase cells 

of durum wheat, it were found only six hybridization signals, located in three chromosome 

pairs, being one of them the pair 6B, metacentric chromosomes with a secondary constriction 

(Fig. 3.1-d). In order to identify unequivocally the nucleolar chromosomes in both plant 

materials, and the origin-species of the chromosomes with hybridization of the (AG)10 probe 

in tritordeum, it was realized a conventional FISH experiment using genomic DNA from H. 

chilense and/or pTa71 as probes (Figs. 3.1-b and 3.1-e). 

 All mitotic metaphases of tritordeum (line HT27) showed 14 H. chilense (green) 

chromosomes and 28 wheat chromosomes (blue) (Fig. 3.1-b) after conventional FISH 

revealing the success of the interspecific crosses made by Martin and colleagues at CSIC 

(Spain). The simultaneous use of pTa71 in tritordeum allowed the identification of four 

nucleolar chromosome pairs: 5Hch, 6Hch, 1B and 6B (Fig. 3.1-b). The pTa71 also identified 

the chromosome pairs 1B and 6B in durum wheat (Fig. 3.1-e). The number and physical 

location of the SSR (AG)10 probe in tritordeum and durum wheat chromosomes were 

confirmed after the analysis of 20 metaphase cells per plant, and five plants per plant material. 

No polymorphic distribution of the SSR (AG)10 was found among tritordeum or durum wheat 

plants. Despite the easy identification of the nucleolar chromosomes 1B and 6B based on their 

primary and secondary constrictions position in durum wheat and tritordeum (Figs. 3.1-a, -b,  

-d, -e), the two remaining chromosome pairs with hybridization signals of SSR (AG)10 could 

not be identified with the first two FISH experiments. Besides, it was need an explanation for 

the existence of an additional SSR (AG)10 enriched region on the 1B chromosome of 

tritordeum that was absent in its male parent (durum wheat). Thus, we performed a 

multicolour FISH using 5S rDNA, pSc119.2 and SSR (AAC)5 probes, simultaneously, in 

order to identify the unknown chromosome pairs with the hybridization signal (AG)10, and to 

infer about putative structural rearrangements in the origin of the additional SSR-enriched 

region on the 1B chromosome of the allopolyploid. The hybridization signals of the pSc119.2 

were more intense in tritordeum than in durum wheat, probably masked by the intense 

hybridization of the SSR (AAC)5 probe (Figs. 3.1-c and 3.1-f). The hybridization patterns of 
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the 5S rDNA and pSc119.2 probes permitted the identification of the 5A and 5B chromosome 

pairs (Figs. 3.1-c and 3.1-f). The SSR (AAC)5 probe allowed the detection of probable 

structural rearrangements within the chromosome 6B, which after recombination events 

involving the chromosome 1B, could be in the origin of the additional (AG)10 signal in the 

chromosome 1B of tritordeum (Fig. 3.2-c). Both SSR regions seem to have coincidental 

locations on the chromosomes identified here (see Fig. 3.2-c). Figure 3.2-c presents a 

schematic representation of three putative events of structural rearrangements which resulted 

on the hybridization patterns of the SSR (AG)10 probe visualized in tritordeum (Fig. 3.1-a). 

Therefore, based on the hybridization patterns of the repetitive DNA sequences used in this 

study, the wheat 6B chromosome probably experienced an inverted pericentric duplication 

which induced two SSR (AG)10 regions in its pericentromeric region (one in the short and 

other in the long arm). This resultant chromosome, considered as a derivative 6B - der(6B) 

chromosome, were recombined with the wheat 1B chromosome, due to homeologous 

chromosome pairing, resulting on a reciprocal Robertsonian translocation which produced 

two pairs of chromosomes, namely the 1BS.6BL and the 6BS.1BL (Figs. 3.1-c and 3.2-c). 

These assumptions derived from additional results such as the lack of two signals for the 

pSc119.2 probe in the wheat 1BL chromosome, which appears on the satellite region of the 

tritordeum 6B chromosome (identified as 6BS.1BL) (Figs. 3.2-b and 3.2-c). Furthermore, the 

physical association of the SSR regions (AAC)5 to the (AG)10 in the pericentromeric, 

centromeric and subtelomeric regions might be in the origin of additional structural 

rearrangements mediated by retrotransposons, such as the pericentric duplication reported 

here, due to insertion mechanisms. In addition, we recently detected polymorphic (AAC)5 

patterns among nucleolar chromosomes of different bread wheat cultivars and we suggested 

the putative involvement of retrotransposons in the origin of that polymorphism due to their 

close association with SSR regions (Carvalho et al. 2013)  
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Figure 3.2 - a) Ideogram of tritordeum (HT27) and durum wheat (T81) chromosomes displaying the physical 
location of the SSR (AG)10 (green) and pTa71 (red) probes after ND-FISH and FISH, respectively. The 1B 
chromosome of durum wheat did not show hybridization signal for (AG)10; b) Ideogram of the same 
chromosomes in tritordeum (HT27) and durum wheat (T81) displaying the physical location of the probes: 5S 
rDNA (red), (AAC)5 (yellow), pTa71 (pink); pSc119.2 (green) and (AG)10 (blue) after ND-FISH, FISH and 
multicolour FISH. These patterns allowed the identification of the chromosomes 5A and 5B in both plant 
materials. c) Schematic representation of structural rearrangements involving the 1B and 6B chromosomes of 
T81 which could be in the origin of the physical location of (AG)10 in the 1B chromosome of HT27. After 
carefully analysis of all hybridization patterns, and considering the proposed events of rearrangements, the 
chromosomes formerly identified as 1B and 6B in HT27 (a, b) were then assigned as being 1BS.6BL and 
6BS.1BL (c).   
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 Most pericentromeric regions of eukaryotic chromosomes are heterochromatic and are 

the most rapidly evolving regions of complex genomes. The closely related genomes within 

hexaploid wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD), as well as in the related 

Triticeae taxa, share large conserved chromosome segments and provide a good model for the 

study of the evolution of pericentromeric regions (Qi et al. 2006). These authors also 

reinforce the idea that B wheat chromosomes are more prone to structural rearrangements 

than those from A and D genomes. Our previous data studies have been confirmed this 

assumption, once we have found out different translocations or rearrangements but always 

involving wheat B chromosomes. The occurrence of wheat multivalents in tetraploid 

tritordeum and in F1 interspecific hybrids from the Triticeae tribe and involving tritordeum as 

parent (Carvalho et al. 2005; Lima-Brito et al. 2006) supported the probable intragenomic 

recombination by homeologous pairing between wheat chromosomes. Other spontaneous 

translocations previously detected by our group consisted on the presence of two rDNA loci 

in the same wheat chromosome, which was identified as 1BS.6BS in one F1 interspecific 

hybrid (AABBDHch) produced from crosses between the Portuguese bread wheat cultivar 

‘Barbela’ and tritordeum (unpublished data). Later, we also detected the spontaneous 

translocation 7BS/7RL in one F1 interspecific hybrid (AABBRHch) (Carvalho et al. 2009). 

Recently, Carvalho et al. (2013) detected, after ND-FISH performed with the SSR probe 

(AAC)5, polymorphic patterns among nucleolar chromosomes of different bread wheat 

cultivars, and among bread and durum wheat cultivars. Therefore, the use of SSR probes in 

FISH experiments for the study of cereals could provide new insights about genomic 

restructuring among allopolyploids (Carvalho et al. 2013) but also among newly-formed 

allopolyploids and respective parental species, contributing for the study of genomes 

evolution. According to Cuadrado and Jouve (2010), ND-FISH technique is suitable for SSR 

probes, particularly, when is intended several sequential hybridizations (reprobes) once it 

does not involves chromosomes denaturing. In this study, ND-FISH was successful once it 

allowed the detection of the hybridization signals of the SSR (AG)10 probe, and enable two 

additional sequential hybridizations by conventional FISH (involving formamide and 

denaturing temperatures). However, we also demonstrated that the SSR (AAC)5 probe could 

also be used with the conventional FISH protocol given the successful hybridization observed 

here, even in the presence of two other probes, simultaneously (multicolour). Globally, the 

three FISH protocols performed with a total of 6 probes, allowed the identification of six 

chromosome pairs: 1B, 6B, 5Hch, 6Hch, 5A and 5B, and of two rearranged wheat chromosome 

pairs in tritordeum, namely, 6BS.1BL and 1BS.6BL (Figs. 3.1-c and 3.1-f; Fig. 3.2). The 
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newly-formed tritordeum HT27 line experienced fast structural rearrangements relatively to 

its male parent which involved the two major nucleolar wheat chromosomes. Considering our 

previous studies, we have already detected enriched-SSR regions in the 1B and 6B wheat 

nucleolar chromosomes, we are confident that the persistent study of SSRs organization in 

cereals from the Triticeae tribe which involve wheat, might probably clarify the evolution of 

the B genome. Considering our previous and these present results, the 1B and 6B 

chromosomes seem to be highly variable and prompt for recombination at their 

pericentromeric and subtelomeric regions. Therefore, the occurrence of several structural 

rearrangements in the wheat B genome over million of years could be the reason why it is still 

unknowledgeable its donor species.  
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4. Start Codon Targeted (SCoT) polymorphism among tritordeum and their parents – 

an insight about the genomic origin of coding sequences inherited by this allopolyploid 

 4.1. Abstract 

 

 Newly formed allopolyploids experience irreversible modifications during 

polyploidization. Despite the existence of previous studies about this issue, until very 

recently, none of them relied on tritordeum (HchHchAABB), the synthetic amphiploid between 

Hordeum chilense (HchHch) and durum wheat (AABB). Morphologically, tritordeums are 

similar to wheat. But what about their coding sequences? To answer this question, we realized 

DNA fingerprinting of newly formed tritordeums and their parents using Start Codon 

Targeted (SCoT) markers. Besides, we also intended to detect potential polyploidization-

induced rearrangements unravelled by these gene-targeted markers. Among 60 SCoT primers 

tested, only 18 and 19 revealed polymorphisms in tritordeums of lines HT27 and HT22, 

respectively, and their parents. The presence/absence analysis of bands among tritordeums 

and parents revealed two types of polymorphic markers: i) shared by tritordeum and one of 

the parents; and ii) exclusively amplified in tritordeum. No polymorphism was detected 

among individuals of each parental species. Thus, polymorphic bands that fit into the second 

case were considered polyploidization-induced rearrangements, resulted from the elimination 

of parental bands or from the appearance of novel ones in tritordeum. Most of the SCoTs 

inherited by tritordeum originated from wheat. A 2250 bp marker exclusively amplified in the 

HT22 tritordeums was considered a polyploidization-induced rearrangement. This result 

associated with previously detected genomic and chromosomal instabilities demonstrated the 

usefulness of tritordeum as bridge material in wheat genetic improvement. By other hand, the 

evidence that most of the gene-targeted markers in tritordeum had wheat origin reinforced its 

potential use as alternative crop. 

 

 4.2. Introduction 

 

Allopolyploidization is a revolutionary process that generates two genomic “shocks” 

in the newly formed species: hybridization of two or more divergent genomes in one nucleus; 

and polyploidization (Ozkan et al., 2001). Consequently, irreversible genetic, epigenetic and 

genomic modifications occur (Ozkan et al., 2001; Jones and Hegarty 2009; Kraitshtein et al., 
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2010). Elimination of low-copy sequences, noncoding chromosome-specific sequences (CSS) 

or genome-specific sequences (GSSs) may also explain the reduction of the divergence 

between genomes that ensure the successful establishment of the newly-allopolyploid (Ozkan 

et al., 2001). The Triticeae tribe (Poaceae family) includes a high number of diploid and 

polyploid species that share a common ancestor and homeologous chromosomal groups, 

enabling high crossability among them. Triticale (X Triticosecale Wittmack) and (X 

Tritordeum Ascherson et Graebner) constitute synthetic amphiploids derived from 

interspecific crosses between durum wheat (Triticum turgidum L. subsp. durum (Desf.) 

Husn.; 2n = 4x = 28) and rye, and between the wild barley Hordeum chilense Roem and 

Schultz. (2n = 2x = 14) and durum wheat, respectively. Despite the development of triticales 

and tritordeums with different ploidy levels, the hexaploid ones showed a higher potential for 

agriculture and wheat genetic improvement. The hexaploid tritordeums presented reduced 

frequency of aneuploidy, high growth rate, good fertility, chromosome stability, and are 

similar to wheat at the morphological and agronomical levels (Martín and Sánchez-Monge 

Laguna 1982; Martín et al., 1999) after several generations of self-fertilization. Tritordeum 

has been used as bridge material in wheat genetic improvement for the transference of 

interesting agronomic traits from H. chilense (Hch) to cultivated wheat or for the production of 

wheat alloplasmic lines with Hch introgressions carrying male fertility restorer (Rf) genes 

(Martín et al. 2008). The hexaploid tritordeum has recently received attention as a potential 

crop, and a breeding program has been developed including the production of chromosome 

substitutions involving D and Hch genomes (Castilho et al. 2013). 

 The recent DNA fingerprinting of newly formed hexaploid tritordeums (lines HT22 

and HT27) with inter-retrotransposon amplified polymorphism (IRAP), retrotransposon-

microsatellite amplified polymorphism (REMAP) and inter-simple sequence repeat (ISSR) 

demonstrated that most of the bands inherited by tritordeum had wheat origin and some 

rearranged markers induced by allopolyploidization occurred (Cabo et al. 2013a). Besides, 

the tritordeums of line HT27 showed structural rearrangements involving wheat origin 

chromosomes after fluorescence in situ hybridization (FISH) technique performed with 

microsatellite (simple sequence repeats - SSRs) sequences as probes (Cabo et al., 2013b). 

These structural rearrangements were also considered as responses to allopolyploidization 

mediated by retrotransposons activity (Cabo et al., 2013 a, b). The genomic and chromosomal 

instabilities detected in the newly-formed tritordeums (HT22 and HT27) could be useful for 

improvement or production of alloplasmic hybrid wheat lines once they could trigger 

Hch/wheat translocations.    
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 Public genomic databases have provided new directions for molecular markers 

development and initiated a shift in the types of PCR-based techniques commonly used in 

plant science. Alongside with commonly used arbitrarily amplified DNA markers, other 

methods emerged out towards gene-targeted markers in plants (Andersen and Lubberstedt 

2003; Gupta and Rustgi 2004; Poczai et al., 2013).  

Collard and Mackill (2009) developed the Start Codon Targeted (SCoT) methodology, 

a novel system for generating gene-targeted markers in plants. These dominant markers are 

based on the short conserved region flanking the ATG start codon in plant genes, and use a 

single 18-mer primer in the PCR reactions and an annealing temperature of 50°C. Molecular 

markers from the transcribed region of the genome have potential for various applications in 

plant genotyping as they reveal polymorphism that might be directly related to gene function 

(Poczai et al., 2013). The generated SCoT amplicons are possibly distributed within gene 

regions that contain genes on both plus and minus DNA strands. The utility of primer pairs in 

SCoTs was advocated by Gorji et al., (2012). Besides, the simultaneous use of different 

primers in a single reaction would also enable the development of several new combinations 

from the same primer set, reducing research costs (Gorji et al., 2011). SCoT markers are 

usually reproducible, while primer length and annealing temperature are not the sole factors 

determining reproducibility (Gorji et al., 2011; 2012). SCoTs are dominant markers but since 

a number of co-dominant markers are also generated during amplification, this system could 

be used for genetic diversity analyses. SCoTs can be used either in isolation or in combination 

with other techniques such as Random Amplified Polymorphic DNA (RAPD), directed 

amplification of minisatellite-region DNA polymerase chain reaction (DAMD-PCR), and 

ISSRs in order to assess genetic diversity, to obtain reliable information about population 

processes and structure across different plant families, bulked segregant analysis or 

quantitative trait loci (QTL) mapping (Collard and Mackill 2009; Poczai 2011; Amirmoradi et 

al., 2012). This method has been used for genetic diversity analysis in different plant species, 

namely, rice (Collard and Mackill 2009), mango (Luo et al., 2010), peanut (Xiong et al., 

2011a), Cicer (Amirmoradi et al., 2012), and Jatropha curcas L. (Mulpuri et al., 2013), as 

well as for diagnostic fingerprinting in tetraploid potato (Gorji et al., 2011). DNA 

fingerprinting of F1 interspecific hybrids from the Triticeae tribe involving hexaploid 

tritordeum as male parent was successfully performed by our group, using RAPDs and ISSRs 

(see Carvalho et al., 2005; Lima-Brito et al., 2006). 
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As far as we know, no previous studies about DNA fingerprinting by SCoTs in 

tritordeum or evidence of polyploidization-induced rearrangements in newly-allopolyploids 

based on such gene-targeted markers were accomplished.  

 With the present study, we intend to evaluate the potential of SCoTs for DNA 

fingerprinting of newly formed hexaploid tritordeums and their respective parents, to address 

the parental origin of the gene-targeted markers assessed in tritordeum, and to detect potential 

polyploidization-induced rearrangements unravelled by this technique. 

 

 4.3. Materials and methods 

 

 4.3.1. Plant material and extraction of genomic DNA 

 

 Interspecific crosses between H. chilense (HchHch; 2n=2x=14) – lines H1 and H7 

(female parents) and durum wheat (Triticum turgidum; AABB, 2n=4x=28;) – line T81 (male 

parent) were previously carried out at IAS (CSIC-Cordoba, Spain) by Prof. Antonio Martín 

originating the hexaploid tritordeum lines HT22 and HT27, respectively.  

 Both newly formed tritordeum lines (HT22 and HT27) and their respective parents (H. 

chilense lines H1 and HT7 and durum wheat line T81) were used in this work. 

After seeds germination, the plantlets were installed at greenhouse conditions and 

young leaves from all plant materials were used for genomic DNA extraction with a CTAB-

based protocol (Doyle and Doyle 1987). 

 

 4.3.2. SCoT markers amplification 

 

 A total of 60 SCoT primers previously reported by Collard and Mackill (2009) and 

Luo et al., (2010) were tested in the present study (Table 4.1). The primer sequences were 

based on the short conserved region flanking the ATG start codon in higher plants genes 

(ATG at positions +1, +2, +3; G at position +4; and ACC at positions +7, +8, and +9) (Table 

4.1). 
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Table 4.1 SCoT primers used in this work and their respective sequence. SCoT primers 1 to 

36 were developed by Collard and Mackill (2009) and primers 37 to 60 were reported by Luo 

et al. (2010) 

 

SCoT Primer Sequence (5’→3’) SCoT Primer Sequence (5’→3’) 
1 CAACAATGGCTACCACCA 31 CCATGGCTACCACCGCCT 
2 CAACAATGGCTACCACCC 32 CCATGGCTACCACCGCAC 
3 CAACAATGGCTACCACCG 33 CCATGGCTACCACCGCAG 
4 CAACAATGGCTACCACCT 34 ACCATGGCTACCACCGCA 
5 CAACAATGGCTACCACGA 35 CATGGCTACCACCGGCCC 
6 CAACAATGGCTACCACGC 36 GCAACAATGGCTACCACC 
7 CAACAATGGCTACCACGG 37 CAATGGCTACCACTAGCC 
8 CAACAATGGCTACCACGT 38 CAATGGCTACCACTAACG 
9 CAACAATGGCTACCAGCA 39 CAATGGCTACCACTAGCG 

10 CAACAATGGCTACCAGCC 40 CAATGGCTACCACTACAG 
11 AAGCAATGGCTACCACCA 41 CAATGGCTACCACTGACA 
12 ACGACATGGCGACCAACG 42 CAATGGCTACCATTAGCG 
13 ACGACATGGCGACCATCG 43 CAATGGCTACCACCGCAG 
14 ACGACATGGCGACCACGC 44 CAATGGCTACCATTAGCC 
15 ACGACATGGCGACCGCGA 45 ACAATGGCTACCACTGAC 
16 ACCATGGCTACCACCGAC 46 ACAATGGCTACCACTGAG 
17 ACCATGGCTACCACCGAG 47 ACAATGGCTACCACTGCC 
18 ACCATGGCTACCACCGCC 48 ACAATGGCTACCACTGGC 
19 ACCATGGCTACCACCGGC 49 ACAATGGCTACCACTGCG 
20 ACCATGGCTACCACCGCG 50 ACAATGGCTACCACTGGG 
21 ACGACATGGCGACCCACA 51 ACAATGGCTACCACTGTC 
22 AACCATGGCTACCACCAC 52 ACAATGGCTACCACTGCA 
23 CACCATGGCTACCACCAG 53 ACAATGGCTACCACCGAC 
24 CACCATGGCTACCACCAT 54 ACAATGGCTACCACCAGC 
25 ACCATGGCTACCACCGGG 55 ACAATGGCTACCACTACC 
26 ACCATGGCTACCACCGTC 56 ACAATGGCTACCACTAGC 
27 ACCATGGCTACCACCGTG 57 ACAATGGCTACCACTACG 
28 CCATGGCTACCACCGCCA 58 ACAATGGCTACCACTAGG 
29 CCATGGCTACCACCGGCC 59 ACAATGGCTACCACCATC 
30 CCATGGCTACCACCGGCG 60 ACAATGGCTACCACCACA 

 

 

 The PCR was conducted in a 10 µl volume containing 60 ng of template DNA; 0.8 µM 

of primer; 1.5 mM of MgCl2, 0.24 mM of dNTPs mixture, and 1 unit of Taq DNA polymerase 

(Fermentas). The amplification conditions consisted on an initial denaturation at 94ºC for 3 

min, followed by 35 cycles of 94ºC for 1 min, 50ºC for 1 min, 72ºC for 2 min, and a final 

extension at 72ºC for 5 min.  

 The amplified products were separated on 1.7% agarose gels prepared with 1x TBE 

buffer, and visualized after staining with ethidium bromide. In each gel was also loaded the 

molecular weight marker Gene Ruler Ladder Mix (Fermentas).   

 All PCR reactions were repeated at least twice, in different days and in two different 

thermocyclers T-Professional (Biometra), as suggested by Collard and Mackill (2009). Only 
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reproducible bands were considered for the presence (1)/ absence (0) analysis of band. Each 

band was considered a SCoT marker and a comparative analysis was performed among each 

newly formed tritordeum individual and their respective parents. SCoT bands with the same 

molecular weight produced by the same primer were considered the same locus. 

 

 4.4. Results and discussion 

 

 During this study, we tested 60 SCoT primers (Collard and Mackill, 2009; Luo et al., 

2010) in the newly formed tritordeum lines HT22 and HT27. However, only 19 produced 

SCoT polymorphic patterns among the individuals of tritordeum line HT22 and their 

respective parents; and 18 primers revealed SCoT polymorphism among the individuals of 

line HT27 and their parents (Table 4.2).  
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Table 4.2 Tritordeum lines (HT); SCoT primers; total number of amplified bands (T); total 
number of scored polymorphic bands in tritordeums (P); number of polymorphic bands shared 
by tritordeums and female parent (H1 and H7); number of polymorphic bands shared by 
tritordeums and male parent (T81); number of polymorphic bands exclusively present in 
tritordeums (PE-HT); and percentage of polymorphism (%P) per primer  
 

HT 
Line Primer 

 SCoT polymorphism data 
T P-HT22 H1 T81 PE-HT22 %P 

HT22 

SCoT 1 11 8 5 3 0 72.7 
SCoT 2 9 4 2 2 0 44.4 
SCoT 3 7 3 3 0 0 42.9 
SCoT 5 5 2 0 2 0 40.0 
SCoT 6 13 8 5 2 1 (2250 bp) in all HTs 61.5 
SCoT 7 8 5 0 5 0 62.5 
SCoT 9 4 3 3 0 0 75.0 
SCoT 11 13 4 3 1 0 30.8 
SCoT 12 11 5 1 4 0 45.5 
SCoT 13 11 5 2 3 0 45.5 
SCoT 14 7 3 2 1 0 42.9 
SCoT 15 8 3 2 1 0 37.5 
SCoT 16 7 3 2 1 0 42.9 
SCoT 17 9 2 0 2 0 22.2 
SCoT 18 6 2 1 1 0 33.3 
SCoT 19 8 1 0 1 0 12.5 
SCoT 20 10 3 2 1 0 30.0 
SCoT 37 5 3 0 3 0 60.0 
SCoT 59 6 3 0 3 0 50.0 
TOTAL 158 70 33 36 1 44.3% 

 Primer T P-HT27 H7 T81 PE-HT27 %P 

HT27 

SCoT 1 10 8 5 3 0 80 
SCoT 2 8 3 1 2 0 37.5 
SCoT 3 6 4 1 3 0 66.7 
SCoT 5 4 4 1 3 0 100 
SCoT 6 11 6 4 2 0 54.5 
SCoT 7 11 8 3 5 0 72.7 
SCoT 9 2 1 1 0 0 50.0 
SCoT 11 8 3 2 1 0 37.5 
SCoT 12 11 6 2 4 0 54.5 
SCoT 13 11 5 1 4 0 45.5 
SCoT 14 8 5 2 3 0 62.5 
SCoT 15 8 5 2 3 0 62.5 
SCoT 16 6 3 1 2 0 50.0 
SCoT 17 7 2 0 2 0 28.6 
SCoT 18 7 2 1 1 0 28.6 
SCoT 19 8 5 0 5 0 62.5 
SCoT 20 9 4 0 4 0 44.4 
SCoT 37 6 6 2 4 0 100 

 TOTAL 141 80 29 51 0 56.7% 
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 A set of 19 primers produced a total of 158 SCoT markers (average of 8.32 bands per 

primer) in the HT22 individuals, and 18 ScoT primers produced 141 markers (average of 7.83 

bands per primer) in the HT27 individuals (Table 4.2). The total mean percentage of SCoT 

polymorphism among the tritordeum individuals of line HT27 and their parents (56.7%) was 

higher than that verified for the tritordeums of line HT22 and their respective progenitors 

(44.3%; Table 4.2). Except for the primer SCoT 59 which only worked out in the tritordeum 

line HT22 and their parents, the remaining primers produced polymorphic patterns in all plant 

materials under study (Table 4.2). The percentages of SCoT polymorphism per primer ranged 

from 12.5% (in HT22 and parents) to 100% (in HT27 and parents) (Table 4.2).  

 Regarding the parental origin of the polymorphic SCoT markers inherited by the 

tritordeums of line HT22, we observed that 47.14% had H. chilense origin and 51.43% were 

of wheat origin, therefore, a ratio of 1:1 could be considered. By other hand, for the 

tritordeums of line HT27, 36.25% of the scored polymorphic SCoT markers had H. chilense 

origin and 63.75% were of wheat origin. Thus, almost the double ratio (1.76) of the 

polymorphic SCoTs inherited by these tritordeums had origin in the male parent (Table 4.2). 

Therefore, the molecular data produced during this study showed an average of 55.7% of 

monomorphic SCoT bands (common to both parental species) in the HT22 tritordeums, and 

an average of 43.3% of SCoT monomorphism in the HT27 tritordeums. The observation of 

the molecular patterns of the HT22 individuals reflected a sharing of SCoT markers with both 

parents. However, for some of the primers used, such as SCoT 16, the tritordeum profiles 

were more similar to those of the male parent (wheat) (Fig. 4.1). This feature was also noticed 

in the SCoT markers profiles of the HT27 tritordeums produced with the SCoT primers 1, 11, 

12, 13, 18 and 20 (Fig. 4.1).  
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Figure 4.1 SCoT profiles produced with different primers in tritordeums of lines HT22 and 
HT27 and their parents. *SCoT marker of 2250 bp that was uniquely amplified with the 
primer SCoT 6 in the HT22 tritordeums 
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 Collard and Mackill (2009) reported the need of further experiments to confirm the 

effect of nucleotide substitution within the last three nucleotides at the 3’-end of the primers 

in the generation of polymorphism. These authors pointed out the occurrence of different 

marker profiles produced by the SCoT primers 18 and 20 which differed only in the second 

last nucleotide at the 3’-end. The same aspect was found for profiles derived from the SCoT 

primers 12 and 13 that differ in the third last nucleotides at the 3’-end (Collard and Mackill 

2009). In addition, the SCoT primers 1 and 11 differ only in a single nucleotide at the 5’-end 

and their respective profiles were different (Collard and Mackill 2009). In this study, we 

confirmed these assumptions after analyzing the profiles produced by the SCoT primers 1 and 

11, 12 and 13, 18 and 20, in the HT27 individuals and their parents (Fig. 4.1). Besides, each 

of these SCoT primers produced variable percentages of SCoT polymorphism (Table 4.2).  

 The sum of the above percentage values related to the parental origin of the SCoT 

polymorphic markers in the HT22 individuals (47.14% of H. chilense origin and 51.43% of 

wheat origin) did not reach 100% because 1.43% corresponded to the unique polymorphic 

SCoT marker (2250 bp) that was exclusively amplified with the primer SCoT 6 in all HT22 

individuals, being absent in both parental species (Table 4.2; Fig. 4.1). This SCoT marker 

could be considered as a polyploidization-induced rearrangement within a coding region.  

Allopolyploidy induces several irreversible genetic, epigenetic and genomic 

modifications in the newly formed species due to the hybridization of two or more genomes 

with different sizes and composition on a single nucleus followed by chromosome doubling 

(Ozkan et al., 2001; Levy and Feldman 2002). Recent investigations performed with IRAPs, 

REMAPs and ISSRs in triticale and tritordeum, and their respective parental species, revealed 

the occurrence of rearranged bands in both amphiploids, being the majority of these 

modifications, due to the loss of rye and H. chilense bands, respectively (Bento et al., 2008; 

Cabo et al. 2013a). After sequence analyses of rye and wheat fragments absents in triticale, 

Bento et al. (2008) reported their homologies with hydroxyproline-rich glycoproteins 

(HRGP), involved in defence response, and copia-like retrotransposons elements, 

respectively. The sequence analysis of a triticale-specific band (absent in both parents) 

showed homology with a microsatellite (SSR) related sequence (Bento et al., 2008). 

Therefore, these authors reported that polyploidization could induce genetic restructuring in 

retrotransposon-related but also in coding sequences. Additionally, our previous cytogenetic 

characterization of HT27 individuals revealed the occurrence of structural rearrangements 

involving microsatellite (SSR) regions probably mediated by retrotransposon activity (Cabo et 

al., 2013a). It is difficult to address the particular mechanisms underlying chromosomal or 
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genomic rearrangements in response to allopolyploidization. However, useful techniques such 

as FISH, and DNA markers such as IRAP, REMAP, ISSR and SCoTs, could help us to 

extrapolate them. SCoTs have been reported as a suitable technique for generating gene-

targeted markers in plants (Collard and Mackill, 2009). The finding of a SCoT marker (2250 

bp) produced by the primer SCoT 6 exclusively in all tritordeums of line HT22 (Fig. 4.1; 

Table 4.2), corroborated the occurrence of genetic restructuring in coding regions in response 

to allopolyploidization. This marker will be cloned and sequenced for further analysis of 

homology and for conversion to a sequence characterized amplified region (SCAR) marker. 

Dominant and co-dominant SCARs for Jatropha curcas L. were previously converted from 

SCoT markers produced by the primers SCoT 26 and 27, and primer SCoT 6, respectively 

(Mulpuri et al., 2013).  

 Despite the occurrence of a reduced degree of polymorphism between the H. chilense 

individuals of H1 and H7 lines (used as female parents in the interspecific crosses), the 

tritordeums of both lines (HT22 and HT27) presented a monomorphic SCoT profile per 

primer (e.g. primer SCoT16; Fig. 4.1). The only exception relied on the amplification of the 

SCoT marker of 2250 bp with the primer SCoT 6 that was uniquely amplified in the HT22 

tritordeums (Fig. 4.1; Table 4.2).  

 The SCoT technique emerged out in 2009 and few studies are available for 

establishing comparisons, and none of them, was developed in tritordeum, wild barley or 

durum wheat. These markers were successfully used for DNA fingerprinting in rice genotypes 

(Collard and Mackill 2009) and tetraploid potato (Gorji et al., 2011). Nevertheless, a higher 

average value of bands per primer and a higher total number of amplified SCoTs was 

achieved in those works comparatively to the present data which can be explained by the 

different plant species used. Gorji et al., (2011) used pairs of SCoT primers. We also tested 

some combinations of primers SCoT but a reduced number of bands was detected, and those 

combinations only worked out in tritordeums from line HT22 (data not shown). The average 

of bands per primer and percentages of polymorphism achieved in the present study were 

quite similar to those reported in peanut by Xiong et al. (2011). 

Our data seems to confirm those reported by Collard and Mackill (2009) that referred 

that the primer sequence has influence in the SCoT profile and in the percentage of SCoT 

polymorphism.  

 The SCoT markers proved to be suitable for DNA fingerprinting in tritordeum and 

their respective parents (H. chilense and durum wheat). As reported by Collard and Mackill 

(2009), the high conservation of the flanking region of the ATG start codon in plants, enables 
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the generation of gene-targeted markers by the SCoT technique in diverse plant species. The 

conversion of the potential rearranged SCoT markers to SCARs, could provide new insights 

about which coding regions are being restructured in response to allopolyploidization. 

Furthermore, the SCARs converted from SCoTs could be helpful markers for gene-tagging 

and marker assisted selection under the scope of tritordeum and wheat breeding programmes. 

In addition, these markers reflected the inheritance of gene-targeted markers from both 

parental species, reinforcing the idea that hexaploid tritordeum constitutes an alternative crop 

with high agronomical potential once it could combine the interesting traits of wild barley and 

durum wheat. 

 

References 

 

Amirmoradi B, Talebi R, Karami E (2012) Comparison of genetic variation and 
differentiation among annual Cicer species using start codon targeted (SCoT) 
polymorphism, DAMD-PCR, and ISSR markers. Plant Systematics and Evolution 
298(9):1679-1688. 

Andersen JR, Lubberstedt T (2003) Functional markers in plants. Trends in Plant Science 
8:554-550. 

Bento M, Pereira HS, Rocheta M, Gustafson P, Viegas W, Silva M (2008) Polyploidization as 
a retraction force in plant genome evolution: sequence rearrangements in Triticale. 
PLoS ONE 3:e1402. DOI:10.1371/journal.pone.0001402. 

Cabo S, Carvalho A, Martín A, Lima-Brito J (2013b) Structural rearrangements detected in 
newly formed hexaploid tritordeum after three sequential FISH experiments with 
repetitive DNA sequences. Journal of Genetics (Accepted 13 September 2013). 

Cabo S, Carvalho A, Rocha L, Martín A, Lima-Brito J (2013a) IRAP, REMAP and ISSR 
fingerprinting in newly formed hexaploid tritordeum (X Tritordeum Ascherson et 
Graebner) and respective parental species. Plant Molecular Biology Reporter 
(Accepted 27 October 2013).  

Carvalho A, Matos M, Lima-Brito J, Guedes-Pinto H, Benito C (2005) DNA fingerprint of F1 
interspecific hybrids from the Triticeae tribe using ISSRs. Euphytica 143:93-99. 

Castillo A, Ramírez MC, Martín AC, Kilian A, Martín A, Atienza SG (2013) High-
throughput genotyping of wheat-barley amphiploids utilising diversity array 
technology (DArT). BMC Plant Biology 13:87 [http://www.biomedcentral.com/1471-
2229/13/87] 

Collard BCY, Mackill DJ (2009) Start codon targeted (SCoT) polymorphism: a simple, novel 
DNA marker technique for generating gene-targeted markers in plants. Plant 
Molecular Biology Reporter 27(1):86-93. 

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small quantities of fresh leaf 
tissue. Phytochemical Bulletin 19:11–15. 

Gorji AM, Matyas KK, Dublecz Z, Decsi K, Cernak I, Hoffmann B, Taller J, Polgar Z (2012) 
In vitro osmotic stress tolerance in potato and identification of major QTLs. American 
Journal of Potato Research 89:453-464. 



Chapter 4– Start Codon Targeted (SCoT) polymorphism 

 
89

Gorji AM, Poczai P, Polgar Z, Taller J (2011) Efficiency of arbitrarily amplified dominant 
markers (SCoT, ISSR and RAPD) for diagnostic fingerprinting in tetraploid potato. 
American Journal of Potato Research 88:226-237. 

Gupta PK, Rustgi S (2004) Molecular markers from the transcribed/expressed region of the 
genome in higher plants. Functional and Integrative Genomics 4:139-162. 

Jones RN, Hegarty M (2009) Order out of chaos in the hybrid plant nucleus. Cytogenetics and 
Genome Research 126(4):376-389. 

Kraitshtein Z, Yaakov B, Khasdan V, Kashkush K (2010) Genetic and epigenetic dynamics of 
a retrotransposon after allopolyploidization of wheat. Genetics 186:801–812. 

Levy AA, Feldman M (2002) The impact of polyploidy on grass genome evolution. Plant 
Physiology 130:1587-1593. 

Lima-Brito J, Carvalho A, Martín A, Heslop-Harrison JS, Guedes-Pinto H (2006) 
Morphological, yield, cytological and molecular characterisation of a bread wheat x 
tritordeum F1 hybrid. Journal of Genetics 85:123-131. 

Luo C, He X-H, Chen H, Ou S-J, Gao M-P (2010) Analysis of diversity and relationships 
among mango cultivars using Start Codon Targeted (SCoT) markers. Biochemical 
Systematics and Ecology 38:1176-1184. 

Martín A, Álvarez JB, Martín LM, Barro F, Ballesteros J (1999) The Development of 
Tritordeum: A Novel Cereal for Food Processing.. Journal of Cereal Science 30(2):85-
95. 

Martín A, Sánchez-Monge Laguna E (1982) Cytology and morphology of the amphiploid 
Hordeum chilense x Triticum turgidum conv. durum. Euphytica 31:262-267. 

Martín AC, Atienza SG, Ramírez MC, Barro F, Martín A (2008) Male fertility restoration of 
wheat in Hordeum chilense cytoplasm is associated with 6HchS chromosome addition. 
Australian Journal of Agricultural Research 59:206–213. 

Mulpuri S, Muddanuru T, Francis G (2013) Start codon targeted (SCoT) polymorphism in 
toxic and non-toxic accessions of Jatropha curcas L. and development of a 
codominant SCAR marker. Plant Science 207:117-127. 

Ozkan H, Levy AA, Feldman M (2001) Allopolyploidy-induced rapid genome evolution in 
the wheat (Aegilops-Triticum) group. Plant Cell 13:1735-1747. 

Poczai P, Varga I, Laos M, Cseh A, Bell N, Valkonen JP, Hyvönen J (2013) Advances in 
plant gene-targeted and functional markers: a review. Plant Methods 9:6. 
[http://www.plantmethods.com/content/9/1/6].  

Poczai PK (2011) Molecular genetic studies on complex evolutionary processes in 
Archaesolanum (Solanum, Solanaceae). PhD thesis. University of Pannonia, 
Georgikon Faculty, Hungary. 

Sabot F, Guyot R, Wicker T, Chantret N, Laubin B, Chalhoub B, Leroy P, Sourdille P, 
Bernard M (2005) Updating of transposable element annotations from large wheat 
genomic sequences reveals diverse activities and gene associations. Molecular 
Genetics and Genomics 274:119–130. 

Xiong F, Zhong R, Han Z, Jiang J, He L, Zhuang W, Tang R (2011) Start codon targeted 
polymorphism for evaluation of functional genetic variation and relationships in 
cultivated peanut (Arachis hypogaea L.) genotypes. Molecular Biology Reports 
38:3487-3494. 

 



 

 
90

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
91

 

 

CHAPTER 5 
 

General Conclusions and Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
92

 



Chapter 5– General conclusions and perspectives 
 

 

 
93

5. General conclusions and perspectives 

 

Allopolyploidy induces several irreversible genetic, epigenetic and genomic 

modifications in the newly formed species due to the hybridization of two or more genomes 

with different sizes and composition on a single nucleus followed by chromosome doubling 

(Ozkan et al. 2001; Levy and Feldman 2002).  

The present dissertation relied on the detection of genetic restructuring in individuals 

from two newly formed lines of hexaploid tritordeum (HT22 and HT27) produced from 

interspecific crosses between H. chilense (lines H1 and H7, respectively) and durum wheat 

(line T81) by molecular and cytogenetic tools.  

In Chapters II and III, the amphiploid nature of each tritordeum individual under study 

was successfully confirmed by conventional FISH technique performed with genomic DNA 

from H. chilense and the 45S rDNA sequence (pTa71) as probes. FISH was successful in the 

discrimination of the parental genomes revealing the presence of 14 H. chilense origin 

chromosomes and 28 wheat origin chromosomes in each metaphase cell of the newly formed 

tritordeums lines HT22 and HT27.  

In Chapter II, the newly formed tritordeums were molecularly characterized with three 

arbitrary molecular marker systems, IRAP, REMAP and ISSR, which proved to be successful 

for the DNA fingerprinting of tritordeums from both lines and their respective parental 

species. The RTN based markers, IRAP and REMAP, as well as the ISSRs were already 

reported as suitable for DNA fingerprinting (Kalendar et al. 1999; Carvalho et al. 2005). 

Besides the potential of these three dominant marker systems for DNA fingerprinting, they 

were also recently reported as suitable for the detection of genomic and sequence 

restructuring events in the amphiploid triticale and in wheat-rye addition lines (Bento et al. 

2008; 2010).  

The IRAP, REMAP and ISSR data achieved during this study also corroborated their 

potential for the detection of genetic restructuring in the two lines of newly formed tritordeum 

and their respective parents. The genetic restructuring in the newly formed tritordeum 

individuals of both lines was evidenced by the elimination of some polymorphic female and 

male origin bands and by the amplification of specific IRAP, REMAP and ISSR bands in 

individuals from both tritordeum lines that were absent in their respective parental species. 

The rearranged IRAP, REMAP and ISSR bands (eliminated and novel) detected in 

individuals from both tritordeum lines were considered as rearrangements derived from the 
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allopolyploidization process (which might occurred during or after it). For all markers, we 

detected some degree of polymorphism among the individuals of line HT22 and among the 

individuals of line HT27. This result could be explained by the presence of specific 

tritordeum bands only found in some tritordeums of each line. Nonetheless, despite the fact 

that genomic rearrangements could arise from differences in the annealing of primers or to 

polymorphisms within each tritordeum line, different individuals from each self-fertilized 

parental lines used here (H1, H7 and T81) did not show polymorphic profiles among them for 

each primer used. Besides, for all marker systems used (Chapters II and IV), it was detected 

polymorphic profiles between the lines used as female parents in the interspecific crosses. 

These results were in agreement with a previous molecular cytogenetic study performed by 

Prieto et al. (2004) which considered the accessions H1 and H7 as different ecotypes.  

Based on the global results and considering that we realized a comparative analysis of 

IRAP, REMAP and ISSR profiles among tritordeum individuals from the lines HT22 and 

HT27 with those achieved in their respective parental species, we might suggest that most of 

the genomic SSR regions inherited by tritordeum had wheat origin because most of the 

REMAP and ISSR markers transmitted to the newly formed allopolyploids were common to 

the male parent (durum wheat). By other hand, most of the IRAP markers inherited by the 

newly formed tritordeums of both lines were inherited from H. chilense (female parent). 

These results indicated a nonrandom elimination of repetitive DNA sequences such as RTNs 

and ISSRs during and after the process of allopolyploidization as previously suggested by 

other authors (Ozkan et al. 2001; Ma and Gustafson 2005; Bento et al. 2008; 2010). The 

nonrandom elimination of noncoding and coding sequences has been suggested to overcome 

genome redundancy induced by different genomes merging (Ma and Gustafson 2005) as well 

as the preferential occurrence of restructuring events as disclosed for triticale and wheat-rye 

addition lines (Bento et al. 2008; 2010).  

The ND-FISH technique (see Chapter III) was successful in the detection of clear and 

intense hybridization signals of the SSR (AG)10 probe on the mitotic chromosomes of 

tritordeum line HT27 and respective male parent – durum wheat line T81. No hybridization 

signals were observed on the H. chilense chromosome spreads. The probe (AG)10 showed an 

additional hybridization signal on the 1B chromosome of tritordeum line HT27 that was not 

present on the 1B chromosome of durum wheat. In order to explain this novel (AG)10 SSR-

enriched region it were performed two additional FISH experiments: one with genomic DNA 

of H. chilense and pTa71 as probes, which successfully identified all nucleolar chromosomes, 

including the 1B in both plant materials, and a second Multicolor FISH experiment where it 
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were included three probes simultaneously, the SSR (AAC)5, the 5S rDNA sequence and the 

pSc119.2.  

The comparison of the hybridization patterns achieved with the three sequential FISH 

experiments revealed the following structural rearrangements a duplication followed by a 

pericentric inversion and by a Robertsonian translocation which resulted on the derivative 

chromosome pairs 1BS.6BL and 6BS.1BL. These structural rearrangements verified in the 

newly formed HT27 individual involved microsatellite (SSR) regions, namely, (AG)10 and 

(AAC)5 and were probably mediated by retrotransposon activity. The structural 

rearrangements reported in Chapter III were not detected in the newly formed tritordeums 

from line HT22. In these individuals the number and position of the signals were common 

between tritordeum and durum wheat.  

The SCoT markers (see Chapter IV) proved to be suitable for DNA fingerprinting of 

the newly formed tritordeums from lines HT22 and HT27 and their respective parents. As 

reported by Collard and Mackill (2009), the high conservation of the flanking region of the 

ATG start codon in plants, enables the generation of gene-targeted markers by the SCoT 

technique in diverse plant species. The conversion of the potential rearranged SCoT markers 

to SCARs could provide new insights about which coding regions are being restructured in 

response to allopolyploidization. Furthermore, the SCARs converted from SCoTs could be 

helpful markers for gene-tagging and marker assisted selection under the scope of tritordeum 

and wheat breeding programmes. In addition, these markers reflected the inheritance of gene-

targeted markers from both parental species, reinforcing the idea that hexaploid tritordeum 

constitutes an alternative crop with high agronomical potential once it could combine the 

interesting traits of wild barley and durum wheat. However, these markers were not as 

efficient as the arbitrary IRAP, REMAP and ISSR for the detection of genetic restructuring, 

once only one rearranged SCoT marker of 2250 bp, amplified by the primer SCoT 6 in the 

newly formed HT22 individuals, was detected.  

Globally, the ISSR, the RTN based markers as well as the SCoTs (Chapters II and IV) 

revealed that most of the markers inherited by the newly formed tritordeums had wheat 

origin. Cytogenetically, the SSR-enriched regions detected in the newly formed tritordeums 

were also from wheat origin, except for the novel SSR (AG)10 region detected in the 

chromosome 1B but even that involved structural rearrangements in the nucleolar wheat 

origin chromosomes (pairs 1B and 6B). These chromosomes were recently pointed out as 

target of polymorphism at the SSR (AAC)5 enriched regions among bread wheat cultivars and 

between bread and durum wheat revealed by FISH experiments (Carvalho et al. 2013). These 
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authors explained that the occurrence of SSR (AAC)5 polymorphism could be mediated 

retrotransposons activity. 

The study described in the present dissertation accomplished the goals initially 

purposed, once all marker systems and the cytogenetic tools used in both lines of newly 

formed tritordeum and their parents effectively demonstrated the occurrence of effective and 

fast genetic restructuring.  

Both the molecular and cytogenetic rearrangements were considered as responses to 

the allopolyploidization process due to the merging of two different genomes, H. chilense and 

durum wheat and mediated by retrotransposons activity. Nonetheless, the involvement of 

other mechanisms not revealed by the techniques used here could not be discarded, such as 

gene silencing or alteration of methylation patterns that are envisaged to study in the future.  

Regarding that previous DNA fingerprinting performed in interspecific F1 hybrids of 

the Triticeae tribe with ISSRs (Carvalho et al. 2005) did not revealed rearranged markers and 

they involved advanced lines of hexaploid tritordeum, it could be suggested that the 

rearrangements are more prompt to occur in newly formed tritordeums. Similar studies to 

those developed here will be applied in the advanced lines of hexaploid tritordeum to test this 

hypothesis. 

Furthermore, the specific unique bands that were amplified in the newly formed 

tritordeum individuals by the ISSR, REMAP, IRAP, and particularly, with the SCoT 

technique, and which were absent in their parental species, will be isolated, cloned and 

sequenced to verify which type of sequences or genes are being rearranged as response to 

allopolyploidization. The same approach will be followed for the specific unique markers 

amplified in each parental line being useful for tritordeum and wheat improvement or for the 

detection of male restoration fertility genes in H. chilense chromosomes that have been 

involved in the production of fertile hybrid wheat lines under the scope of the KBBE project 

that supported this dissertation. 

In this study it were tested each SCoT primer individually as initially proposed by the 

authors which developed this technique (Collard and Mackill 2009). However, and as 

reported later, SCoT primers could also be combined in pairs in order to amplify additional 

markers with the same set of primers (Gorji et al. 2011). This strategy will be tested in the 

future in the newly formed tritordeums of lines HT22 and HT27 and their parents.  

Cytogenetics is still important under the scope of the whole genome sequencing of T. 

aestivum, a species with high commercial and nutritive value, or other plants with complex 

genomes. Sometimes the next generation sequencing (NGS) technologies fail in the 
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sequencing of highly repetitive DNA sequences due to slippage (Belarmino et al. 2012). The 

larger bread wheat genome is highly repetitive hampering its sequencing (Gupta 2008). 

Several cytogenetic studies performed in bread wheat have involved a molecular component 

which allowed the construction of molecular maps, the identification of Expressed Sequence 

Tags (ESTs) and Quantitative trait loci (QTLs) for interesting agronomic traits. These studies 

also promoted the identification of gene-rich and gene-poor regions and recombination 

hotspots in wheat, which were further target of sequencing after the development of Bacterial 

Artificial Chromosomes (BACs). The use of BACs as probes in FISH experiments (BAC-

FISH technique) contributes for the physical mapping of regions uncovering the 

chromosomes and genomes structure as well as elucidating evolutionary events (Gupta et al. 

2005; 2008). The increasing production of sequence data has opened an opportunity to link 

information from mapping studies to the underlying sequences. Genome browsers are 

invaluable platforms that provide access to these sequences, including tools for genome 

analysis, allowing the integration of multivariate information, and thus aiding to explain the 

emergence of complex genomes (Belarmino et al. 2012). These authors highlighted the 

complementation power of the combination of molecular cytogenetics and computational 

approaches for the anchoring of coding or repetitive sequences in plant genomes using 

available genome browsers, helping in the determination of sequence location, arrangement 

and number of repeats, and also filling gaps found in computational assemblies.  

Additional cytogenetic experiments are ongoing and will be performed in both lines of 

newly formed tritordeum involving repetitive DNA sequences from different classes, 

including other SSR probes, to complement the results achieved here, for the detection of 

other structural rearrangements derived from polyploidization and for the karyotyping or 

identification of individual chromosomes in tritordeum.  

This study evidenced the complementation and integration of molecular and 

cytogenetic data which could be helpful under the scope of wheat and tritordeum breeding 

purposes.  
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Appendices 

Appendix 1: Isolation of genomic DNA by the CTAB protocol (Doyle and Doyle 1987) 

 
1 – Macerate 250 mg of frozen young leaves (- 80 ºC) with liquid nitrogen.  
2 – Add 750 µL of extraction buffer. Mix thoroughly. 
3 – Add 5 µL of β-mercaptoethanol and 5 µL of Proteinase K (10mg/mL) to the lysate and incubate at  65 ºC for 
2 hours. 
4 – Add 750 µL of CIA – Chloroform / isoamyl acid 24:1 (v/v), vortex and centrifuge at 13,000 rpm for 20 min 
at 4 ºC. Recover the aqueous phase and repeat the extraction step with CIA twice. 
5 – To the final aqueous phase add 4 µL of RNase (10mg/mL) and incubate for 15 min at 37 ºC. 
6 –Add 0.6 volumes of  isopropanol (- 20ºC), and precipitate for 1 hour at – 20ºC. 
7 – Centrifuge 5 min at 13,000 rpm. Eliminate the supernatant.  
8 – Wash the DNA pellet with ethanol 70% (- 20ºC) by centrifuging 5 min at 13,000 rpm. Eliminate the 
supernatant 
9– Air dry the pellet and elute in 50 µL of elution buffer. 
 
CTAB buffer: 
The final solution should have pH 8.0 and the following concentrations: 2% CTAB, 1.4M NaCl, 20mM EDTA 
pH 8.0, 100mM Tris.HCl pH8.0, and 2% PVPP. 
 

Appendix 2: Random Primed Labeling Kit (Roche Applied Science)  
 
 All SSR probes used in this study were labeled with digoxigenin or biotin by Random Primed.  

Before beginning the protocol, prepare the DIG Stock Mix or BIO Stock Mix by mixing 3M of the 
hapten (digoxigenin or biotin) with dTTP (vial 5) in 1:1 (v/v) proportion. 

1 – Add to 100 pmol of the template DNA, ultrapure water till a final volume of 9 µL in a microfuge 
tube. 

2 – The denaturing step of DNA was omitted once it were used SSR sequences. 
3 – Add to mixture of DNA template and ultrapure water: 3 µL of dNTP Stock Mix, 1.6 µL of DIG 

Stock Mix, 2 µL of Reaction Mixture (vial 6) and 1 µL of Klenow enzyme (vial 7). 
4 – Mix and centrifuge briefly. 
5 – Incubate overnight at 37ºC 
6 – Stop the reaction by adding 2 µL 0.2 M EDTA (pH 8.0) and heating at 65ºC for 10 min. 
7 – The labeled probe was immediately frozen at -20 ºC.  
 

 
 

Appendix 3: Nick Translation Kit (Roche Applied Science) 

 
The genomic DNA of H. chilense and the 45S rDNA sequence, pTa71, were labelled by nick translation. 

1 –Prepare a mixture of dNTPs (0.4 mM) and biotin (1 mM) in the proportions of A:G:C:T:biotin = 
3:3:3:0.25:2.75, and a mixture of dNTPs (0.4 mM) and digoxigenin (1 mM) in the proportions of 
A:G:C:T:digoxigenin = 3:3:3:2:1. 
 
2 – The reaction mixture for nick translation (final volume of 20 μL) is constituted by: 
 2 μg of genomic DNA or pTa71 miniprep; 
 10 μL of mixture dNTPs + hapten (point 1); 
 2 μL 10x Reaction buffer (supplied with the kit); 
 x μL ultra-pure water; 
 2 μL of enzymatic mixture of DNase I and DNA polimerase I (supplied with the kit) 
 
3 – The reaction of nick translation occurs at 15 ºC during 90 minutes. 
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4 – Stop reaction by adding 1 μl of EDTA 0.5 M (pH 8.0) and heating at 65 ºC for 10 minutes. 
5 – The probes should be immediately conserved at - 20 ºC. 
 

Appendix 4: FISH protocol (Schwarzacher and Heslop-Harrison with modifications) 
and ND-FISH protocol (Cuadrado and Jouve 2010 with modifications) 

 

Pre-treatments of the mitotic chromosome spreads (common to FISH and ND-FISH):  

1 – Wash the slides 3 x 5 min. in 2x SSC at RT. 

2 – Prepare a pepsin solution by adding: 98 ml of ultrapure water, 1 ml 1M HCl and 1 ml of bovine pepsin 

5% (Sigma). Incubate the slides in bath for 15 min at 37ºC. 

3 – Wash the slides 3 x 5 min in 2x SSC at RT. 

4 – Paraformaldehyde fixation: After preparing a solution of 4% paraformaldehyde in 1x PBS, incubate the 

slides in this solution for 10 min at RT
 

. 

4 – Wash the slides 3 x 5 min in 2x SSC at RT. 

5 – Dehydrate the slides in a series of ethanol solutions: 70% (-20 ºC), 90% (-20 ºC) and 100% (-20 ºC) 

during 5 min in each solution. Air dry the slides. 

 

Hybridization (for FISH): 

1 - For each slide, prepare 40 µL of hybridization mixture – 20 µL of formamide 100% (Sigma), 8 µL de 

dextran sulfate 50% (Sigma), 4 µL of 20x SSC, 1 µL of salmon sperm DNA, 0.5 µL of SDS 10%, 0.5 µL of 

EDTA 10mM, 3 µL of pTa71 probe (100ng) and 3 µL of ultrapure water 

2 – Incubate the mixture 10 min at 65ºC then put it on ice for 5min. 

3 – Apply 40 µL of hybridization mixture to each slide and cover with a 24x50mm glass coverslip.  

4 – Incubate the slides overnight at 37ºC in the modified thermal block Omnislide Hybaid. 

 

Hybridization (for ND-FISH): 

1 - For each slide, prepare a final volume of 30 µL of hybridization mixture: 28 µL of 2x SSC and 2 

pmol/µL of labeled probe. Cover with a 24x50mm glass coverslip. 

2 – Incubate the mixture 2 hours at 24ºC in the modified thermal block Omnislide Hybaid. 

 

 

Post-hybridization washes (common to FISH and ND-FISH):  

1 – Wash the slides in 2x SSC 3 x 5 min at RT. 

2 – Apply 100 µL of 5% BSA prepared in 4xT, cover each slide with a 24x50mm glass coverslip, and 

incubate for 10 min at RT. 

6 – Wash the slides 3 x 5 min in 4xT. 

 

Detection of the hybridization signals and visualization (common to FISH and ND-FISH):  

1 – Incubate each slide with 100 µL of diluted solution of antibody (anti-digoxigenin-rhodamine for 

digoxigenin labeled probes or fluorescein-avidin-D for biotin labeled probes) in 4x SSC, and incubate for 1 hour 

at 37 ºC in the modified thermal block Omnislide Hybaid. 
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2 - Wash the slides 2 x 5 min in 4xT. 

3 – Add one drop of mounting medium Vecta Shield with DAPI and after mounting the preparartions, 

visualize the hybridization signals on an epifluorescence microscope.  

Solutions Preparation:  

2x SSC: diluted from the stock buffer 20x SSC in ultrapure water  

20x SSC: For 1L, dilute 175.3 g de sodium chloride and 88.2 g of sodium citrate in 800 mL of ultrapure 

water. Rectify the volume until 1L and pH to 7.0. Autoclave the solution during 15 min. at 121 ºC.  

4% Paraformaldehyde in 1x PBS: after adding 4g of Paraformaldehyde to 100 mL of 1x PBS (w/v), 

incubate in a bath at 60 ºC for 15 min. Add some drops of NaOH 10 M until the solution becomes transparent  

1x PBS: dilute stock of 10x PBS in ultrapure water 

10x PBS: In 1L of ultrapure water, add 80 g of NaCl, 2 g of KCl , 14.4 g of Na2HPO4 and 2.4 g of 

KH2PO4. Mix well to dissolve and autoclave the solution for 15 min at 121 ºC.  

4xT: for 1L of 4xT, add 200 mL of 20x SSC, 10 mL of 5% of Tween 20 and 790 mL of ultrapure water. 

Mix gently.  

5% BSA in 4xT: after adding 4% of BSA to the buffer 4xT (w/v), dissolve well, aliquot and store at - 20ºC  

 

Appendix 5: Reprobing method (Schwarzacher and Heslop-Harrison 2000) 
 

1 – Carefully remove the glass coverslip and wash the slides overnight in 4xT. 

2 – Wash in 2x SSC for 1 hour at RT. 

3 – Dehydrate on ethanol absolute (- 20ºC) for 10 min. 

4 – Air dry the slides. 

5 – Proceed with another hybridization (appendix 4). 

 


