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Abtrakt: 

Banánovník (Musa spp, čeleď Musaceae) je jednou z nejdůležitějších 

exportních plodin a nezastupitelný zdroj obživy pro miliony lidí žijících 

v rozvojových zemích tropických a subtropických oblastí. Navzdory 

nezpochybnitelné důležitosti této plodiny je zde nedostatek informací o genetické 

diverzitě, fylogenetických vztazích v rámci čeledi a struktuře, organizaci a evoluci 

genomu banánovníku. Tato disertační práce si kladla za cíl přispět k charakterizaci 

genetické diverzity a evoluce druhů čeledi Musaceae za pomoci molekulárních 

metod. Struktura a organizace genomu banánovníku byla studována pomocí 

cytogenetického mapování specifických sekvencí na mitotické chromozómy.  

V první části práce byla pro studium fylogenetických vztahů v rámci čeledi 

Musaceae využita analýza ITS oblasti ribozomální DNA. Tato studie poskytla 

přesvědčivý pohled na evoluci druhů čeledi Musaceae, který může být dále 

využitelný pro zpřesnění klasifikace jednotlivých druhů. Druhá část této práce byla 

zaměřena na molekulární analýzu a cytogenetické mapování dvou hlavních DNA 

satelitů vyskytujících se v genomu banánovníku. V souboru devatenácti zástupců 

rodu Musa byla určena genomická organizace a molekulární diverzita těchto DNA 

satelitů. Použití těchto satelitních sekvencí jako sond pro FISH výrazně zvýšilo počet 

chromozómů, které mohou být genomu banánovníku identifikovány, což dokazuje 

jejich vysoký potenciál jakožto cytogenetických markerů. Třetí část této disertační 

práce se zabývala charakterizací genetické diverzity planě rostoucích druhů rodu 

Musa. Tato studie přináší nové poznatky o velikosti jaderného genomu a distribuci 

rRNA genů v genomu banánovníku. Zvyšuje tak znalosti o struktuře genomu planě 

rostoucích druhů rodu Musa. Pro molekulární charakterizaci studovaných položek 

bylo použito SSR genotypování a analýza ITS oblasti. Tento přístup se ukázal jako 
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jednotlivými druhy banánovníku. 

Klíčová slova: Musa, banánovník, genom, fyzické cytogenetické mapování, evoluce 

Počet stran/příloh: 191/0 

Jazyk: anglický 

  



   9 

 

CONTENT 

1 INTRODUCTION ............................................................................................... 11 

2 LITERATURE REVIEW ................................................................................... 12 

2.1 CHARACTERISTICS OF BANANAS ......................................................... 12 

2.1.1 Morphological characteristics ......................................................................... 12 

2.1.2 Taxonomic classification and distribution ...................................................... 14 

2.1.3 Socio-economic importance ........................................................................... 18 

2.1.4 Diseases and breeding of resistant cultivars ................................................... 20 

2.1.5 Banana germplasm .......................................................................................... 21 

2.2 PLANT NUCLEAR GENOME ..................................................................... 22 

2.2.1 Nuclear genome size ....................................................................................... 22 

2.2.1.1 Methods for nuclear genome size estimation ........................................................ 22 

2.2.1.2 Nuclear genome size of banana ............................................................................. 24 

2.2.2 Structure and organization of plant genomes .................................................. 26 

2.2.2.1 Composition of plant nuclear DNA ....................................................................... 27 

2.2.2.1.1 Repetitive DNA sequences ........................................................................ 27 

2.2.2.1.1.1 Tandemly repeated DNA ................................................................... 28 

2.2.2.1.1.2 Dispersed DNA sequences ................................................................. 29 

2.2.2.2 Structure and organization of banana genome ...................................................... 32 

2.2.2.2.1 Composition of nuclear DNA of banana .................................................... 33 

2.3 PHYSICAL MAPPING OF PLANT GENOMES .......................................... 35 

2.3.1 Cytogenetic mapping of plant genomes .......................................................... 36 

2.3.1.1 Fluorescence in situ hybridization ......................................................................... 37 

2.3.1.2 Cytogenetic mapping of banana genome .............................................................. 39 

2.4 PLANT MOLECULAR PHYLOGENETICS ................................................ 42 

2.4.1 Molecular DNA markers ................................................................................ 42 

2.4.1.1 Molecular DNA markers based on hybridization .................................................. 42 

2.4.1.2 Molecular DNA markers based on PCR ............................................................... 43 

2.4.1.3 Molecular DNA markers based on sequencing ..................................................... 45 

2.4.2 Ribosomal ITS sequences in molecular phylogenetics ................................... 46 

2.4.2.1 Concerted evolution .............................................................................................. 47 

2.4.2.2 Ribosomal DNA divergent paralogues and pseudogenes ...................................... 48 

2.4.2.3 Secondary structure of ITS2 and 5.8S rRNA transcripts ....................................... 49 

2.4.3 Diversity and phylogeny of the Musaceae family .......................................... 50 

2.5 REFERENCES ............................................................................................... 52 

3 AIMS OF THE THESIS ..................................................................................... 72 



   10 

 

4 RESULTS ............................................................................................................. 73 

4.1 ORIGINAL PAPERS ..................................................................................... 73 

4.1.1 The ITS1-5.8S-ITS2 sequence region in the Musaceae: structure, diversity and 

use in molecular phylogeny ............................................................................ 74 

4.1.1.1 Supporting information ......................................................................................... 86 

4.1.2 Molecular analysis and genomic distribution of major DNA satellites in 

banana (Musa spp.) ....................................................................................... 100 

4.1.2.1 Supporting information ....................................................................................... 115 

4.1.3 Molecular and cytogenetic characterization of wild Musa species newly 

introduced to ITC collection ......................................................................... 128 

4.1.3.1 Supporting information ....................................................................................... 156 

4.2 CHAPTERS IN BOOKS .............................................................................. 158 

4.2.1 Development of physical cytogenetic maps for bananas and plantains ........ 159 

4.3 PUBLISHED ABSTRACTS ........................................................................ 170 

4.3.1 Phylogenetic relationships in the family Musaceae based on the genic 

sequences, sequence of the ITS1-5.8S-ITS2 region and DArT markers ...... 171 

4.3.2 Physical mapping of the banana (Musa spp.) genome using microdissected 

chromosomes ................................................................................................ 173 

4.3.3 Nuclear rDNA ITS sequence region diversity and phylogenetic inference in 

Musaceae ...................................................................................................... 176 

4.3.4 Molecular analysis and genomic organization of major satellite DNA in Musa 

spp......... ........................................................................................................ 178 

4.3.5 Physical mapping of the banana (Musa spp.) genome using microdissected 

chromosomes ................................................................................................ 181 

4.3.6 Molecular and cytogenetic characterization of wild Musa species newly 

introduced to ITC collection ......................................................................... 184 

5 CONCLUSIONS ................................................................................................ 187 

6 LIST OF ABBREVIATIONS ........................................................................... 190 

 

  



   11 

 

1 INTRODUCTION 

Bananas (Musa spp., family Musaceae) are giant perennial herbs growing in 

tropical and subtropical regions of Asia, Africa, South America and Australia. Being 

an essential nutrition source for millions of people in developing countries and one of 

the top export commodities, bananas belong to world's most important fruit crops. 

Despite socio-economic importance of bananas, there is a lack of knowledge about 

the structure, organization and evolution of banana genome. 

The family Musaceae has been assigned to the order Zingiberales and 

includes three genera Musa, Ensete and Musella. The traditional morpho-taxonomic 

classification of banana is based on a set of morphological descriptors and basic 

chromosomes number. This conventional taxonomy has been often questioned and 

the phylogenetic relationships within the family Musaceae remains subject to debate. 

Different types of molecular markers have been used until now to investigate the 

diversity of bananas at various taxonomic levels but the taxonomy and phylogenetic 

relationships still remain unresolved. 

The nuclear genome of banana is relatively small and divided into small and 

morphologically similar chromosomes. The small size and poor staining ability of 

banana chromosomes complicate cytogenetic studies and identification of 

chromosomes within a karyotype. The lack of chromosome-specific landmarks and 

markers complicates studies of karyotype evolution and chromosome behaviour in 

inter- and intraspecific hybrids. 

The aim of this thesis was to shed more light on Musa genetic diversity, 

contribute to the clarification of evolutionary relationships in the family Musaceae 

and to increase the knowledge about the structure and organization of the nuclear 

genome of banana. 
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2 LITERATURE REVIEW 

2.1 CHARACTERISTICS OF BANANAS 

2.1.1 Morphological characteristics 

Bananas are giant, monocotyledonous, herbaceous, perennial herbs. The basic 

structure of the banana plant is outlined in Figure 1. The plant consists of a 

subterranean stem that bears developing suckers, the root system, the pseudostem, 

leaves and the inflorescence.  

 

 
Figure 1: Basic morphology of banana plant (Dahlgren et al. 1985) 
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The true stem of the banana plant (called 'tuberous rhizome') is partly or 

wholly underground and has extremely short internodes. The rhizome has more or 

less round shape and is internally differentiated into the central cylinder and cortex. 

On the top of the rhizome is the apical meristem, which continuously produces new 

leaves. 180° opposite each leaf on the outer surface of the cortex, a vegetative bud is 

produced. However, only few of these buds develop into suckers which could 

regenerate a plant. Suckers grow successively outwards and after a short period of 

horizontal growth they turn upwards.  

The primary seedling root of the banana dies early and is replaced by an 

adventitious root system immediately. In plants which are established from suckers 

the root system is adventitious from the beginning. Primary roots, originating from 

the central cylinder of the rhizome, are white when new and healthy, but later 

become brown and corky. From each primary root, a system of secondary a tertiary 

lateral roots develops. Root hairs, which are produced behind the root tip of 

extending primary and lateral roots, are responsible for most of the water and mineral 

uptake of the plant. The overall root distribution is influenced by soil type, 

compaction and drainage. The common horizontal extension of primary roots is 1 to 

2 m but may extend up to 5 m of the plant. The vertical root zone depth is very small 

with about 40% of the root system in the top 10 cm and 85% in the top 30 cm of the 

soil (Robinson 1996). This makes banana plantations vulnerable to wind damage, 

and if the plants bear heavy fruit bunches, they may be blown down by strong winds. 

The pseudostem can reach a height of 2-8 m in cultivated varieties and even 

more (10-15 m) in some wild species. The pseudostem is formed by tightly packed 

overlapping leaf sheaths which grow directly from the top of the rhizome. The leaf 

sheaths are circular, enclosing the youngest leaf sheaths and the aerial stem. With 

continuing growth of new leaves in the middle of the pseudostem the free margins of 

sheaths are forced apart. The physical strength of the pseudostem, necessary for 

supporting leaves and bunch of fruit is enhanced with sclerotized parenchymatous 

tissue present in the sheaths that are tightly packed around the aerial stem. The 

morphological variability of the pseudostem, including length, disposition and 

coloration, is useful in distinguishing among different sub-groups of bananas. 

The distal end of the leaf sheaths narrow into the petiole whose color, length 

and shape depends on the cultivar. The petiole then becomes the leaf midrib dividing 

the blade into two lamina halves. New leaves (called cigar leaves) are completely 



   14 

 

enrolled and emerge from the middle of the pseudostem. At flowering, there are 10 

to 15 functional leaves on the plant, and with leaf senescence the number of leaves 

drops to 5 to 10 at harvest (Robinson 1996). Each newly emerging leaf is larger than 

the previous one with the exception of 7-11 leaves before flowering. 

The inflorescence is a complex structure composed of a peduncle which bears 

spirally arranged flower clusters covered by a modified leaf (called bract). Closest to 

the base of the peduncle there are female flowers followed by hermaphrodite flowers 

and male flowers at the distal end. Female flowers develop into fruits (berries) which 

contain seeds (wild bananas), seeds and pulp, or edible pulp only (cultivated clones. 

The seedless fruits originate without pollination by vegetative parthenocarpy. In the 

bunch, each cluster of fruits is called hand and the individual fruit is called a finger. 

Fruit weight varies from a few grams in wild bananas to 800 g in parthenocarpic 

bananas. The total weight of the bunch widely differs among cultivars. The bunch of 

the most common export cultivar Cavendish can weigh from 15 to 70 kg (Robinson 

1996). Hermaphrodite flowers do not develop into fruits and their persistence 

depends upon variety. The terminal male bud consists of closely overlapping bracts 

covering two rows of male flowers. The size, shape and number of fruits as well as 

the shape of bunch and the colour and shape of male bud bracts are important 

characters for banana classification. 

2.1.2 Taxonomic classification and distribution 

Bananas belong to the family Musaceae, a member of the order Zingiberales. 

The order Zingiberales is a part of the commelinid clade in the Monocots and 

consists of eight families (Cannaceae, Costaceae, Heliconiaceae, Lowiaceae, 

Maranthaceae, Strelitziaceae, Zingiberaceae and Musaceae) of tropical and 

subtropical perennial plants. The family Musaceae originally evolved in South-East 

Asia and surrounding tropical and subtropical regions. The family is divided into 

three genera Musa, Ensete and Musella (Figure 2).  

The genus Ensete includes monocarpic plants distributed from West Africa to 

New Guinea. It bears no edible fruits but the starchy corm serves as food in East 

Africa. Ensete ventricosum have been domesticated especially in Ethiopia, where it 

became an economically important food crop (De Langhe et al. 2009; Hildebrand 

2007). The monotypic genus Musella was established by Wu in 1976 for a species 

Musella lasiocarpa. This rare species grows only in the mountains of South-East 
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Asia. Quite recently, a new species Musella splendida was described in Vietnam 

(Valmayor and Danh 2002), but its status has not been widely accepted by other 

researchers.  

 

 

 

 

The most important genus of the family Musaceae is the genus Musa which 

includes all edible bananas. This genus, comprising approximately 65 species, is 

naturally distributed in South-East Asia, stretching from India to Papua New Guinea 

and including Malaysia and Indonesia. Based on morphological characteristics and 

basic chromosome number, the genus has traditionally been sub-divided into four 

sections (Figure 2): Eumusa (2n = 2x = 22), Rhodochlamys (2n = 2x = 22), 

Callimusa (2n = 2x = 20 or 2n = 2x = 18) and Australimusa (2n = 2x = 20) 

(Cheesman 1947, Simmonds 1962) with different natural distribution (Figure 3). 

This classification has been widely accepted and followed by subsequent authors, but 

its validity has been many times questioned because of problematic classification of 

newly described species. For example, Argent (1976) created a new section 

Ingentimusa for M. ingens (2n = 2x = 14), which occurs only in Papua New Guinea 

and is described as a world's largest herb.  

 

Figure 2: Taxonomic classification of the family Musaceae 
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With the employment of molecular methods the shortcomings of current 

classification has been revealed even more (Gawel and Jarret 1991; Gawel et al. 

1992). Wong et al. (2002) proposed joining of sections Eumusa and Rhodochlamys 

into one section and Callimusa and Australimusa into other one based on results of 

AFLP analysis. Similarity of sections Eumusa and Rhodochlamys and of sections 

Callimusa and Australimusa was observed by others (Nwakanma et al. 2003; Bartoš 

et al. 2005; Risterucci et al. 2009). Similarly, status of the genus Musella is currently 

uncertain, because several studies show that Ensete and Musella make up one clade 

and suggest joining of the two genera (Li et al. 2010; Liu et al. 2010). Clarification 

of the phylogeny and taxonomy of the family Musaceae and especially of the genus 

Musa is very important. Information on phylogenetic relationships could be valuable 

for collection and utilization of genetic resources necessary for further banana 

improvement. 

Figure 3: Geographical distribution of the sections Eumusa, Rhodochlamys, Callimusa and 

Australimusa (According to Simmonds 1962; De Langhe et al. 2009). 
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Most of the currently grown banana cultivars are diploid, triploid or tetraploid 

clones, which originated from natural intra- and interspecific crosses between two 

wild diploid species of Eumusa section: M. acuminata (A genome) and M. 

balbisiana (B genome). The most common are triploid hybrids which are further 

differentiated into several groups according to a set of morphological descriptors 

indicating a degree of genetic inheritance of M. acuminata and M. balbisiana 

(Simmonds and Shepherd 1955). Cultivars derived from M. acuminata (AAA group) 

provide sweet dessert bananas, while AAB and ABB groups are usually plantains or 

cooking bananas characteristic by more starchy fruits (Price 1995). 

Interesting difference between the diploid progenitors of common edible 

bananas is in their natural distribution (Figure 4). While M. balbisiana is located only 

in the northern periphery and part of the Philippines, M. acuminata covers almost 

entire Eumusa area except for the northern region occupied by M. balbisiana (De 

Langhe et al. 2009). Intraspecific M. acuminata cultivars originated in South-East 

Asia and the interspecific hybrids developed in the overlapping areas of their 

distribution.  

The morphological variation among M. acuminata has been extensively 

studied for breeding purposes. Within the species, several subspecies have been 

discriminated based on morphological and geographical criteria. Although the 

number of accepted subspecies varies from six to nine the most commonly accepted 

subspecies are M. acuminata ssp. burmannica, M. acuminata ssp. errans, M. 

acuminata ssp. malaccensis, M. acuminata ssp. microcarpa, M. acuminata ssp. 

siamea, M. acuminata ssp. truncata, M. acuminata ssp. zebrina and M. acuminata 

ssp. banksii (De Langhe et al. 2009) (Figure 4). Contribution of individual 

subspecies to the origin of current edible cultivars is not clear. Although high level of 

genetic variability was revealed also in M. balbisiana (Ude et al. 2002), no 

subspecies has been defined so far.  
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Apart from edible hybrids originating from M. acuminata and M. balbisiana a 

few cultivars also originated from crosses between M. acuminata and M. schizocarpa 

(S genome) and M. acuminata and M. textilis (T genome) but their economic 

importance is negligible. The last group of edible bananas is represented by Fe'i 

bananas which are distributed throughout the Pacific region. Fe'i bananas are 

believed to originate in the Papua New Guinea area from ancestors belonging to the 

section Australimusa and they have been domesticated independently from the 

bananas related to M. acuminata and M. balbisiana (Ploetz et al. 2007). They are 

characteristic by their erect bunch and high levels of carotenoids. 

2.1.3 Socio-economic importance 

Bananas and plantains are produced in more than 130 countries and territories 

of tropical and subtropical regions. With the global annual production exceeding 130 

million tons (faostat.fao.org), this species is one of the most important food crops. 

Figure 4: Geographical distribution of M. acuminata (and its subspecies) and M. balbisiana 

(According to De Langhe et al. 2009; Perrier et al. 2009) 
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About 90% of the production is provided by smallholder farmers and is determined 

for local markets. This dominating part of production is made up of a wide range of 

varieties, including cooking bananas, plantains, Highland bananas, sweet-acid dessert 

bananas and beer bananas. They represent an essential nutrition source for hundreds 

millions of people in developing countries. The highest consumption of bananas per 

person per year (200-300 kg) is reported in countries of sub-Saharan Africa, 

especially in Uganda, Rwanda and Gabon (faostat.fao.org). Despite the diversity of 

banana cultivars, the export trade (represented by 10% of the world banana 

production) is almost exclusively based on only one group of dessert banana – the 

'Cavendish' group (AAA). These dessert bananas are the predominant group from 

1960s and became a major cash crop in many countries. The main exporters of 

bananas can be found in Latin America (Ecuador, Costa Rica and Colombia).  

 

Table 1: The largest banana and plantain producers in 2011 (in million metric tons) (faostat.fao.org) 

Country Production (mT) 

India 29.7 

China 10.7 

Philippines 9.2 

Ecuador 7.4 

Brazil 7.3 

Indonesia 6.1 

Guatemala 2.7 

Mexico 2.1 

Colombia 2.1 

Thailand 2.0 

 

Bananas have been used as a food since earliest times. Sweet dessert bananas 

are mainly a food supplement, while cooking bananas and plantains are of higher 

dietary importance. They can be prepared in a wide variety of ways – boiled, roasted, 

fried steamed, baked or sun-dried and ground to flour (Chandler 1995). Bananas 

serve as an important source of carbohydrate, dietary fiber and essential vitamins 

such as A, B6 and C. They also contain moderate amount of potassium, manganese 

and other minerals. 

Except for the fruits also other parts of the banana plant can be useful. 

Flowers and tender parts of the plant's trunk supplement ingredients in South-East 
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Asian cuisine. Large, flexible and waterproof banana leaves are often used as a 

wrapping for food transportation or as disposable plates for serving meals. High 

quality textiles, ropes or paper for artistic purposes can be made from banana fibers. 

Industrial and medicinal alcohol has been produced from bananas in a variety of 

countries. Many bananas belonging to sections Callimusa and Rhodochlamys are 

important as ornamental flowers. 

2.1.4 Diseases and breeding of resistant cultivars 

The production of bananas is threatened by various diseases and pests. These 

problems are mainly visible in plantations of vegetatively propagated clones where 

the newly emerging virulent disease strains can spread quickly. Historically, the most 

devastating was the epidemic of Panama disease caused by the fungus Fusarium 

oxysporum f. sp. cubense. Panama disease destroyed over 40,000 ha of dessert 

banana 'Gros Michel' (AAA) in Latin America and eventually the export trade based 

on this cultivar. In 1950s and 1960s 'Gros Michel' was replaced by the resistant 

Cavendish group which dominates the commercial production since then. Currently, 

an extremely virulent form of Panama disease, 'Tropical Race 4', is spreading in 

Cavendish banana plantations in tropical countries. This new race could again cause 

serious devastation of dessert bananas determined for export. Infection of another 

fungal disease, Black sigatoga leaf spot, leads to 50% yield losses and became a 

striking problem in recent years. The disease agent Mycosphaerella fijiensis shows 

increasing resistance to fungicides and the used treatment is environmentally 

undesirable and expensive (Churchill 2011). Other banana pathogens include banana 

bunchy top virus causing almost complete yield losses, banana streak virus or a 

bacteria Xanthomonas which is spreading rapidly in East Africa. 

Elimination of diseases by application of various chemical products is very 

costly, unavailable for smallholder farmers and polluting the environment. An 

alternative solution may come through breeding of new cultivars which would 

combine disease resistances, abiotic stress resistances and valued nutrition and 

agronomic qualities of cultivated clones. Breeding programs aiming for resistant 

cultivars have been carried out since 1920s in many countries including Honduras, 

Jamaica, Nigeria, Kenya and Brazil. Conventional cross-breeding of improved crop 

is complicated by the fact that cultivated bananas are almost always seedless 

(parthenocarpic) triploids reproduced by vegetative propagation. However, some 
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triploid cultivars have residual fertility and hand-pollination with diploid parents 

leads to production of a few seeds per bunch. Several resistant cultivars have been 

developed by crossing fertile diploid and tetraploid bananas, but few of them 

received commercial acceptance due to taste and quality issues (Heslop-Harrison and 

Schwarzacher 2007). Another important approach for Musa is breeding through 

mutation. There are several commercially released cultivars with desired qualities, 

which were derived from gamma-ray-induced mutations (Roux 2004). Development 

of transgenic bananas through particle bombardment (Sági et al. 1995) and 

Agrobacterium-mediated strategies (Rodriguez-Zapata et al. 2005) have been carried 

out. 

2.1.5 Banana germplasm 

The increasing need of preservation and characterization of banana diversity 

for the purposes of crop improvement is unquestionable. The worldwide banana 

germplasm, represented by accessions with a wide range of morphological variation 

and genome constitutions, is maintained in collections comprising between 1500 and 

3000 accessions (Heslop-Harrison and Schwarzacher 2007). Field-based collections 

developed particularly in Asia participate in preservation of locally grown varieties. 

The world's largest banana germplasm collection is however maintained in tissue 

culture at the Bioversity International Transit Centre (ITC) 

(http://bananas.bioversityinternational.org/). This reference collection, hosted by the 

Katholieke Universiteit Leuven in Belgium, contains more than 1400 accessions and 

is continuously extended by various wild species and cultivars. Accessions indexed 

as virus negative are available for research and breeding purposes and distributed as 

tissue-culture plantlets. 

The main objectives and means for the conservation of Musa diversity were 

formulated in The Global Conservation Strategy for Musa (INIBAP 2006). The main 

goals include establishment of agreed taxonomy, characterization of genetic 

diversity, conservation of the gene pool by long-term support of collections and 

reinforcement of the global system for the safe exchange of the germplasm. For the 

efficiency of collection and protection of banana diversity the unambiguous sample 

identification and characterization is of a great importance.  

http://bananas.bioversityinternational.org/
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2.2 PLANT NUCLEAR GENOME  

The genome can be defined as a one copy of the entire hereditary information 

of an organism. The majority of the DNA is stored in the nucleus and the term 

'nuclear genome' is then used. The rest of DNA is stored within organelles that 

contain their own DNA – mitochondria and also chloroplasts, in case of 

photosynthetic organisms. 

2.2.1 Nuclear genome size 

Nuclear genome size is one of the basic characteristics of a species, useful in 

classification of organisms and also required in detailed analyses of genome structure 

and evolution. DNA content of the unreplicated haploid chromosome complement 

(n) is usually described with the term C-value (Swift 1950; Bennet and Smith 1976) 

and a nucleus in G1 phase of the cell cycle then contains 2C DNA amount. 

Estimation of DNA quantity in absolute units (picograms of DNA or number of base 

pairs/ 1pg = 0.978
.
10

9
 bp (Doležel et al. 2003)) has led to the discovery that C-values 

vary enormously among species. Eukaryotic genome sizes vary more than 200,000-

fold and just within angiosperms, the range exceeds 2000-fold with the smallest 

known genome of 63 Mbp found in a carnivorous species Genlisea margaretae 

(Greilhuber et al. 2006) and the largest genome of 150 Gbp in Paris japonica, a 

rhizomatous geophyte endemic to Japan (Pellicer et al. 2010). It was soon discovered 

that the amount of nuclear DNA does not correlate with organismal complexity. This 

phenomenon was called “C-value paradox” (Thomas 1971) until the realization that 

most of the variation was caused by non-coding repetitive DNA, especially by 

increased number of mobile elements. Since there still remain some puzzles and 

unanswered questions about the genome size variation, the phenomenon is now 

called “C-value enigma” (Gregory 2001).  

2.2.1.1 Methods for nuclear genome size estimation 

Several methods have been employed to quantify nuclear genome size, but 

the two most widely used are Feulgen densitometry and flow cytometry. Feulgen 

densitometry is a precise method enabling measurement of DNA amounts in single 

cells. Feulgen-stained nucleus is divided into small, optically homogeneous areas and 

the absorption of visible monochromatic light for every spot is quantified. This 
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method has been more frequently used for genome size estimation until late 1990s 

when flow cytometry came to the fore of the field (Greilhuber et al. 2010; Doležel et 

al. 2007).  

Flow cytometry is a convenient and reliable method, which became more 

popular than Feulgen densitometry due to the ease of sample preparation and high 

sample throughput. The method involves optical analysis of microscopic particles, 

constrained to flow in file within a hydrodynamically-focused fluid stream through 

the focus of intense light. Pulses of scattered light and the fluorescence are collected 

and converted to electrical pulses by photodetectors. The particles are analysed 

individually and at high speed. Except for nuclear genome size estimation, flow 

cytometry has a wide range of other applications including ploidy level screening, 

detection of mixoploidy and aneuploidy, assessment of the degree of polysomaty or 

observation of cell cycle kinetics. 

To estimate DNA nuclear content, the suspension of intact nuclei is stained 

with a DNA-specific fluorochrome (usually propidium iodide). The amount of light 

emitted by the fluorochrome is then analyzed and displayed in a form of a histogram 

of relative fluorescence intensity (Figure 5), which represents the relative DNA 

content of the nucleus.  

 

 

 

The absolute DNA amount of an unknown sample is determined after 

comparison with nuclei of a reference standard, whose DNA content is known. 

Figure 5: Histogram of relative nuclear DNA content obtained after flow cytometric analysis of 

propidium iodide stained nuclei of M. acuminata 'DH Pahang' and soybean, which were isolated, 

stained and analysed simultaneously. G1 peaks of the banana and soybean (Glycine max 'Polanka', 

2C = 2.5 pg DNA), which served as internal reference standard, are clearly visible. 
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Nuclei of the sample are isolated, stained and analysed simultaneously to avoid 

errors.  5000-20000 nuclei per sample are analysed and the absolute DNA content is 

then calculated from mean values of G1 peaks following the formula:  

                      
(                   )   (                       )

                     
 

Reliable estimation of genome size of a species requires analysis of several 

randomly selected plants and replicate measurements of the same plant to detect 

variation in the procedure (Doležel and Bartoš 2005). 

2.2.1.2 Nuclear genome size of banana 

The first report of the nuclear genome size in Musa based on flow cytometric 

analysis was provided by Arumuganathan and Earle (1991) who estimated the 

genome size of 873 Mbp (2C = 1.81 pg). However, this result was significantly 

higher than the estimates of the genome size in following studies made by Doležel et 

al. (1994) and Lysák et al. (1999), in which a wider range of M. acuminata and M. 

balbisiana accessions and some triploid clones was used. The genome size of 600 

Mbp was determined in M. acuminata and 550 Mbp in M. balbisiana. Monoploid 

genome size of a set of triploid clones with different genomic constitution was 

estimated between 566 Mbp and 621 Mbp (2C ~ 1.7-1.9 pg). These results led both 

Doležel et al. (1994) and Lysák et al. (1999) to assumption that the 1.81 pg 2C DNA 

content estimated by Arumuganathan and Earle (1991) was probably of a triploid 

accession. 

Bartoš et al. (2005) extended the range of species with known nuclear DNA 

content by the representatives of all sections of the genus Musa including M. 

schizocarpa (S genome) and M. textilis (T genome). The differences in the genome 

size of the genomes A, B, S and T are summarized in Table 2. 

It is evident that the sizes of A, B, S and T genomes are significantly different 

from each other. M. schizocarpa and M. textilis have higher DNA content than M. 

acuminata and M. balbisiana. Musa B genome is the smallest with the size ranging 

between 542 Mbp and 557 Mbp. Musa A genome is the second smallest with 

variation found among the subspecies and clones ranging from 599 to 619 Mbp. The 

difference in genome size within M. acuminata is supposed to be related to the 

geographical origin of individual accessions (Lysák et al. 1999).  
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Table 2: Nuclear DNA content and genome size of some representatives of A, B, S and T genomes 

Accession name 
ITC 

code 

Genomic 

constitution 

2C nuclear 

DNA 

content [pg] 

Mean 

genome size 

[Mbp/1C]
* 

Reference 

M. acuminata ssp. 

banksii 
--- AA 1.23 601 

Doležel et al. 

1994 

M. acuminata cv. 'Pisang 

Mas' (Australia) 
--- AA 1.25 611 

Doležel et al. 

1994 

M. acuminata ssp. errans --- AA 1.26 616 
Doležel et al. 

1994 

M. acuminata cv. 'Pisang 

Mas' (Malaysia) 
--- AA 1.26 616 

Doležel et al. 

1994 

Niyarma Yik 0269 AA 1.252 612 Lysák et al. 1999 

Higa 0428 AA 1.225 599 Lysák et al. 1999 

Pa (Rayong) 0672 AA 1.261 617 Lysák et al. 1999 

Calcutta 4 0249 AA 1.226 599 Bartoš et al. 2005 

Galeo 0259 AA 1.224 599 Bartoš et al. 2005 

Pisang Mas 0653 AA 1.243 608 Bartoš et al. 2005 

M. acuminata ssp. 

banksii 
0896 AA 1.263 618 Bartoš et al. 2005 

Guyod 0299 AA 1.266 619 Bartoš et al. 2005 

M. balbisiana --- BB 1.14 557 
Doležel et al. 

1994 

M. balbisiana 0094 BB 1.108 542 Lysák et al. 1999 

M. balbisiana 

'Cameroun' 
0246 BB 1.130 553 Bartoš et al. 2005 

Honduras 0247 BB 1.133 554 Bartoš et al. 2005 

M. schizocarpa 0890 SS 1.377 673 Bartoš et al. 2005 

M. textilis 0539 TT 1.435 701 Bartoš et al. 2005 

* 1 pg DNA = 0.978
.
10

9
 bp 

 

Bartoš et al. (2005) also extended the knowledge of nuclear genome content 

by representatives of sections Rhodochlamys, Australimusa and Callimusa. Within 

section Rhodochlamys, 2C DNA content ranged from 1.191 to 1.299 pg (1C ~ 582 – 

635 Mbp). Species belonging to Australimusa had 2C DNA content ranging from 

1.435 to 1.547 pg (1C ~ 701 – 756 Mbp). The highest 2C nuclear content of 1.561 pg 

(1C = 763 Mbp) was found in M. beccarii, a representative of the section Callimusa. 
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2.2.2 Structure and organization of plant genomes 

Despite the huge differences in the genome size, plants appear to have very 

similar genomic organization. The genome is divided into discrete chromosomes 

allowing replication, transcription and transmission of the genetic information. 

During interphase, chromosomes are in state of long chromatin fibers occupying 

specific territories within nucleus, forming loops active in gene expression. At 

metaphase of mitosis, the chromatin is condensed into short distinct chromosomes. 

Number, size and morphology of mitotic chromosomes constitute the karyotype, an 

important characteristics of a species. Similarly to genome size, the number of 

chromosomes varies widely among plants, ranging from 2n = 4 in Haplopappus 

gracilis (Jackson 1959) to 2n = 1440 in a fern Ophioglossum reticulatum 

(Khandelwal 1990). Karyotype of a single species either contains chromosomes of 

similar length or both large and small chromosomes can be observed (bimodal 

karyotype). 

Morphological features, which can be identified on mitotic chromosomes, 

include telomeres at the ends of chromosomes, primary constriction (centromere) and 

secondary constriction associated with nucleolar organizing region (NOR) present on 

some chromosomes. Chromosome morphology is mainly defined by the position of 

centromere, according to which chromosomes can be classified as metacentric, 

submetacentric, acrocentric or telocentric.  

Centromeres represent a constricted region of chromosomes on which 

kinetochore complex is assembled. The kinetochore is responsible for sister 

chromatid cohesion and essential for proper segregation of chromosomes during 

mitosis and meiosis. While the function of centromeres is conserved, the DNA 

sequence is highly diverged and variable in length (Ma et al. 2007). They can contain 

large arrays of tandemly repeated DNA (Maluszynska and Heslop-Harrison 1991; 

Harrison and Heslop-Harrison 1995; Nagaki et al. 2003), retrotransposon sequences 

(Miller et al. 1998; Gindulis et al. 2001) and even the presence of actively 

transcribed genes has been described (Yan et al. 2006; Mutti et al. 2010). On the 

other hand, the telomeric DNA sequence of most plant species contain a conserved 

7-bp long repetitive motif (TTTAGGG)n. Telomere region protects the ends of 

chromosome from degradation or from fusion with neighboring chromosomes being 

thus necessary for the key level of plant genome organization. 
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2.2.2.1 Composition of plant nuclear DNA 

The nuclear DNA contains single-copy and low-copy coding sequences, 

associated regulatory sequences, promoters, introns and various classes of repetitive 

DNA. Investigations on the plant nuclear genome indicate that the coding DNA 

sequences and associated regulatory regions make up a minor part of the genome in a 

majority of plant species. Estimates of gene number, which are based on first genome 

annotation projects of Arabidopsis, Medicago truncatula, rice and poplar, varies 

from 25 000 to 45 000 (Lin et al. 1999; Yu et al. 2005; Tuskan et al. 2006) and the 

average size of plant gene plus its regulatory components is about 1-5 kb (Kellog and 

Bennetzen 2004). In plants with large genomes, most genes are clustered in gene 

islands, which are separated by vast expanses of regions with low gene density (gene 

deserts) (Feuillet and Keller 1999; Sandhu and Gill 2002). The gene clusters 

represent only about 12-24% of the nuclear DNA (Barakat et al. 1998) and their 

density increases from the proximal towards the distal regions of chromosome arms 

(Paterson et al. 2009; Schnable et al. 2009). With the growing number of sequenced 

plant genomes and comparative genome analysis, it has been demonstrated that gene 

orders are conserved among related species (Rustenholz et al. 2010; Freeling 2001). 

This colinearity decreases with the phylogenetic distance of species (Kellog and 

Bennetzen 2004). 

Whole genome duplication (WGD) or polyploidy has played a major role in 

angiosperm evolution by generating fertile interspecific hybrids with multiple gene 

alleles at each locus. Polyploid plants can be either autopolyploids, which arise by 

multiplication of the genome in one plant, or allopolyploids, which are derived from 

a hybridization of two species with doubling of the chromosome set of one or both 

species involved. Duplication of genes can lead to modified gene function, 

adaptation and diversification of plants (Ramsey and Schemske 1998; Flagel and 

Wendel 2009). Among contemporary plants it has been estimated that 30-70% of 

species are polyploid (Wendel 2000). Recent genome-wide analysis revealed that 

angiosperm species have undergone one or more WGD early in their evolution and 

they are described as paleopolyploid (Van de Peer et al. 2009; Wang et al. 2012). 

2.2.2.1.1 Repetitive DNA sequences 

Repetitive DNA makes up the major fraction of most plant genomes. Based 

on genomic organization, repetitive DNA sequences are generally divided into two 
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different classes. The first group includes sequences which occur in tandem fashion 

forming large blocks of repeated DNA. The other group contains repeats which are 

dispersed throughout the genome. Both types of repetitive sequences, tandemly 

arranged or dispersed, are highly variable in sequence and copy number. Studying 

these sequence elements is important for understanding the organization and 

evolution of plant genomes as well as the nature and consequences of genome size 

variation among species. 

2.2.2.1.1.1 Tandemly repeated DNA 

Repetitive sequences tandemly arranged in head-to-tail fashion include 

microsatellites, minisatellites and satellites. Microsatellites, also called simple 

sequence repeats (SSR), are stretches of 2-6 bp long repeat motifs and are ubiquitous 

elements of plant genomes. Blocks of microsatellites are dispersed over the genome, 

being present in both coding and noncoding regions. They are characterized by a 

high degree of length polymorphism and are widely employed as genetic markers. 

Minisatellites with monomeric units of 6-100 bp are usually G/C-rich and organized 

in arrays up to several kilobases long (Tourmente et al. 1998; Vergnaud and 

Denoeud 2000). Satellite DNA sequences have typical repeat units of 160-180 bp or 

320-360 bp that have been explained by the requirements of DNA length around one 

or two nucleosomes (Heslop-Harrison 2000). They are generally organized in several 

megabases long arrays and localized in constitutive heterochromatin of centromeric, 

pericentromeric, subtelomeric or intercalary regions (Schmidt and Heslop-Harrison 

1998; Kubis et al. 1998). The distribution patterns are often chromosome-specific 

thus enabling chromosome identification using FISH (Schwarzacher 2003). 

Satellite repeats are believed to be one of the most dynamic components of 

plant genomes. Rapid evolutionary changes of their nucleotide sequences and 

abundance lead to frequent occurrence of genus- or species-specific types of 

satellites (Macas et al. 2000; Tek et al. 2005). The mechanisms by which satellite 

sequences arise and evolve include unequal crossing over, gene conversion, 

transposition and formation of extrachromosome circular DNA (eccDNA) (Stephan 

1986; Dover 2002; Navrátilová et al. 2008). 

While the role of most tandemly repeated sequences is still not well 

understood, several of them have extremely important function in the genome. 

Except for previously mentioned centromeric and telomeric sequences, ribosomal 
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genes are another example of tandemly arranged clusters. Ribosomal RNA is a key 

component of ribosomes and essential for protein synthesis in all living organisms. 

High copy number and tandem arrangement of rDNA genes ensure sufficiency of 

ribosomal RNA in cells.  

2.2.2.1.1.2 Dispersed DNA sequences 

Dispersed repetitive DNA elements are scattered throughout the genome, 

interspersed with other sequences and distributed along all chromosomes. The 

majority of dispersed DNA sequences originate from mobile DNA sequence. In 

many plants with large complex genomes, these transposable elements make up over 

70% of the nuclear DNA (SanMiguel and Bennetzen 1998). Mobile elements are 

divided into two major classes based on their mode of transposition. 

Class I transposable elements, called retroelements, are able to amplify and 

move in the genome through RNA intermediates that are converted into 

extrachromosomal DNA by reverse transcriptase/RNaseH enzymes. Hence, they 

produce new copies for integration into genome without losing the original copy. 

They contain two or three open reading frames, which encode genes for the 

transcription, movement and integration proteins (Figure 6). Gag proteins are 

involved in intracellular packaging of the RNA transcript and the function of Pol 

includes the enzyme reverse transcriptase. Retroelements have been classified into 

viral retroelements and non-viral retroelements. Viral retroelements have long been 

thought to be restricted to vertebrates, but their presence has been recently confirmed 

also in plant genomes (Peterson-Burch et al. 2000). Some non-viral retroelements 

resemble retroviral proviruses, but they are lacking genes which encode the envelope 

proteins of retroviruses. Based on the structure of their DNA copies, two main 

subgroups of non-viral retroelements are distinguished: retrotransposons and 

retroposons (Kumar and Bennetzen 1999).  

The most prominent feature of retrotransposons is the presence of long 

terminal repeats (LTR) sequences which can be several thousand bases long. They 

are found in all eukaryotic genomes and represent the most numerous class of 

retroelements in plants (Kumar et al. 1997). They account for 5.6-17% of the 

genome in plants with small genome size such as those of Arabidospsis or rice, and 

their abundance increases along with increasing genome size (McCarthy et al. 2002; 

Pereira 2004; Zuccolo et al. 2007). The two main subclasses of retrotransposons are 
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called Ty1-copia and Ty3-gypsy. They differ from each other in the position of 

integrase (Figure 6), the degree of reverse transcriptase sequence conservation 

(Xiong and Eickbush 1990) and chromosomal localization. Ty1-copia elements were 

found to be distributed along plant chromosomes. Reduced abundance of these 

elements was observed in certain regions, mainly in centromeres, interstitial and 

terminal heterochromatic regions and ribosomal DNA sites (Pearce et al. 1996; 

Heslop-Harrison et al. 1997). On the other hand, Ty3-gypsy elements were primarily 

detected in centromeric regions of plant chromosomes (Miller et al. 1998; Presting et 

al. 1998; Liu et al. 2008). 

Retroposons do not contain long terminal repeats; therefore they are also 

called non-LTR retrotransposons. They are ubiquitous components of nuclear 

genomes in many species across the plant kingdom, but they are less abundant than 

LTR retrotransposons (Kumar and Bennetzen 1999). Retroposons have been 

subdivided into LINEs (long interspersed nuclear elements) and SINEs (short 

interspersed nuclear elements), their basic structure is shown in Figure 6. It has been 

proposed that LINEs are the most ancient class of retroelements, being precursors for 

LTR retrotransposons (Xiong and Eickbush 1990). The first plant LINE-like element 

Cin4 was identified in the genome of maize (Schwarz-Sommer et al. 1987) and 

subsequently other LINEs were characterized in various plant genomes (Wright 

1996; Noma et al. 1999) showing that sequence divergence and extreme 

heterogeneity is a typical feature of plant LINEs (Schmidt 1999). SINEs are 

structurally different from all the other retroelements, they have no coding capacity 

and use LINE-specified functions to transpose (Kajikawa and Okada 2002). SINEs 

are highly abundant in animals but relatively rare in plant genomes. Several SINEs 

have been identified in genome of rice (Mochizuki et al. 1992; Tsuchimoto et al. 

2008), tobacco (Yoshioka et al. 1993) or Aegilops umbellulata (Yasui et al. 2001). 

 



   31 

 

 

 

 

DNA transposable elements (class II transposable elements) move in the 

genome by utilizing single or double-stranded DNA intermediate. They are found in 

high density in euchromatic regions, within or in close proximity of genes (Bureau 

and Wessler 1992). The class II transposable elements can be further divided into 

three major subclasses. The best known are "cut-and-paste" transposons, which 

excise as double-stranded DNA and reintegrate into new genomic location. These 

elements, characterized by transposase gene and terminal inverted repeats (TIRs) at 

both ends, include Activator/Dissociation (Ac/Ds) and Enhancer/Suppressor-Mutator 

(En/Spm) systems first described in the genome of maize (Fedoroff et al. 1983). The 

Figure 6: General structure of some retroelements. LTR retrotransposons contain long terminal 

repeats in direct orientation at each end. U3, R and U5 regions carry signals for initiation and 

termination of transciption. The genes for capsid-like protein (CP), endonuclease (EN), integrase 

(INT), protease (PR), reverse transcriptase (RT) and RNAse H are encoded within 

retrotransposons. Other sequence features include primer binding sites (PBS), polypurine tracts 

(PPT), nucleic acid binding moiety (NA), inverted terminal repeats (IR), flanking target direct 

repeats (DR), 5' untranslated region (5' UTR), 3' untranslated region (3' UTR) and Pol III A and B-

promoter recognition sites for RNA polymerase III. (According to Kumar and Bennetzen 1999) 
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second subclass is represented by Helitrons, a recently described group of 

transposable elements that are predicted to amplify by a rolling-circle mechanism, 

which involves a single-stranded DNA intermediate (Kapitonov and Jurka 2001; 

Yang and Bennetzen 2009). Mavericks, large transposons with long TIRs and coding 

capacity for multiple proteins, are another class of DNA transposable elements. The 

mechanism of their transposition is not yet well understood, but it has been proposed 

that they replicate by a single-stranded DNA intermediate using a self-encoded DNA 

polymerase (Pritham et al. 2007; Feschotte and Pritham 2007). 

The increasing understanding of mobile DNA elements abundance, 

distribution and behavior has revealed that they are the major force in the genome 

evolution at multiple levels. It has been shown in many studies, that they have huge 

impact on nuclear DNA content and that there is a positive correlation between 

genome size and mobile DNA elements copy number (Bennet and Leitch 2005; 

Paterson et al. 2009; Wicker et al. 2009). Transposable elements have high 

transpositional and recombinational potential and may be involved in ectopic 

recombination. They also conduce to the evolution of genes by contributing exonic 

and intronic sequences (“transposon domestication”) and regulatory sequences 

(Miller et al. 1999; Volff 2006). 

2.2.2.2 Structure and organization of banana genome 

The relatively small genome of banana is divided into 9 – 11 chromosomes in 

a haploid set. Individual chromosomes are small and of similar size. Their length 

ranges between 1 and 2 µm when observed at mitotic metaphase. A karyotype, which 

is defined by the number, length and morphology of chromosomes, is an important 

characteristic of a species. However, the karyotype of banana has not yet been 

elucidated. Although the method for preparation of high quality mitotic metaphase 

spreads has been established (Doležel et al. 1998), individual chromosomes of 

banana have not been identified and numbered due to lack of morphological 

differences. Among the chromosome set, only chromosomes bearing secondary 

constriction can be identified. Measurements of short and long arms are also difficult 

because the chromosomes condense tightly. However, banana chromosomes appear 

to be metacentric and submetacentric. The missing karyotype data, which have 

proven to be useful in other species for evolutionary and phylogenetic studies 
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(Heslop-Harrison and Schwarzacher 2011), can only be obtained after more of 

chromosome-specific landmarks and markers are available. 

2.2.2.2.1 Composition of nuclear DNA of banana 

Like all plant genomes, the Musa genome consists of single copy sequences 

and various types of repetitive DNA. Several BAC clone libraries were developed 

from diploid M. acuminata and M. balbisiana species (Vilarinhos et al. 2003; Šafář 

et al. 2004) and the analysis of BAC sequences showed that a coding gene occurs 

every 6.4 to 6.9 kb in the banana nuclear genome (Aert et al. 2004; Cheung and 

Town 2007).  

It has been estimated that about 55% of the banana genome is represented by 

repetitive and non-coding sequences (Hřibová et al. 2007). The most detailed study 

of repetitive part of the banana genome was made by Hřibová et al. (2010) who 

analyzed low-depth 454 sequencing data of M. acuminata cv. 'Calcutta 4' and 

reconstructed most of the major types of DNA repeats. LTR retrotransposons were 

found to be the most abundant DNA sequences. Phylogenetic analysis of their RT 

domains showed that Ty1-copia elements were represented by four distinct 

evolutionary lineages, while the less abundant Ty3-gypsy elements belonged to a 

single evolutionary lineage of chromoviruses. Non-LTR retrotransposons and DNA 

transposons were found to be relatively rare. Even less frequent seem to be tandem 

arranged repeats (satellites). After extensive search, Hřibová et al. (2010) discovered 

two new satellite DNA sequences, CL18 and CL33. While the satellite CL18 

consisted of ~ 2 kb monomers, CL33 was characterized by ~ 130 bp monomer unit. 

The recent sequencing and assembling of the genome of doubled-haploid M. 

acuminata cv. 'DH Pahang' (subspecies malaccensis) shed more light on banana 

genome structure and evolution. More than 36 000 protein-coding gene models have 

been identified and similarly to other plants, the gene rich regions were found to be 

mostly located on distal parts of chromosomes (Figure 7) (D'Hont et al. 2012).  

Almost half of the Musa genome is made up of different classes of 

transposable elements, the majority of them being represented by LTR 

retrotransposons. These elements account for 37% of the genome and are particularly 

abundant in centromeric and pericentromeric chromosome regions. LINEs represent 

about 5.5% and DNA transposable elements represent only about 1.3% of the 

genome (D'Hont et al. 2012).  



   34 

 

 

 

 

 

 

D'Hont et al. (2012) detected three rounds of whole genome duplications in 

the Musa lineage, which were further followed by gene loss and chromosome 

rearrangements. Two WGDs were dated at a similar period around 65 Myr ago and 

even more ancient duplication event, occurring around 100 Myr ago, was detected. 

All three rounds of paleopolyploidization in the Musa genome occurred 

independently of two WGD previously reported in the Poaceae lineage (Tang et al. 

2010). 

  

Figure 7: Chromosomal distribution of the main M. acuminata genome features (D'Hont et al. 

2012). 
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2.3 PHYSICAL MAPPING OF PLANT GENOMES 

Learning about the localization of genes and repetitive sequences on 

chromosomes is an important element leading to understanding genome organization 

and evolution. The map of a chromosome can be gained by two different approaches: 

genetic mapping and physical mapping. Genetic mapping determines the relative 

proximity of markers along chromosomes based on the frequency of recombination. 

The distance between markers is then expressed in centimorgans (cM). Genetic maps 

give the information about chromosomal order of markers but cannot determine the 

real distance of markers on chromosomes (Figure 8).  

 

 

 

On the other hand, physical mapping is based on actual localization of 

markers on chromosomes and the distance between markers is expressed in terms of 

base pairs (Figure 8). Various methods of physical mapping have been used, 

Figure 8: Comparison of genetic and physical maps of 1A and 1B chromosomes of durum wheat 

(Gadaleta et al. 2009). 
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including physical mapping through contig assembly with employment of large-

insert DNA libraries, optical mapping or physical cytogenetic mapping. 

Large-insert DNA libraries are prepared after partial digestion of genomic 

DNA with restriction enzymes and subsequent ligation of the fragments into high-

capacity vectors. Three most common vectors are bacterial artificial chromosomes 

(BACs), yeast artificial chromosomes (YACs) and cosmids. The choice of vector 

depends on the insert size, the ease of screening and maintaining libraries, the ability 

to recover cloned sequences and the stability of cloned sequences in the vector 

(Hass-Jacobus and Jackson 2005). Physical maps are then created based on overlaps 

between clones. The overlaps are identified either by screening clones for presence 

of DNA markers or after DNA fingerprinting. In the latter, large-insert clones are 

digested with restriction enzymes into fragments, which are then separated and 

detected on a gel. Overlapping clones are identified by shared restriction fragments. 

Physical mapping through contig assembly is widely used for studies of plant 

genomes (Paux et al. 2008; Gu et al. 2009; Luo et al. 2010). 

Optical mapping is a light microscope-based technique for creating ordered 

restriction maps from individual elongated chromosomes (Schwarz et al. 1993).  In 

this approach, large DNA molecules are digested on open glass surfaces and 

individual restriction fragments are visualized by fluorescence microscopy. Ordered 

restriction maps are then derived from digital images of fully or partially digested 

molecules (Aston et al. 1999). This technique has been successfully used for 

validation of rice (Zhou et al. 2007) and maize (Zhou et al. 2009) genome sequence. 

2.3.1 Cytogenetic mapping of plant genomes 

Cytogenetic maps are based on ordering markers with respect to cytological 

landmarks of chromosomes, such as centromere and telomere. These maps are 

generated by in situ hybridization of labeled DNA directly to chromosomal DNA in 

microscope preparations. DNA sequences can be mapped to mitotic metaphase 

chromosomes (Jiang et al. 1995), meiotic pachytene chromosomes (de Jong et al. 

1999, Cheng et al. 2001), extended DNA fibres (Fransz et al. 1996) or super-

stretched flow-sorted chromosomes (Valárik et al. 2004). 

The technique of in situ hybridization (ISH) was first described by Gall and 

Pardue (1969) and used radioactively labeled probes. Sites of hybridization were 

detected by photographic emulsion over the surface of the preparation. Since then 
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many improvements of the method have been introduced, the most important being 

the development of non-radioactive labeling. Many of the first non-radioactive ISH 

experiments were based on biotin-labeled probes, the affinity of biotin to avidin and 

hybridization site detection by colored precipitates with enzyme substrates (Rayburn 

and Gill 1985). The problems with difficult color differentiation on chromosomes 

and relatively low spatial resolution of these methods have been overcome with the 

application of fluorophores for probe labeling (Pinkel et al. 1986).  

2.3.1.1 Fluorescence in situ hybridization 

Fluorescence in situ hybridization (FISH) is a technique enabling detection 

and localization of specific DNA sequences on chromosomes. Probes for FISH 

experiment can be either labeled directly using various fluorophores (fluorescein, 

Cy3, etc.) or indirectly with biotin or a hapten (e.g., digoxigenin). Avidin and its 

derivatives (in case of biotin labelled probes) and anti-hapten antibodies conjugated 

with fluorophores are then used to detect sites of probe hybridization (Figure 9). 

Both direct and indirect FISH has been widely applied in plant molecular cytogenetic 

research (Jiang and Gill 2006). 

 

 

 

 

A probe for FISH can be a fragment of DNA or RNA depending on the 

requirements of the experiment. DNA in situ hybridization gives information about 

Figure 9: Principle of fluorescence in situ hybridization.  
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the long-range organization, chromosomal location and genomic distribution of 

probes and differences in their copy number, while RNA in situ hybridization gives 

information about the location and amount of expression of particular genes. 

Commonly used probes include tandemly arranged gene sequences (rDNA), 

tandemly arranged and dispersed repetitive sequences, clones of large-insert DNA 

libraries or single-copy sequences and genes. 

Sensitivity and resolution are the most important parameters of FISH 

mapping technique. They depend on preparation quality and the level of 

chromosome condensation. The limit of detection sensitivity ranges from 1 to 3 kb 

(Ohmido et al. 1998; Wang et al. 2006) but localization of probes shorter than 1 kb 

has been reported (Khrustaleva and Kik 2001). The resolution of FISH on mitotic 

metaphase chromosomes, which are the most common target for cytogenetic 

mapping, is about 3-8 Mb (Lamb et al. 2007; Danilova and Birchler 2008). On less 

condensed prometaphase chromosomes, the resolution increases to 1-2 Mb (Cheng et 

al. 2002). The resolving power of FISH mapping is even higher on interphase nuclei, 

super-stretched mitotic metaphase chromosomes and meiotic pachytene 

chromosomes. Position of probes separated by 60-100 kb can be determined in 

euchromatic regions of these targets (Jiang et al. 1996; Valárik et al. 2004; Kulikova 

et al. 2001). The highest axial-resolution of FISH mapping is, however, achieved 

when DNA fibres are used. Probes which are separated by only few kilobases can be 

detected (Fransz et al. 1996; Jackson et al. 1998). 

Genomic in situ hybridization (GISH) is a special type of FISH, which uses 

the total genomic DNA of one species as a labeled probe. Unlabeled genomic DNA 

of another species is added in excess and serves as blocking DNA, thus increasing 

the specificity of probing. This method enables distinguishing parental genomes and 

analyzing genome organization in interspecific hybrids (Schwarzacher et al. 1989). 

GISH-based physical mapping was demonstrated in grasses Lolium perenne and 

Festuca pratensis (King et al. 2002). A diploid monosomic substitution line was 

produced by introgression of a single chromosome of F. pratensis into L. perenne 

and recombination between F. pratensis/L. perenne bivalent was visualized using the 

GISH method. GISH junctions represented the physical locations of recombination 

sites and enabled a range of recombinant chromosomes to be used for physical 

mapping of the introgressed F. pratensis chromosome (King et al. 2002). 
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FISH-based chromosome identification can also be used for karyotyping of 

plant genomes (Dong et al. 2000; Kato et al. 2004; Lamb et al. 2007). The most 

commonly used probes for FISH karyotyping are tandemly repeated sequences 

which often generate hybridization pattern specific for individual chromosomes and 

enables their identification (Dong et al. 2000). Single-gene detection was applied for 

karyotyping of maize chromosomes (Lamb et al. 2007). 

2.3.1.2 Cytogenetic mapping of banana genome 

As mentioned earlier, the nuclear genome of banana is relatively small (1C ~ 

550-750 Mbp) and divided into small and morphologically similar chromosomes. 

This complicates cytogenetic studies and identification of chromosomes within 

karyotype. There is no reliable method to discriminate parental chromosomes in 

hybrid clones. In several studies, GISH has been used to distinguish the genomic 

constitution of interspecific hybrids (Osuji et al. 1997; D'Hont et al. 2000).  

However, this method is not commonly used in banana, because DNA sequences of 

A and B genomes are very similar and the discrimination of parental chromosomes is 

difficult and not reliable. Only (peri)centromeric chromosome regions are typically 

labelled, while distal parts of each arm remains unlabelled. This prevents the 

detection of potential interspecific intra-chromosomal exchanges (D'Hont et al. 

2000).   

Genomic distribution of genes for ribosomal RNA was studied in a wide 

range of Musa species using FISH. 45S rDNA was localized on one chromosome 

pair and the number of 5S rDNA loci varied from four to eight in representatives of 

section Eumusa (Figure 10, A and B) (Osuji et al. 1998; Doleželová et al. 1998; 

Bartoš et al. 2005). In sections Rhodochlamys and Australimusa, 45S rRNA genes 

were mapped to one or two chromosome pairs and 5S rDNA clusters were found on 

four or six chromosomes. Musa beccarrii (Callimusa section) was characterized by 

six 45S rDNA loci and five clusters of 5S rRNA genes (Bartoš et al. 2005). 

Cytogenetic mapping of DNA sequence of banana streak virus (BSV) showed 

dispersed distribution with two main sites of integration into the genome (Harper et 

al. 1999). Copies of LTR retrotransposon monkey were localized in the nucleolus 

organizing region and colocalized with 45S rRNA genes. Other copies of monkey 

appeared to be dispersed throughout the genome (Balint-Kurti et al. 2000). 
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An important progress in cytogenetic mapping of banana genome would be 

the isolation of chromosome specific markers which could enable identification of 

individual chromosomes. Unlike other plant species (Dong et al. 2000; Kubaláková 

et al. 2005), most of cytogenetically mapped repetitive sequences do not show 

chromosome specific pattern and can not be used for chromosome identification 

(Valárik et al. 2002; Hřibová et al. 2010). While most transposable elements were 

localized along all banana chromosomes, a LINE element was found in 

(peri)centromeric regions of M. acuminata 'Calcutta 4' (Figure 10, F), thus the probe 

could serve as centromeric marker (Hřibová et al. 2010). 

 

 

 

 

 

 

 

 

 

 

 

Another possibility for identification of individual chromosomes would be 

isolation of BAC clones from large-insert DNA libraries of banana and their 

Figure 10: Cytogenetic mapping of different DNA sequences on mitotic metaphase chromosomes 

of M. acuminata 'Calcutta 4'. Chromosomes were counterstained with DAPI (red pseudocolour is 

used in picture A). Bar = 5 µm. (A) Clone Radka1 localized to secondary constriction of one 

chromosome pair (Valárik et al. 2002). (B) Genomic distribution of 45S rDNA (red) and 5S rDNA 

(green) (Bartoš et al. 2005). (C) Signals of DNA satellite CL18 were detected on two 

chromosomes (Hřibová et al. 2010). (D) DNA satellite CL33 was localized on two chromosome 

pairs (Hřibová et al. 2010). (E) BAC clone 2G17 gives single locus-specific signal on one 

chromosome pair (Hřibová et al. 2008). (F) A probe derived from LINE element was detected in 

centromeric regions of all chromosomes (Hřibová et al. 2010). 
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localization on mitotic chromosomes. This approach was used by Hřibová et al. 

(2008) but out of eighty clones carrying low amounts of repetitive sequences, only 

one clone gave a single-locus signal (Figure 10, E). 

Recently, two specific satellite DNA sequences (CL18 and CL33) were 

identified in 454 sequencing data of M. acuminata 'Calcutta 4' (Hřibová et al. 2010). 

FISH on mitotic metaphase chromosomes of M. acuminata 'Calcutta 4' revealed 

clusters of signals in subtelomeric regions of one chromosome pair, when probe for 

CL18 was used (Figure 10, C). DNA satellite CL33 was detected on four 

chromosomes (Figure 10, D) (Hřibová et al. 2010). Potential variation in genomic 

distribution of these repeats in different Musa species could improve the knowledge 

of the long-range organization of their chromosomes and karyotype evolution in 

Musa. 
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2.4 PLANT MOLECULAR PHYLOGENETICS 

The classical way of estimating the evolution and relationships between 

species is based on comparison of their morphological characters. Molecular 

phylogenetics is a branch of science which uses statistical analysis of molecular data 

to gain the information about evolutionary relationships among organisms. The data 

generated by molecular markers reflect the variability at the DNA level. This 

variability arises from DNA mutations which are continuously accumulated in 

genomes of organisms and can be used for studies of genetic diversity and for 

reconstruction of phylogenetic relatioships. Unlike conventional phenotype-based 

markers, molecular markers are not influenced by environment, usually have 

qualitative character and can be employed in analysis of distatnly related species. 

2.4.1 Molecular DNA markers 

With the development of molecular methods, molecular DNA markers have 

made a rapid progress and a wide range of marker techniques is now available. An 

ideal markar should have several important features, such as uniform distribution 

throughout the genome, high degree of polymorphism and a potential for high-

throughput analysis. The technique should be reproducible, simple, quick and 

unexpensive, should not require high amounts of DNA and prior information about 

the genome sequence (Agarwal et al. 2008). However, it is extremely difficult to find 

a molecular marker which would meet all these requirements and the choice of a 

marker then depends on the type of the study to be undertaken. Molecular markers 

can be classified into three basic groups, based on the way they are scored: (1) 

molecular markers based on hybridization, (2) molecular markers based on PCR and 

(3) molecular markers based on sequencing.  

2.4.1.1 Molecular DNA markers based on hybridization 

RFLP markers (Restriction Fragment Length Polymorphism) are typical 

representatives of molecular markers based on hybridization. Genomic DNA is 

digested by restriction endonucleases, resulting fragments are separated by gel 

electrophoresis and transferred to a membrane via Southern blotting technique. DNA 

polymorphism is then detected by hybridization of a labeled probe to the membrane 

(Botstein et al. 1980). Different fragment profiles are generated by nucleotide 
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substitutions or DNA rearrangements. RFLP markers are highly polymorphic, 

reproducible and codominantly inherited. They have been successfully used in 

diversity and phylogenetic studies of many plant species (Tanksley et al. 1989; 

Moser and Lee 1994; Dijkhuizen et al. 1996). However, the technique is time 

consuming and requires large quantity of high quality genomic DNA and is therefore 

being replaced by newer approaches, such as DArT technology (Diversity Array 

Technology). 

DArT technology is a high-throughput microarray hybridization-based 

technique that permits simultaneous screening of thousands of polymorphic loci 

distributed over a genome without any prior sequence information (Jaccoud et al. 

2001). In this approach, representations of an organism or population of organisms 

are prepared by restriction enzyme digestion of genomic DNA followed by ligation 

of restriction fragments to adapters and subsequent amplification. Individual DNA 

fragments are isolated by cloning and inserts are then amplified and arrayed on a 

solid support (Jaccoud et al. 2001). Polymorphic DArT markers are revealed by 

hybridization of labelled genomic representations of individual genomes to the 

prepared discovery array. The three main advantages of this approach, the 

independence of DNA sequence, high-throughput and low-cost data production, have 

led to increasing use of this technique for genetic diversity studies in numerous 

species, such as barley (Wenzl et al. 2004), wheat (Akbari et al. 2006), grasses 

(Kopecký et al. 2009) or banana (Risterucci et al. 2009). 

2.4.1.2 Molecular DNA markers based on PCR 

There is a large number of approaches for generation of molecular markers 

based on PCR, mainly because of its simplicity and possibility to use random primers 

to overcome the limitation of prior sequence knowledge. RAPD markers (Random 

Amplified Polymorphic DNA; Williams et al. 1990) involve the use of short random 

oligonucleotide sequences (commonly ten bases long) in a PCR reaction and result in 

the amplification of DNA products which differ between individuals because of 

rearrangements or deletions at or between oligonucleotide primer binding sites in the 

genome (Williams et al. 1990). Polymorphisms detected after electrophoretic 

separation of amplified fragments document the genetic diversity of studied 

individuals. The major weakness of the method is relatively low reproducibility. It 
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has been shown that the profiling is highly dependent on reaction conditions and the 

results may substantially vary between different laboratories (Jones et al. 1997). 

To overcome problem with reproducibility connected with RAPD markers 

AFLP (Amplified Fragment Length Polymorphism) method was developed (Vos et 

al. 1995). The method involves restriction digestion of the genomic DNA followed 

by ligation of adaptors to the ends of DNA fragments. Restriction fragments are then 

subjected to two subsequent PCR amplifications under highly stringent conditions. 

Adapter-specific primers have one to three nucleotides long extension running into 

the unknown sequence of restriction fragment. The amplified fragments are separated 

and visualized on denaturing polyacrylamide gels or using capillary electrophoresis. 

AFLP markers are dominant, reproducible and can be generated without prior 

knowledge of nucleotide sequence. They have been extensively used for studying 

genetic diversity in different plant species (Lu et al. 1996; Breyne et al. 1999; Steiger 

et al. 2002). Despite all the advantages, AFLP markers have several drawbacks 

including high requirements on the quality of genomic DNA and not completely 

regular distribution throughout the genome depending on restriction enzymes used 

for digestion. 

Microsatellites, also known as simple sequence repeats (SSRs), are another 

example of PCR-based markers. Microsatellites are stretches of simple nucleotide 

motifs (1 – 6 bp long) arranged tandemly within the genomes of both prokaryotic and 

eukaryotic organisms. Microsatellite assays show extensive inter-individual 

polymorphism in the number of repeated units, which is mainly caused by 

polymerase slippage during DNA replication (Schlötterer and Tautz 1992). Locus-

specific primers are designed to the flanking regions, previous information about 

nucleotide sequence is therefore necessary. Analysis of PCR products is carried out 

using agarose or polyacrylamide gels. The employment of fluorescently labelled 

primers and capillary electrophoresis has further increased the resolution and enabled 

high-throughput and automatisation. Microsatellites are also popular because of their 

high abundance, co-dominant inheritance, extent of allelic diversity and good 

reproducibility. They have been used for genetic diversity studies, genome mapping, 

marker-assisted selection and population studies in many important crops (Yang et 

al. 1994; Lu et al. 1996; Pessoa-Filho et al. 2007). 
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2.4.1.3 Molecular DNA markers based on sequencing 

The most straightforward way of assessing genetic diversity is sequencing of 

defined regions of DNA, ideally sequencing and comparison of whole genomes. 

With the increasing accessibility of sequencing technologies, the new generation of 

molecular markers, such as SNPs (Single Nucleotide Polymorphism), has emerged. 

SNPs are sequence polymorphisms caused by a single nucleotide mutation at a 

specific locus in the DNA sequence. Single base transitions are the most common 

mutation types, but transversions, insertions and deletions also occur. SNPs are the 

most abundant molecular markers widely distributed throughout the entire genome, 

although they are more frequent in repeats, introns and pseudogenes 

(Balasubramanian et al. 2002). They are genetically stable, highly reproducible and 

allow high-throughput automated analysis. The disadvantage of these markers is the 

low level of information obtained compared with that of highly polymorphic SSR 

markers. 

Chloroplast and mitochondrial DNA sequences, markers derived from single 

and low copy nuclear gene sequences and 45S rDNA locus belong to the most 

popular and frequent targets for phylogenetic analysis in plants. Many early plant 

phylogenetic studies focused on protein-coding gene sequences of chloroplast DNA 

such as rbcL (gene encoding tha large subunite of ribulose-1,5-bisphosphate 

carboxylase/oxygenase, RUBISCO) which was found to be suitable for eluciadation 

of evolutionary relationships among higher-level taxa (Chase et al. 1993; Källersjö et 

al. 1998; Smith et al. 2009). Noncoding regions of the chloroplast genome were used 

in lower-level studies (Taberlet et al. 1991; Gielly and Taberlet 1994; Small et al. 

2005). The mitochondrial genome is characterized by a much higher rate of structural 

rearrangements than chloroplast genome, but is slowly evolving on the sequence 

level (Palmer and Herbon 1988). The slow sequence evolution of mitochondrial 

DNA in combination with variable occurance of introns provides information about 

the evolution of older land plant clades (Knoop 2004). High copy number of 

organellar DNA and the possibility to use universal primers simplify experimental 

desing. Prevalently uniparental inheritance makes the analysis of chloroplast and 

mitochondrial DNA suitable for identification of male and female parents of hybrids. 

On the other hand, this mode of inheritance limits their application in phylogenetic 

studies of hybrid species (Birky 1995). 
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Single and low copy nuclear gene sequences provide evidence for both 

maternal and paternal lineages. Compared to organellar DNA, nuclear genes evolve 

more rapidly at the sequence level (Sang 2002; Small et al. 2004) and provide greater 

resolving power for relationships clarification (Zou et al. 2008). Because of the 

existence of thousands of low copy nuclear genes in genomes, virtually limitless 

source of phylogenetic information appears. Major drawbacks of the use of nuclear 

genes for phylogenetic reconstructions are the necessity to design specific primers 

and the need to distiguish between ortologous and paralogous genes. 

2.4.2 Ribosomal ITS sequences in molecular phylogenetics 

Nuclear ribosomal RNA (rRNA) genes are the most conserved and most 

utilized genes in eukaryotes. They occur in hundreds to thousands of copies and are 

organized in head-to-tail tandem arrays in two separate genomic loci. 5S rDNA 

encoding 5S rRNA genes occur in hundreds of copies and are usually localized on 

several chromosome pairs. 45S rDNA locus is localized on one or more chromosome 

pairs in the secondary constriction and contains coding regions for 18S, 5.8S and 26S 

rRNAs which are separated by internal transcribed spacers (ITS1 and ITS2) (Figure 

11). These genes are transcribed by RNA polymerase I as a single unit which is 

further processed to generate 18S, 5.8S and 26S rRNA molecules. 45S rDNA gene 

blocks are separated from each other by intergenic spacers (IGS) consisting of a 5' 

end and 3' end external transcribed spacers (ETS) separated by a non-transcribed 

region (NTS). 

The ITS region (consisting of ITS1, 5.8S rDNA and ITS2) is one of the most 

popular genomic loci in phylogenetic studies in plants. Several unique features make 

the ITS region an ideal target for molecular phylogenetics. The length of the region, 

varying between 500 and 700 bp in angiosperms (Baldwin et al. 1995; Feliner and 

Rosselló 2007), the possibility to use universal primers designed to conserved 

surrounding sequences (White et al. 1990) and high copy number facilitate PCR 

amplification and subsequent sequencing. The DNA region is highly variable due to 

frequently occurring nucleotide polymorphisms or insertions/deletions in the 

sequence and is phylogenetic inference at the specific and generic levels (Baldwin 

1992, Baldwin et al. 1995). Other advantageous features are the biparental 

inheritance compared to the uniparental inheritance of chloroplast and mitochondrial 

markers and the intragenomic sequence uniformity caused by active homogenization 
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of repeat units, known as concerted evolution (Zimmer et al. 1980; Elder and Turner 

1995).  

 

 

 

 

 

 

Owing to the above mentioned properties, the ITS region became one of the 

most widely used sequences for phylogenetic inferences. However, it is important to 

pay attention to some molecular processes that impact ITS sequence variation to 

avoid erroneous results of the analysis. 

2.4.2.1 Concerted evolution 

Ribosomal genes are one of the best-known examples of multigene family 

subjected to concerted evolution. According to this model, all copies within and 

among ribosomal loci evolve more or less in unison. Mutation occurring in a repeat 

spreads through the array via mechanisms of unequal crossing over and high-

frequency gene conversion (Dover 1982; Elder and Turner 1995; Baldwin et al. 

1995). While rRNA genes are extremely conserved among organisms, ITS1 and ITS 

2 which are under lower selection pressure allow accumulation of mutations and 

their spreading by processes of homogenization (Álvarez and Wendel 2003). 

However, concerted evolution may not be complete after processes such as 

hybridization or polyploidization. Various fates of rDNA loci have been observed in 

hybrids and allopolyploids. One possibility is that the divergent parental sequences 

remain conserved and evolve independently without any interaction. In this case, ITS 

Figure 11: Schematic structure of the 45S rDNA locus. Genes coding for 18S, 5.8S and 26S 

rRNA are separated by internal transcribed spacers (ITS1and ITS2). Each block of 45S rDNA is 

separated by an intergenic spacer (IGS) which contains a non-transcribed region (NTS) and two 

external transcribed spacers (ETS) on both sides of NTS. 
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sequence data may be very informative and document the historical hybridization or 

polyploidization events. This type of evolutionary scenario was found in Arabidopsis 

(O'Kane et al. 1996), Brassica (Bennet and Smith 1991) or Silene (Popp and 

Oxelman 2001). The second possibility is that parental loci recombine, which results 

in chimerical ITS sequence (Barkman and Simpson 2002; Volkov et al. 2007). The 

third possible evolutionary pathway is that one repeat type dominates the rDNA 

repeat population within a genome. This can lead to partial or even complete 

homogenization of rDNA locus of the second parent (Lim et al. 2004; Dadejová et 

al. 2007). 

2.4.2.2 Ribosomal DNA divergent paralogues and pseudogenes 

The fundamental requirement for phylogenetic analysis based on nucleic acid 

sequences is that the compared genes are ortologous, which means that their 

relationship originated from organismal cladogenesis. However, multiple rDNA 

arrays may also include paralogous genes as a result of gene or array duplication. 

Paralogy can occur at many levels – among sequences within an individual, among 

individuals within a species, and among species. Inclusion of paralogous genes into 

phylogenetic analysis may then lead to phylogenetic incongruence (Wendel and 

Doyle 1998). Because of the possible presence of ortologous and paralogous rDNA 

genes in the genome, cloning and sequencing of individual ITS sequences is 

required.  

As mentioned earlier, 18S-5.8S-26S rDNA repeats exist in thousand of copies 

and can occur in more than one chromosomal locus. If concerted evolution is not 

complete, duplicate ribosomal loci do not necessarily remain funtional and some 

arrays may degenerate into silenced rDNA sequences reffered to as pseudogenes. 

Negligence of their presence in dataset can lead to wrong inference in phylogenetic 

relationships (Mayol and Rosselló 2001; Álvarez and Wendel 2003). Pseudogenes 

can be identified “in silico” based on GC content, presence of large indels or changes 

in predicted secondary structure (Buckler et al. 1997). 

On the other hand, several recent studies have also shown that pseudogenes 

can be useful in phylogenetic analysis of related species where functional copies of 

ITS region provide limited source of variation (Razafimandimbison et al. 2004; 

Ochieng et al. 2007). 
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2.4.2.3 Secondary structure of ITS2 and 5.8S rRNA transcripts 

45S rDNA locus is transcribed as a single unit which contains 18S, 5.8S and 

26S rRNA genes and both internal transcribed spacers. Although the ITS1 and ITS2 

are not incorporated into the mature rRNA transcripts, they encode signals for correct 

processing and folding of rRNA transcripts (Hillis and Dixon 1991; Hadjiolova et al. 

1994). It has been shown that secondary structures of functional ITS2 and 5.8S 

rDNA sequences are highly conserved within plants (Herskovitz and Zimmer 1996; 

Jobes and Thien 1997). 

 

 

 

 

 

 

 

 

Figure 12: Diagram of secondary structure of ITS2 transcript of Fagus grandifolia. The four 

helices are labeled I-IV. Characteristic pyrimidine-pyrimidine bulge in helix II is obvious. The 

UGGU motif on helix III common to angiosperms is indicated by a bracket (Coleman 2003). 
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ITS2 spacer forms a typical four helices structure (Figure 12). Helix II is 

characteristic by a presence of pyrimidine-pyrimidine bulge. Helix III is the longest 

and contains the most conserved primary sequence on the 5' side with the UGGU 

motif (Mai and Coleman 1997; Schultz et al. 2005). Helices I and IV are more 

variable and only helices II and III are recognizable and common to essentially all 

eukaryotes (Coleman 2007). The 5.8S rDNA sequences contain three conserved 

motives which are neccessary for proper folding of secondary structure (Harpke and 

Peterson 2008). The conserved secondary structure of ITS2 and 5.8S rRNA 

transcripts enable identification of non-functional pseudogenes (Ochieng et al. 2007). 

2.4.3 Diversity and phylogeny of the Musaceae family 

The family Musaceae contains approximately 65 species and more than 

thousand cultivars and landraces which emerged during several thousands of years of 

banana domestication. Elucidating genetic diversity and phylogeny of the Musaceae 

family and especially of the genus Musa is of great importance for the collection and 

utilisation of genetic resources for further banana improvement.  

During the past decades, a variety of molecular markers have been used to 

assess the genetic diversity of bananas. However, vast majority of the studies 

describes relatively narrow set of genotypes, which often contained locally important 

varieties. Wild species of Rhodochlamys, Australimusa and Callimusa sections seem 

to be out of focus. Grapin et al. (1998) used microsatellite loci to study genetic 

diversity among genotypes of wild or cultivated diploid Musa acuminata accessions. 

RAPD markers were employed in analysis of genetic diversity of East African 

highland bananas (Pillay et al. 2001). Microsatellite markers were used to 

characterize genotypes cultivated in Brazil (Creste et al. 2003) and plantain landraces 

(Noyer et al. 2005). Wang et al. (2007) assessed the genetic diversity of wild Musa 

balbisiana natural populations in China by AFLP markers. 

In several studies, a broader range of accessions representing the four main 

sections of the genus Musa was used. One of these studies employed AFLP markers 

to analyze genetic diversity of 39 accessions and to assess sectional relationships in 

Musa (Ude et al. 2002). Risterucci et al. (2009) demonstrated the usefulness of 

DArT markers for the assessment of genetic diversity within Musa spp. However, 

this high-throughput approach, which is suitable for analysis of large numbers of 
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genotypes, is disadvantageous in cases of small sample data sets. Christelová et al. 

(2011) developed a platform for efficient genotyping in Musa which is based on 

employment of 19 microsatellite markers. This genotyping system provides a robust 

and reproducible approach to characterize the genetic variability of Musa germplasm. 

The first phylogenetic studies of the Musaceae family used different types of 

molecular markers including RFLP (Jarret et al. 1992; Gawel et al. 1992) or RAPD 

markers (Pillay et al. 2001; Ruangsuttapha et al. 2007). Based on AFLP analysis 

Wong et al. (2002) suggested that the species of section Rhodochlamys should be 

combined into a single section with species of section Eumusa, and that sections 

Callimusa and Australimusa should be merged. These suggestions were further 

supported by the evidence from genome and chromosomes research (Nwakanma et 

al. 2003; Bartoš et al. 2005). With the rapid develoment of sequencing technologies, 

phylogenetic studies based on sequencing and analysis of specific regions have 

emerged. Chloroplast DNA sequences in combination with ITS region were used in 

two studies focused on molecular phylogeny of the family Musaceae (Liu et al. 

2010; Li et al. 2010). Both studies confirmed monophyletic origin of the family 

Musaceae and further supported results showing close relationship of species from 

sections Eumusa and Rhodochlamys, and sections Australimusa and Callimusa. The 

shortcoming of these studies is the absence of sequence analysis of cloned ITS 

variants which would show potential heterogenity and exclude paralogous and 

pseudogenic sequences. More detailed knowledge of of the ITS region is needed to 

assess the utility of ITS region for the analysis of genetic diversity and phylogenetic 

relationships. 

Most recently, Christelová et al. (2011) used gene-based markers to study the 

phylogeny of the family Musaceae and to estimate divergence times of the Musaceae 

genera and Musa sections. Their results confirmed close relationship of sections 

Australimusa and Callimusa and supported previous suggestions to merge Eumusa 

and Rhodochlamys sections into one. Divergence time of the family Musaceae was 

placed in the early Paleocene (69.1 Mya) and the age of Musa genus was estimated 

to be ~ 50 Mya. Speciation events within both Australimusa/Callimusa and 

Rhodochlamys/Eumusa were estimated to some 28 Mya and section Australimusa 

was shown to be evolutionarily youngest group. 
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3 AIMS OF THE THESIS 

 

I. Clarification of phylogenetic relationships within the family 

Musaceae 

The first aim of this Ph.D. thesis was to contribute to the clarification of 

phylogenetic relationships within the family Musaceae based on the 

analysis of the ITS1-5.8S-ITS2 sequence region and to provide detailed 

information about the structure and diversity of this region among 

representatives of the family Musaceae. 

II. Cytogenetic mapping of major DNA satellites in Musa 

The second aim of this thesis was to characterize genomic organization 

of major DNA satellites and to expand the number of individual 

chromosomes which can be identified in Musa. 

III. Characterization of Musa genetic diversity  

The third aim of this work was to contribute to characterization of banana 

genetic diversity in terms of cytogenetic as well as molecular characters.  
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4 RESULTS 

4.1 ORIGINAL PAPERS  
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Abstract 

Bananas (Musa spp.) are one of the major world trade commodities with 

unquestionable role as a staple food for millions of people in humid tropics. The 

production of bananas is, however, threatened by rapid spreading of various diseases 

and adverse environmental conditions. The preservation and characterization of 

banana diversity is essential for the purposes of crop improvement. The world's 

largest banana collection maintained at the Bioversity International Transit Centre 

(ITC) in Belgium is continuously extended by various edible cultivars and wild 

species. Detailed morphological and molecular characterization of newly introduced 

accessions is necessary for efficient collection and effective use of banana diversity. 

In this work, nuclear DNA content and genomic distribution of 45S and 5S rDNA 

were examined in 21 diploid accessions recently added to ITC collection, 

representing all four sections of the genus Musa. 2C DNA content is sections 

Eumusa and Rhodochlamys ranged from 1.217 to 1.315 pg. Species belonging to 

sections Australimusa and Callimusa had 2C DNA contents ranging from 1.390 to 

1.772 pg. While the number of 45S rDNA loci was conserved in Eumusa and 

Rhodochlamys, it was highly variable in Callimusa species. 5S rRNA gene clusters 

were found on two to eight chromosomes per diploid cell. A set of 19 microsatellite 

markers was used to assess the genetic diversity and relationships of studied ITC 

accessions. Analysis of the ITS region suggested that some of analyzed accessions 

might be interspecific hybrids and/or their backcross progeny. 

 

 

Key words: Musa; DNA content; rDNA; FISH; SSR genotyping; ITS region 
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Introduction 

Bananas and plantains (Musa spp.) are one of the most important food crops 

with the global annual production exceeding 130 Mt (faostat.fao.org). They are 

grown mainly by smallholder farmers for local consumption and only about 10% of 

the world's production is determined for the export trade. Most of the cultivated 

bananas are parthenocarpic triploid (but also diploid or tetraploid) clones, which 

originated from natural intra- and interspecific hybridizations between various 

subspecies of M. acuminata (A genome donor) and M. balbisiana (B genome donor) 

(Simmonds and Shepherd 1955). Hybrid triploids are then classified as AAA, AAB 

and ABB and include a wide range of varieties of dessert bananas, cooking bananas 

and plantains representing an essential nutrition source for millions of people. The 

production of bananas is however threatened by rapid spreading of various diseases, 

presence of pests and adverse environmental conditions. This imposes the need for 

preservation and characterization of banana diversity for the purposes of crop 

improvement. The world's largest banana collection is maintained at the Bioversity 

International Transit Centre (ITC) hosted by the Katholieke Universiteit Leuven in 

Belgium. This reference collection contains more than 1400 accessions in tissue 

culture and is continuously extended by various edible cultivars, improved varieties 

and wild species. Since the main goal of the gene bank is long-term conservation and 

effective use of the entire Musa genepool, characterization of already deposited as 

well as newly introduced accessions is of great importance. 

Except for M. acuminata, M. balbisiana and their hybrids, the genus Musa 

contains about 50 species. Based on a set of morphological descriptors and basic 

chromosome number, the genus has been traditionally subdivided into four sections: 

Eumusa (1n = 1x = 11), Rhodochlamys (1n = 1x = 11), Australimusa (1n = 1x = 10) 

and Callimusa (1n = 1x = 9, 10) (Cheesman 1974). However, this classification has 

been often questioned and various regroupings have been suggested (Argent 1976, 

Wong et al. 2002). The estimation of nuclear genome size, one of the basic 

characteristics of a species, previously focused mainly on edible bananas and their 

wild ancestors. The genome size of 600 – 650 Mbp was determined in M. acuminata 

and 550 Mbp in M. balbisiana (Doležel et al. 1994, Lysák et al. 1999, Čížková et al. 

2013). Bartoš et al. (2005) extended the knowledge of nuclear DNA content by 

representatives of sections Rhodochlamys, Australimusa and Callimusa. The authors 
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also characterized genomic distribution of ribosomal DNA. While the number of 45S 

rDNA loci was found conserved within individual sections, the number of 5S rDNA 

loci ranged from 4 to 8 per mitotic metaphase plate and varied within sections and 

even within different accessions of a single species. 

For molecular characterization of Musa germplasm, Christelová et al. (2011) 

established microsatellite-based genotyping platform. Microsatellites, also known as 

simple sequence repeats (SSRs), are 1 – 6 bp long tandemly arranged repetitive 

sequences. They proved to be useful in molecular genotyping of many economically 

important crops (This et al. 2004, Hayden et al. 2007, Pessoa-Filho et al. 2007). The 

platform of Christelová et al. (2011) for genotyping in Musa is based on 19 

microsatellite loci and enables discrimination between individual species, subspecies 

and subgroups of banana accessions. 

Sequence analysis of the internal transcribed spacer region (ITS1-5.8S-ITS2) 

of nuclear ribosomal DNA can provide further information about the genetic 

diversity and evolutionary relationships among individual accessions. The ITS region 

has been one of the most widely used markers in phylogenetic studies of flowering 

plants (Alvarez and Wendel 2003) and has recently been successfully employed in 

phylogenetic reconstruction in the family Musaceae (Hřibová et al. 2011). It has been 

shown that ITS locus can be used for verification of genome constitution of inter- 

and intraspecific banana hybrids (Hřibová et al. 2011) and for support of 

unambiguous results of SSR analysis (Christelová et al. 2011). 

The aim of this work was to characterize a set of 21 Musa accessions, which 

were newly introduced into the ITC collection. Nuclear genome size, chromosome 

number and genomic distribution of rDNA were determined in individual accessions 

to shed light on their genome structure and evolution. The molecular characterization 

was performed using SSR genotyping platform and was extended by the analysis of 

ITS sequence region which can provide the information about the putative hybrid 

character of some accessions and is useful to support incongruous results of SSR 

analysis. 
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Materials and methods 

Plant material and genomic DNA extraction 

In vitro rooted plants of 21 Musa accessions (Table 1) were obtained from the 

International Transit Centre (ITC, Katholieke Universiteit, Leuven, Belgium). The 

plants were transferred to soil and maintained in a greenhouse. Fresh cigar leaves 

were harvested, their fragments lyophilized and maintained at room temperature until 

use. Genomic DNA of all Musa species used for the SSR genotyping and ITS 

analysis was isolated from lyophilized leaves using the NucleoSpin PlantII kit 

(Macherey-Nagel GmbH & Co. KG, Düren, Germany) following the manufacturer's 

recommendations. 

 

Estimation of genome size 

Nuclear genome size was estimated according to Bartoš et al. (2005). 

Approximately 50 mg of young Musa leaf and 10 mg of leaf of soybean (Glycine 

max L. cv. Polanka, 2C = 2.5 pg DNA) (Doležel et al. 1994) which served as internal 

standard were used for sample preparation. Suspensions of cell nuclei were prepared 

by simultaneous chopping of leaf tissues of Musa and Glycine in a glass Petri dish 

containing 500 µl Otto I solution (0.1 M citric acid, 0.5% v/v Tween 20). Crude 

homogenate was filtered through a 50 µm nylon mesh. Nuclei were then pelleted 

(300 g, 5 min) and resuspended in 300 µl Otto I solution. After 1 hour incubation at 

room temperature, 900 µl Otto II solution (0.4 M Na2HPO4 ) (Otto 1990) 

supplemented with 50 µg/ml RNase, 50 µg/ml propidium iodide and 3 µl/ml 2-

mercaptoethanol, were added. Samples were analyzed using Partec PAS flow 

cytometer (Partec GmbH, Münster, Germany) equipped with 488-nm argon laser. At 

least 5,000 nuclei were analyzed per sample. Three individuals were analyzed for 

each banana accession, and each individual was measured three times on three 

different days. Nuclear DNA content was then calculated from individual 

measurements following the formula: 

 

2C nuclear DNA content [pg] = 2.5 x G1 peak mean of Musa / G1 peak mean of 

Glycine 
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Mean nuclear DNA content (2C) was then calculated for each plant. Genome 

size (1C value) was then determined considering 1 pg DNA equal to 0.978×10
9
 bp 

(Doležel et al. 2003). 

Statistical analysis was performed using NCSS 97 statistical software 

(Statistical Solutions Ltd., Cork, Ireland). One-way ANOVA and a Bonferoni's (All-

Pairwise) multiple comparison test were used for analysis of variation in nuclear 

DNA content. The significance level α = 0.01 was used. 

 

SSR genotyping 

The standardized platform for molecular characterization of Musa germplasm 

developed by Christelová et al. (2011) was used to genotype all 21 Musa accessions. 

The system is based on 19 microsatellite loci that are scored after the PCR with 

fluorescently labeled primers and capillary electrophoretic separation with internal 

standard (GeneScanTM-500 LIZ size standard, Applied Biosystems). The PCR 

products were multiplexed prior to the separation and loaded onto the automatic 96-

capillary ABI 3730xl DNA Analyzer. Electrophoretic separation and signal detection 

was carried out with default module settings. The resulting data were analyzed and 

called for alleles using GeneMarker® v1.75 (Softgenetics), manually checked and 

implemented into the marker panels (Christelová et al. 2011). The genetic similarity 

matrices based on Nei´s genetic distance coefficient (Nei 1973) were calculated 

using PowerMarker v3.25 (Liu and Muse 2005) and the unweighted pair-group 

method with arithmetic mean (UPGMA; Michener and Sokal 1957) was used to 

assess the relationship between individual genotypes. The results of UPGMA cluster 

analysis were visualized in a form of a tree using FigTree v1.4.0  

(http://tree.bio.ed.ac.uk/software/figtree/). 

 

Analysis of ITS1-5.8S-ITS2 region 

The ITS region was amplified from the genomic DNA using PCR with specific 

primers ITS-L and ITS-4 (48). PCR reaction mix consisted of 10µg genomic DNA, 

1.5 mM MgCl2, 0.2 mM dNTPs, 1 mM primers ITS-L and ITS-4, 1x PCR buffer and 

2U/100 of Dynazyme
TM

 II DNA polymerase (Finnzymes, Espoo, Finland). 

Amplification was performed using PTC-200 thermal cycler (BIO-RAD, Hercules, 

CA, USA), with the following conditions: 94°C for 5 min (1 cycle), 94°C for 50 s, 

52°C for 50 s, 72°C for 50 s (35 cycles) and 72°C for 10 min (1 cycle), and PCR 

http://tree.bio.ed.ac.uk/software/figtree/
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products were resolved in 1.5% agarose gels. 

PCR products were purified using ExoSAP-IT® (USB, Cleveland, OH, USA) 

according to the manufacturer's instructions and used for DNA cloning into TOPO 

vector and transformed into E. coli electrocompetent cells (Invitrogen Life 

Technologies, Carlsbad, USA). For each accession, at least 28 cloned PCR products 

were sequenced. Sequencing was carried out using the BigDye Terminator v3.1 

Cycle Sequencing kit (Applied Biosystems, Foster City, USA) according to the 

manufacturer's instructions and run on ABI 3730xl DNA analyzer (Applied 

Biosystems, Foster City, USA). Nucleotide sequences were edited using Staden 

Package (Staden 1996).  Sequence boundaries of the spacers were assessed and 

phylogenetic relationships analysis was performed according to Hřibová et al. 

(2011). 

 

Chromosome preparations 

Metaphase spreads were prepared according to Doleželová et al. (1998). 

Actively growing root tips were pre-treated in 0.05% (w/v) 8-hydroxyquinoline for 3 

hrs at room temperature and then fixed in 3:1 ethanol : acetic acid overnight. Fixed 

roots were washed in a solution of 75 mM KCl and 7.5 mM EDTA (pH 4) and 

meristem tips were digested in a mixture of 2% (w/v) pectinase and 2% (w/v) 

cellulase in 75 mM KCl and 7.5 mM EDTA (pH 4) for 90 min at 30ºC. Protoplast 

suspension was then filtered through a 150 μm nylon mesh and pelleted. The pellet 

was resuspended in 75 mM KCl and 7.5 mM EDTA (pH 4) and incubated for 5 min 

at room temperature. After pelleting, the protoplasts were washed three times with 

70% ethanol. 5 μl of suspension were dropped onto a slide and shortly before drying 

out, 5 μl of 3:1 fixative were added to the drop to induce protoplast bursting. Finally, 

the slide was rinsed in 100% ethanol and air-dried. 

 

Fluorescence in situ hybridization (FISH) 

Probes for 45S rDNA and 5S rDNA were prepared by labeling Radka1 DNA 

clone (45S rDNA) and Radka2 DNA clone (5S rDNA) (Valárik et al. 2002) with 

digoxigenin-11-dUTP or biotin-16-dUTP (Roche Applied Science). Both probes were 

labeled by PCR using M13 forward and reverse primers (Invitrogen). 

Hybridization mixture consisting of 50% formamide, 10% dextran sulfate in 
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1×SSC and 1 μg/ml labeled probe was added onto slides and denatured at 80°C for 3 

min. The hybridization was carried out at 37°C overnight. The sites of probe 

hybridization were detected using anti-digoxigenin-FITC (Roche Applied Science) 

and streptavidin-Cy3 (Vector Laboratories, Burlingame, USA), and the chromosomes 

were counterstained with DAPI. The slides were examined with Olympus AX70 

fluorescence microscope and the images of DAPI, FITC and Cy-3 fluorescence were 

acquired separately with a cooled high-resolution black and white CCD camera. The 

camera was interfaced to a PC running the MicroImage software (Olympus, Tokyo, 

Japan). 

 

 

Results 

Estimation of genome size 

The amount of nuclear DNA was estimated after flow cytometric analysis of 

propidium iodide stained nuclei. All analysis resulted in histograms of relative DNA 

content with two dominant peaks corresponding to G1 nuclei of Musa and Glycine 

(Figure 1). 2C nuclear DNA content determined based on the ratio of G1 peaks 

positions ranged from 1.217 to 1.772 pg (Table 2). The differences between the three 

species of Eumusa were statistically significant with 2C DNA content ranging 

between 1.217 and 1.311 pg. Within the section Rhodochlamys, the lowest nuclear 

DNA content (2C = 1.261 pg) was found in the hybrid Musa x fennicae (ITC 1522) 

and the highest nuclear DNA content (2C = 1.315 pg) was found in Musa laterita 

(ITC 1575). Although the differences between individual accessions were small 

(max. 4.3%), some of them were statistically significant. Much higher interspecific 

variation (27.5%) of 2C DNA content was observed within the section Callimusa (2C 

= 1.390 – 1.772 pg).  For Musa borneensis (ITC 1531), the highest nuclear DNA 

content (2C = 1.772 pg) known for diploid Musa species was determined.  Musa cf. 

uranoscopos (ITC 1532), the only representative of section Australimusa in this 

study, had the nuclear DNA content of 1.442 pg. 

Bonferoni's (All-Pairwise) multiple comparison test revealed twelve groups 

based on the differences in the nuclear DNA content (Table 2). Six of these groups 

were represented by only one accession (M. itinerans var. itinerans (ITC 1571), M. 

monticola (ITC 1528), M. barioensis (ITC 1568), M.beccarii var. beccarii (ITC 
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1516), M. beccarii var. hottana (ITC 1529) and M. borneensis (ITC 1531)). Two 

groups comprised representatives of sections Eumusa and Rhodochlamys and one 

group included species belonging to sections Australimusa and Callimusa. 

 

FISH with probes for 45S and 5S rDNA 

Protoplast dropping technique was used to prepare metaphase spreads for 

chromosome counting and cytogenetic mapping of rRNA genes. Chromosome 

numbers corresponded to expected ploidy levels and section-specific chromosome 

numbers in all evaluated accessions (Table 2). Unfortunately, plants of Musa cf. 

uranoscopos (ITC 1532) and M. campestris var. limbangensis (ITC 1535) did not 

have actively growing roots needed for preparation of protoplast suspensions and 

their chromosomes could not be determined. 

FISH with probes for 45S rDNA revealed distinct hybridization sites on one 

chromosome pair in the secondary constriction in all accession of sections Eumusa 

and Rhodochlamys (Table 2, Fig 2). A variable number of 45S rDNA loci was 

observed in Callimusa species. Four accessions contained two signals (on one 

chromosome pair bearing secondary constriction), M. beccarii var. beccarii (ITC 

1516) was characterized by four signals, five signals were observed on chromosomes 

of M. borneensis (ITC 1531) and M. beccarii var. hottana (ITC 1529) possessed six 

45S rDNA loci on three chromosome pairs (Table 2). Two of these signals were 

observed in the secondary constriction of one chromosome pair and the other were 

localized in interstitial chromosome regions. 

A significantly higher variation was detected in the number of 5S rDNA loci 

(Table 2). Within Eumusa section, 5S rDNA sites were localized on two or three 

chromosome pairs. Three to seven signals were observed on chromosomes of 

accessions belonging to section Rhodochlamys. Callimusa species contained 5S 

rDNA gene clusters on two to eight chromosomes. In M. beccarii var. beccarii (ITC 

1516), M. beccarii var. hottana (ITC 1529) and M. borneensis (ITC 1531), two of the 

5S rDNA sites co-localized with interstitially localized 45S rDNA genes. 

 

SSR genotyping 

The molecular characterization of the newly introduced ITC accessions based 

on SSR markers included inspection of their clustering pattern within the reference 

set of diploid entries used in the study of Christelová et al. (2011). The UPGMA 



   138 

 

cluster analysis based on the Nei (1973) genetic distance resulted in relatively clear 

grouping of genotype groups and subgroups (Figure 3). Inclusion of the new 

accessions did not change the overall grouping of the species as compared to the 

results of Christelová et al. (2011). Most of the entries under this study clustered with 

the reference accessions in accordance to their expected classification based on 

morphological description of the plants. Newly introduced accessions belonging to 

Eumusa and Rhodochlamys sections were grouped within the cluster A comprising 

species from section Rhodochlamys and several Eumusa entries (ssp. malaccensis). 

The two accessions described as M. itinerans (ITC 1526 and ITC 1571) and M. 

rubinea (ITC 1518) formed a separate clade within the cluster A. M. yunnanensis 

shared a clade with several entries of section Rhodochlamys. Accessions described as 

Australimusa and Callimusa species were grouped within the cluster B together with 

reference accessions from the sections Australimusa and Callimusa. M. cf. 

uranoscopos (Australimusa) was embedded among Callimusa species. 

 

Analysis of ITS1-5.8S-ITS2 region 

In general, the length of ITS1 and ITS2 spacer varied from 215 to 223 bp and 

from 205 to 218 bp, respectively. A total length of ITS1-5.8S-ITS2 sequence region 

ranged from 582 bp (M. beccarii var. hottana, ITC 1529) to 591 bp (M. lutea, ITC 

1515) in all accessions, except for four representatives: M. rubra (ITC 1590), M. 

rosea x siamensis (ITC 1592), M. yunnanensis (ITC 1573) and M. campestris var. 

sarawakensis (ITC 1517) where the ITS region was shorter due to the deletions. One 

of the highest sequence diversities was observed in putative hybrid clones, e.g. M. 

rosea x ornata (ITC 1572) as well as in some wild diploids, e.g. M. barionensis (ITC 

1568).  GC content of ITS1 varied from 57.41 to 65.02 % and was slightly lower 

than the GC content of ITS2 (59.51 to 69.74 %). The 5.8S rDNA sequence region 

had a conserved length of 153 bp or 155 bp, except two ITS types of M. yunnanensis 

(ITC 1573) and one type of M. rubra (ITC 1590) and M. rosea x siamensis (ITC 

1598) due to the deletion. GC content of 5.8S rDNA varied from 46.45 to 59.63% 

and was significantly lower than the GC content in ITS1 and ITS2. 
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Identification of pseudogenes and phylogenetic analysis 

The secondary structure of ITS2 and 5.8S rDNA sequence regions was 

reconstructed for all accessions. ITS2 sequences formed specific four-helices 

structure with typical pyrimidine-pyrimidine bulge in helix II and the most conserved 

primary sequence included the TGGT in the helix III. Secondary structure of 5.8S 

rDNA sequence was reconstructed under specific settings for base pairing as 

described by Hřibová et al. (2011). Moreover, 5.8S rDNA sequences were checked 

for the presence of three conserved motives (Harpke and Peterson 2008). The highly 

conserved sequence of 16 bp motif M1 (5'-CGATGAAGAACGTAGC-3') is a part of 

two helices – helix B4 and B5 (Harpke and Peterson 2008). Motif M2 (5'-

GAATTGCAGAATCC-3'), previously described by Jobes and Thien (1997) is 14 bp 

long and located in the loop and 10 bp long motif M3 (5'-TTTGAACGCA-3') is a 

part of the B4 and B7 helices (Harpke and Peterson 2008). The nucleotide changes in 

conserved motives of 5.8S rDNA of analyzed accessions, the information on GC 

content, presence of conserved motives in the 5.8S rDNA sequence and ability of 

ITS2 and 5.8S rDNA sequence to fold into a conserved secondary structure enabled 

identification of putative pseudogenes (Table 3). 

As shown in Table 3, more than half of the analyzed accessions contained at 

least two types of ITS sequences. On the contrary, M. rosea x siamensis ITC 1598 

which has been described as hybrid clone showed presence of only one type of ITS 

sequence region and its hybrid character was not confirmed. Two datasets were used 

to reconstruct phylogenetic analysis using BioNJ. Dataset 1 contained Musa ITS 

sequences previously described by Hřibová et al. (2011) and ITS types of 21 studied 

accessions, from which putative pseudogenic ITS types were excluded (Figure S1). 

In dataset 2, putative pseudogenes of accessions analyzed in this work were included 

(Figure S2). The main clades were conserved between both resulting trees (with and 

without pseudogenes). Pseudogenic sequences were included into the phylogenetic 

analysis with the aim to characterize the putative parental species of hybrid clones. 

Inclusion of the new accessions did not change the overall grouping of the species as 

compared to the results of Hřibová et al. (2011). Phylogenetic analysis of ITS region 

supported the clustering obtained by SSR analysis except M. rosea x siamensis ITC 

1598 (Figure S1). 
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Discussion 

Nuclear DNA content and distribution of rDNA 

Most of the knowledge about the nuclear genome size and genomic 

distribution of rDNA loci in banana comes from the analysis of triploid cultivars and 

their wild ancestors (Doležel et al. 1994, Doleželová et al. 1998, Osuji et al. 1998, 

Lysák et al. 1999, Čížková et al. 2013). Only the study of Bartoš et al. (2005) 

included representatives of all Musa sections and provided the first complex picture 

of the whole genus. Our study significantly expands the number of wild Musa 

species where these key characteristics of the banana nuclear genome were 

estimated.   

The diversity in genome size observed in Eumusa and Rhodochlamys species 

is in line with the previous study (Bartoš et al. 2005) and brings further evidence 

about the close relationships between the two sections. Similarly, the number of 45S 

rDNA loci was equal in accessions belonging to both sections and number of 5S 

rDNA loci fell within the same range. The traditional classification describes sections 

Eumusa and Rhodochlamys mainly based on morphological characters. The 

separation of these sections is however doubtful, because the morphological 

differences are difficult to detect in some species and occurrence of interspecific 

hybridization is quite frequent (Cheesman 1974, Shepherd 1999). Our findings, as 

well as previous analysis based on different molecular markers (Ude et al 2002, 

Wong et al. 2002, Nwakanma et al. 2002, Li et al. 2010), support suggestions that 

sections Eumusa and Rhodochlamys should be merged into one. 

Section Callimusa is the only one which includes species with different basic 

chromosome number (1x = 9, 10). Representatives of section Callimusa analysed in 

our study showed high variation in the nuclear genome size as well as in the number 

of rDNA loci and were clearly discriminated from Eumusa and Rhodochlamys. 

Increased number of 45S rDNA signals was observed in the three accessions (M. 

borneensis, M. beccarii var. hottana and M. beccarii var. beccarii) with the highest 

nuclear DNA content. M. cf. uranoscopos, the representative of section Australimusa, 

was grouped together with three Callimusa species (M. violascens, M. lutea and M. 

campestris var. limbangensis) based on differences in nuclear DNA content (Table 

2), which agrees with the previously observed similarities of Australimusa and 

Callimusa species (Jarret and Gawel 1995; Wong et al. 2002). 
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SSR and ITS analysis 

The possibility to use microsatellite markers for molecular characterization of 

Musa accessions was explored by Christelová et al. (2011) who developed a 

standardized platform for SSR genotyping of bananas. The grouping of the 21 

accessions analyzed in the present work within the diploid reference set was revealed 

by the UPGMA cluster analysis. In most cases, results of this grouping were 

consistent with the characterization based on traditional morphotaxonomic 

classification (Figure 3). Unexpected clustering of three accessions (M. rubinea, M. 

yunnanensis and M. cf. uranoscopos) with entries belonging to other sections could 

be explained by mislabeling of the accessions during their collection or during in 

vitro propagation in the gene bank. Hybrid character of these accessions could also 

explain their position within the tree. 

Short length, utilization of highly conserved primers and relatively fast 

evolution of internal transcribed spacers ITS1 and ITS2 compared with rRNA genes, 

made the ITS region one of the most popular markers in phylogenetic studies. The 

first detailed information about the structure and diversity of ITS region in the genus 

Musa was provided by Hřibová et al. (2011) and the work of Christelová et al. (2011) 

showed usefulness of the ITS for further analysis of accessions which give 

incongruous results with SSRs. 

 Based on in silico identification of putative pseudogenes, which are expected 

to evolve independently at different rates than their functional counterparts and can 

accumulate mutations, we show that the presence of putative pseudogenic ITS data 

have no significant effect on the structure and positions of all main clades in the 

phylogenetic analysis as it was showed before (Hřibová et al. 2011). 

The optimized SSR genotyping platform which was created by Christelová et 

al. (2011) is providing a genotyping service to the international Musa community 

under the auspices of the Bioversity International (Montpellier, FR). In this study, we 

confirmed the usefulness of SSR markers for molecular characterization of unknown 

accessions of Musa (Christelová et al. 2011). However, the SSR genotyping is based 

on scoring alleles and this might not be appropriate for diversity and phylogenetic 

inference estimation in case of inter-specific hybrids and their backcross progenies 

(Hřibová et al. 2011). Thus, we performed a detailed analysis of the nucleotide 

composition and structure of the ITS region and showed that some of wild diploids 
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contained polymorphic ITS regions. Moreover, in silico analysis of the ITS 

sequences indicated the presence of putative pseudogenic ITS types. These 

observations add further support to the notion that some of the analyzed accessions 

might be interspecific hybrids and/or their backcross progeny (Hřibová et al. 2011, 

De Langhe et al. 2010). 

 

Conclusions 

The present study provides novel data on nuclear genome size and genomic 

distribution of ribosomal genes in banana. We show a high variability in both 

characters, especially in section Callimusa. The data significantly improve the 

knowledge about the genome structure of wild Musa species. The genetic diversity of 

wild accessions was studied using the standardized platform for genotyping in 

banana. Cladogram based on the SSR markers together with the previously studied 

wild diploids showed clear clustering and enabled us to identify groups of the most 

related species. Moreover, phylogenetic analysis based on the ITS sequences was 

used to study heterozygosity or hybrid character of studied accessions. We showed 

that more than half of the analyzed accession were heterozygous and/or of hybrid 

origin. The ITS analysis also confirmed previous results of close phylogenetic 

relationship of the species from sections Australimusa  and Callimusa, and Eumusa 

and Rhodochlamys. 
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Legends to figures: 

Figure 1: Histograms of relative nuclear DNA content obtained after flow cytometric 

analysis of propidium iodide stained nuclei isolated from Musa accessions. (A) M. 

itinerans var. itinerans (2C = 1.217 pg); (B) M. rosea (2C = 1.285 pg); (C) M. cf. 

uranoscopos (2C = 1.442 pg); (D) M. beccarii var. beccarii (2C = 1.537 pg). Nuclei 

isolated from soybean (Glycine max, 2C = 2.5 pg) were used as an internal reference 

standard. 

 

Figure 2: Examples of genomic distribution of 45S (red, thick arrow) and 5S (green, 

thin arrow) rDNA as determined on mitotic metaphase chromosomes of Musa 

accession after FISH with labelled probes. (A) Musa yunnanensis (ITC 1573); (B) 

Musa mannii (ITC 1574); (C) Musa rosea x siamensis (ITC 1592); (D) Musa 

campestris var. sarawakensis (ITC 1517); (E) Musa monticola (ITC 1528); (F) Musa 

lutea (ITC 1515). Chromosomes were counterstained with DAPI. Bar = 5 µm. 

 

Figure 3: Dendrogram showing the results of the UPGMA analysis of studied 

accessions within the reference set of diploid entries used in the study of Christelová 

et al. (2011). The main clades and subclades are distinguished by colors. The 

Australimusa/Callimusa clade in pink; Rhodochlamys in green; BB genotypes in 

blue; AA genotypes in red and SS genotypes in orange. Accessions analyzed in this 

study are shown in black. 
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Supporting information: 

 

Figure S1: Phylogenetic analysis based on the ITS1-ITS2 sequence region according 

Hřibová et al. (2011). BioNJ tree constructed from a Jukes-Cantor distance matrix of 

the concatenated region contained ITS1 and ITS2 spacer sequence. The tree was 

rooted on midpoint. The main clades and subclades are distinguished by colors. The 

Australimusa/Callimusa clade in pink; Rhodochlamys in green; BB genotypes in 

blue; AA genotypes in red and SS genotypes in orange. The ITS sequences of 

accessions analyzed in this study are shown in black. 

 

Figure S2: Phylogenetic analysis based on the ITS1-ITS2 sequence region according 

Hřibová et al. (2011). BioNJ tree constructed from a Jukes-Cantor distance matrix of 

the concatenated region contained ITS1 and ITS2 spacer sequence including putative 

pseudogenic sequences. The tree was rooted on midpoint. The main clades and 

subclades are distinguished by colors. The Australimusa/Callimusa clade in pink; 

Rhodochlamys in green; BB genotypes in blue; AA genotypes in red and SS 

genotypes in orange. The ITS sequences of analyzed accessions are in black color. 

Putative pseudogenic ITS sequence regions are marked by asterix. 
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Figure 1 
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Figure 2 
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Figure 3 
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Table 1: List of Musa accessions used in this study 

Section Accession name ITC 

code 

Eumusa Musa itinerans var. xishuangbannaensis 1526 

 Musa itinerans var. itinerans 1571 

 Musa yunnanensis 1573 

Rhodochlamys Musa rubinea 1518 

 Musa x fennicae (Musa siamensis (male) x Musa rosea 

(female)) 

1522 

 Musa siamensis 1534 

 Musa mannii 1574 

 Musa laterita 1575 

 Musa rubra 1590 

 Musa rosea x siamensis 1592 

 Musa rosea (hybrid) 1598 

Australimusa Musa cf. uranoscopos 1532 

Callimusa Musa violascens 1514 

 Musa lutea 1515 

 Musa beccarii var. beccarii 1516 

 Musa campestris var. sarawakensis 1517 

 Musa monticola 1528 

 Musa beccarii var. hottana 1529 

 Musa borneensis 1531 

 Musa campestris var. limbangensis 1535 

 Musa barioensis 1568 

  



Table 2: DNA content, chromosome number and number of 45S and 5S rDNA loci 

Accession name ITC 

code 

2C nuclear DNA 

content [pg] 

Monoploid 

genome size 

[Mbp/1Cx] 

Bonferoni's DNA content grouping* Chromosome 

number (2n) 

Number of 

signals** 

Mean ± SD 45s 

rDNA 

5S rDNA 

Musa itinerans var. xishuangbannaensis 1526 1.311 0.017 641     E        22 2 4 

Musa itinerans var. itinerans 1571 1.217 0.004 595 A            22 2 6 

Musa yunnanensis 1573 1.259 0.011 616  B           22 2 6 

Musa rubinea 1518 1.310 0.016 641     E        22 2 4 

Musa x fennicae  1522 1.261 0.012 617  B C          22 2 6 

Musa siamensis 1534 1.280 0.006 626  B C          22 2 6 

Musa mannii 1574 1.282 0.008 627   C          22 2 3 

Musa laterita 1575 1.315 0.006 643     E        22 2 6 

Musa rubra 1590 1.306 0.01 639    D E        22 2 6 

Musa rosea x siamensis 1592 1.279 0.006 625   C          22 2 7 

Musa rosea (hybrid) 1598 1.285 0.002 628   C D         22 2 4 

Musa cf. uranoscopos 1532 1.442 0.006 705        H     - - - 

Musa violascens 1514 1.428 0.011 698       G H     20 2 4 

Musa lutea 1515 1.432 0.009 700       G H     20 2 2 

Musa beccarii var. beccarii 1516 1.537 0.017 752          J   18 4 4 

Musa campestris var. sarawakensis 1517 1.417 0.008 693       G      20 2 2 

Musa monticola 1528 1.390 0.016 680      F       20 2 4 

Musa beccarii var. hottana 1529 1.673 0.02 818           K  18 6 4 

Musa borneensis 1531 1.772 0.006 867            L 20 5 8 

Musa campestris var. limbangensis 1535 1.454 0.003 711        H     - - - 

Musa barioensis 1568 1.480 0.014 724         I    20 2 3 

* Statistical analysis was performed using mean values of 2C nuclear DNA content of individual plants (α = 0.01). DNA content within each group described by the same letter was not significantly different. 

** Based on the analysis of mitotic metaphase plates (2n) 



Table 3: Sequence characteristics of ITS1-5.8S-ITS2 regions in Musa accessions 

Accession name 

Label of 

ITS 

type▲ 

GC content [%] 
Position of nucleotide changes (nt-) 

in conserved 5.8S motives 
Secondary 

structure  

of ITS2 

Secondary 

structure  

of 5.8S 

Note 

ITS1  5.8S  ITS2 Motif M1  Motif M2  Motif M3 

Musa itinerans var. 

xishuangbannaensis 
1526 57.67  53.55  63.76 conserved  conserved  conserved four-helices conserved  

               Musa itinerans var. 

itinerans 
1571 57.67  53.55  63.76 conserved  conserved  conserved four-helices conserved  

               Musa yunnanensis 

 
1573_type1 63.59  57.42  68.84 conserved  conserved  conserved four-helices conserved  

1573_type2 60.47  53.59  60.57 nt-2 'A'  conserved  conserved not formed not formed pseudogene 

1573_type3 60.93  54.90  62.91 nt-2 'A'  conserved  conserved four-helices not formed pseudogene 

1573_type4 57.41  48.94  64.02 nt-16 'T'  nt-9 'A'  nt-8 'A' 

nt-9 'T' 

not formed not formed pseudogene 

               Musa rubinea 

 
1518_type1 57.67  53.55  63.76 conserved  conserved  conserved four-helices conserved  

1518_type2 58.14  52.26  63.76 conserved  conserved  conserved four-helices conserved  

1518_type3 62.96  57.42  69.55 conserved  conserved  conserved four-helices conserved  

               Musa x fennicae 

(Musa siamensis 

(male) x Musa rosea 

(female)) 

1522_type1 62.50  57.42  69.63 conserved  conserved  conserved four-helices conserved  

1522_type2 62.50  57.42  69.63 conserved  conserved  conserved four-helices conserved  

1522_type3 61.57  57.42  69.16 conserved  conserved  conserved four-helices conserved  

1522_type4 61.11  57.42  69.16 conserved  conserved  conserved four-helices conserved  

1522_type5 62.50  57.42  69.16 conserved  conserved  conserved four-helices conserved  

               Musa siamensis 1534_type1 58.80  52.26  62.74 nt-12 'A'  nt-9 'T'  conserved four-helices conserved  

1534_type2 57.41  46.45  62.15 nt-2 'A'  nt-6 'A' 

nt-9 'T' 

nt-14 'T' 

 nt-8 'A' 

nt-9 'T' 

not formed conserved pseudogene 

                              
Musa mannii* 1574              

               Musa laterita 1575_type1 58.33  55.48  62.74 conserved  nt-9 'A'  conserved four-helices conserved  

1575_type2 58.33  55.48  63.21 conserved  nt-9 'A'  conserved four-helices conserved  

               Musa rubra 1590_type1 58.33  55.48  62.74 conserved  nt-9 'A'  conserved four-helices conserved  

1590_type2 58.33  55.48  63.21 conserved  nt-9 'A'  conserved four-helices conserved  

1590_type3 59.26  59.63  65.26 nt-11 'T'  not present - 

deletion 

 not present - 

deletion 

not formed not formed pseudogene 

               Musa rosea x 

siamensis 
1592_type1 61.29  57.42  68.69 conserved  conserved  conserved four-helices conserved  

1592_type2 60.65  54.84  66.05 conserved  conserved  conserved not formed conserved pseudogene 

1592_type3 58.80 

 

55.86 

 

63.51 conserved 

 

nt1 – nt3 

'deletion' 

nt-9 'A' 

 

conserved four-helices not formed pseudogene 

               
Musa rosea (hybrid) 1598 63.59  57.42  68.37 conserved  conserved  conserved four-helices conserved  

               Musa cf. uranoscopos 1532_type1 63.68  58.06  66.83 conserved  conserved  conserved four-helices conserved  

1532_type2 63.68  58.06  66.34 conserved  conserved  conserved four-helices conserved  

1532_type3 65.02  58.06  66.83 conserved  conserved  conserved four-helices conserved  

               
Musa violascens 1514 65.02  58.06  66.83 conserved  conserved  conserved four-helices conserved  

               Musa lutea 1515 59.28  54.19  63.26 nt-11 'T' 

nt-12 'A' 

 conserved  nt-6 'T' four-helices conserved  

               Musa beccarii var. 

beccarii* 
1516              

              

               Musa campestris var. 

sarawakensis 
1517 59.64  48.95  61.46 nt-11 'T' 

nt-12 'A' 

 nt-7 'T'  conserved four-helices conserved  

               
Musa monticola 1528 65.92  58.71  68.29 conserved  conserved  nt-3 'C four-helices conserved  

               Musa beccarii var. 

hottana 
1529 65.32  58.06  65.37 conserved  conserved  conserved four-helices conserved  

               
Musa borneensis* 1531              

               Musa campestris var. 

limbangensis 
1535_type1 64.13  58.06  65.85 conserved  conserved  conserved four-helices conserved  

1535_type2 64.57  58.06  66.83 conserved  conserved  conserved four-helices conserved  

1535_type3 56.50  50.32  59.51 nt-12 'A' 

nt-16 'A' 

 conserved  conserved not formed conserved pseudogene 

               Musa barioensis 1568_type1 61.88  56.13  62.80 nt-10 'G' 

nt-11 'A' 

 nt-9 'A' 
 

nt-9 'T' four-helices conserved  

1568_type2 63.77  56.13  62.80 nt-10 'G' 

nt-11 'A' 

 nt-9 'A'  nt-9 'T' four-helices conserved  

1568_type3 65.92  58.06  68.29 conserved  conserved  conserved four-helices conserved  

1568_type4 60.99  54.19  63.77 conserved  conserved  conserved not formed conserved pseudogene 
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▲ Label of ITS type is based on the ITC accession number and is maintained in the phylogenetic 

trees. The consensus sequences of the ITS regions in heterogenous diploid and triploid species are 

labeled by “con1” means consensus type 1. 
 

* Data not available. 
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Table 4: Nucleotide diversity of ITS1-5.8S-ITS2 regions in Musa 

Section Accession name ITC 

code 

Number of 

sequenced clones 

Nucleotide 

diversity 

θπ 

Eumusa 

 

Musa itinerans var. 

xishuangbannaensis 

1526 31 9.202 

Musa itinerans var. itinerans 1571 30 5.724 

Musa yunnanensis 1573 46 27.513 

Rhodochlamys 

 

Musa rubinea 1518 30 24.021 

Musa x fennicae (Musa siamensis 

(male) x Musa rosea (female)) 

1522 75 8.155 

Musa siamensis 1534 30 25.644 

Musa rosea x ornata 1572 Data not available 

Musa laterita 1575 32 5.452 

Musa rubra 1590 62 15.528 

Musa rosea x siamensis 1592 91 13.266 

Musa rosea (hybrid) 1598 67 7.303 

Australimusa Musa cf. uranoscopos 1532 75 5.214 

Callimusa 

 

Musa violascens 1514 37 3.667 

Musa lutea 1515 28 0.668 

Musa beccarii var. beccarii 1516 Data not available 

Musa campestris var. 

sarawakensis 

1517 32 2.054 

Musa monticola 1528 37 0.963 

Musa beccarii var. hottana 1529 32 12.695 

Musa borneensis 1531 Data not available 

Musa campestris var. limbangensis 1535 42 17.336 

Musa barioensis 1568 55 20,506 
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4.1.3.1 SUPPORTING INFORMATION 

 

Figure S1: 
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Figure S2: 
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4.2.1 Development of Physical Cytogenetic Maps for 

Bananas and Plantains 

 

Hřibová E, Doleželová M, Němcová P, Čížková J, Schillerová 

L, Doležel J 

 

In: Physical mapping technologies for identification and characterization 

of mutated genes to crop quality. Pp. 61-70, IAEA, Vienna, 2011. 

 

[JČ, EH, JD concieved and designed the experiments. JČ, PN, EH, LS 

performed the experiments. JČ, EH, PN analyzed the data. JD, MD 

contributed reagents/materials/analysis tools. JČ, EH, JD wrote the 

paper.] 
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Despite the socio-economic importance of banana (Musa spp.), phylogenetic 

relationships within the family Musaceae as well as the classification of subspecies 

and clones remain subject to debate. Different types of molecular markers have been 

used until now with various degrees of success and a detailed picture is still lacking. 

An unexplored opportunity is to compare DNA sequences of a large set of genes 

across the Musaceae. In this work, we searched banana ESTs for homology to single-

copy rice genes and hybridized candidates with banana genomic DNA. During the 

first phase of the project, sequences of 24 candidate genes from 14 carefully selected 

species (ITC collection, Belgium) representing maximal diversity within the 

Musaceae were analyzed. The sequence analysis confirmed previously reported 

observations on clear divergence of Musa, Ensete and Musella as monophyletic 

groups. Moreover, within the Musa genus clade, section Eumusa clustered with 

Rhodochlamys, clearly separated from the cluster of Australimusa and Callimusa. 

These findings are in concordance with the previously reported close relation of 

these sections. The significance of our results was further supported by comparison 

with the results of nucleotide sequence analysis of ITS1-5.8S-ITS2 region in selected 

Musaceae species as well as analysis with DArT markers. Although each of the 

methods used is based on a different principle, data that were collected and analyzed 

supported the same concept of evolutionary relationship within the Musaceae 

species. We expect that a detailed analysis of the sequence data from higher number 

of genes and extension to other members of the family will clearly reveal 

phylogenetic relationships within the Musaceae and provide markers for 

unambiguous identification of subspecies and clones. This work has been supported 

by Grant Agency of the Academy of Sciences of the Czech Republic (grant award 

no. IAA600380703). 
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Bananas and plantains are giant perennial tropical plants within the genus Musa. 

Most of cultivated bananas are seed sterile diploid, triploid or tetraploid clones 

derived from interspecific and intersub-specific crosses between two wild diploid (2n 

= 22) species M. acuminata and M. balbisiana. Despite the socio-economic 

importance of this crop and the need of improved varieties, there is a lack of 

knowledge on genome structure and shortage of reliable genetic maps. Observation 

of chromosome pairing in meiosis suggests that banana sub-species and thus banana 

cultivars differ by translocations and inversions. The chromosomal rearrangements in 

parents of mapping populations cause segregation distortion, result in pseudo-

linkages and hamper ordering of markers into linkage groups. Together with 

difficulties in establishing mapping population, these features hamper genetic 

mapping in Musa. One possibility to verify the position of markers in the genome is 

to locate them using PCR on isolated chromosomes. As it is not possible to sort Musa 

chromosomes by flow cytometry, we have used laser microbeam microdissection and 

catapulting to isolate single chromosomes from double haploid M. acuminata 

'Pahang'. DNA of isolated chromosomes was amplified using linker adapter PCR and 

preliminary results indicate representative amplification even if only one copy of 

chromosome is used as a template. The work is in progress to verify linkage groups 

of the 'Pahang' genetic map using a set of SSR and DArT markers and to study 

chromosomal translocations among different subspecies and clones of Musa. 
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Nuclear 45S rDNA loci contain many copies of 18S, 5.8S and 26S rRNA genes 

arranged in tandem and transcribed as single units. The three rRNA genes are 

separated by internal transcribed spacers ITS1 and ITS2. While the rRNA units are 

evolutionary conserved, the ITS show high divergence and are popular targets in 

genetic diversity and phylogenetic studies. Interestingly, in the family Musaceae, ITS 

have not been studied in detail and their use in genetic diversity and phylogenetic 

studies remains scarce. Our study provided the first detailed analysis of the ITS 

sequence diversity in Musaceae and revealed frequent occurance of more than one 

type of ITS sequence within a species. The ITS1-5.8S-ITS2 region was studied in 89 

representatives of Musaceae and ITS-based phylogenetic reconstruction supported 

the division of genus Musa into two clades: Callimusa and Australimusa, and 

Eumusa and Rhodochlamys. We show that it is necessary to identify putative 

pseudogenic ITS sequences, which may have negative effect on phylogenetic 

reconstruction. Almost all banana hybrid clones contained conserved parental ITS 

sequences, which enabled determination of genomic constitution of hybrids using 

ITS. However, the presence of only one type of ITS in clones assumed to be of 

hybrid origin calls for furthed study to confirm their origin and unravel processes 

leading to evolution of their genomes. This work has been supported by Czech 

Academy of Sciences (awards IAA600380703 and KJB 500380901) and was 

performed in collaboration with the International Atomic Energy Agency (Research 

Agreement no. 13192). 
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Bananas are giant perennial tropical plants within the genus Musa. Most of the 

currently cultivated bananas are seed sterile diploid, triploid and tetraploid clones 

derived from intra- and inter-specific crosses between two wild diploid species, M. 

acuminata Colla and M. balbisiana Colla. The nuclear genome of banana is 

relatively small (1C = 500 – 650 Mbp) and comprises small and morphologically 

very similar chromosomes. In order to enable identification of individual 

chromosomes, a set of molecular cytogenetic markers is necessary. In this work we 

employed fluorescence in situ hybridization in a set of Musa species and cultivated 

clones to study genomic distribution of banana satellites CL18 and CL33, which we 

have identified in our previous study, 5S rDNA, 45S rDNA and a single-copy BAC 

clone 2G17. Furthermore, the diversity and evolution of the major tandem repetitive 

DNA sequences were characterized at molecular level. This work has been supported 

by the Grant Agency of the Academy of Sciences of the Czech Republic (grant 

award no. KJB 500380901) and by the Ministry of Education, Youth and Sports of 

the Czech Republic and the European Regional Development Fund (Operational 

Programme Research and Development for Innovations No. 

CZ.1.05/2.1.00/01.0007). 
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Bananas and plantains are giant perennial tropical plants within the genus Musa. 

Most of the currently cultivated bananas are seed sterile diploid, triploid or tetraploid 

clones derived from intra- and inter-specific or intersub-specific crosses between 

seed bearing diploid progenitors M. acuminata Colla and M. balbisiana Colla. The 

breeding of new, improved and resistant varieties is hampered by clonal propagation 

and sterility of cultivated bananas. Despite their socio-economic importance and the 

need of improved varieties, there is a lack of knowledge on genome structure and 

shortage of reliable genetic maps. Observation of chromosome pairing in meiosis 

suggests that banana sub-species and thus banana cultivars differ by translocations 

and inversions. The chromosomal rearrangements in parents of mapping populations 

cause segregation distortion, result in pseudo-linkages and hamper ordering of 

markers into linkage groups. Together with difficulties in establishing mapping 

population, these features hamper genetic mapping in Musa. One possibility to verify 

the position of markers in the genome is to locate them using PCR on isolated 

chromosomes. As it is not possible to sort individual Musa chromosomes by flow 

cytometry, we have used laser microbeam microdissection and catapulting to isolate 

single chromosomes from double haploid M. acuminata 'Pahang' and used them as 

template for whole genome amplification (WGA). DNA of isolated chromosomes 

was amplified using different methods and the quality of DNA amplified from a 

single banana chromosome was assessed. The work is in progress to verify linkage 

groups of the 'Pahang' genetic map using a set of SSR and DArT markers and to 

study chromosomal translocations among different subspecies and clones of Musa. 

This work has been supported by the Ministry of Education, Youth and Sports of the 

Czech Republic and the European Regional Development Fund (Operational 

Programme Research and Development for Innovations No. 

CZ.1.05/2.1.00/01.0007). 
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Bananas and plantains (Musa spp.) are a major staple food and an important export 

commodity in many countries of humid tropics. The production of bananas is, 

however, threatened by rapid spreading of various diseases and adverse 

environmental conditions. The preservation and characterization of banana diversity 

is essential for the purposes of crop improvement. The world's largest banana and 

plantain collection is maintained at the Bioversity International Transit Centre (ITC) 

in Belgium and contains more than 1000 accessions. This reference collection is 

continuously extended by various edible cultivars and wild species. Detailed 

morphological and molecular characterization of the deposited as well as newly 

introduced accessions is of a great significance for efficient collection and protection 

of banana diversity.  

The aim of this work was to characterize a set of wild Musa species, which were 

newly introduced into the ITC collection. Altogether, 23 wild Musa accessions were 

described in terms of cytogenetic as well as molecular characters. Nuclear genome 

size, chromosome number and genomic distribution of rRNA genes were determined 

in individual accessions to shed light on their genome structure and evolution. The 

molecular characterization was performed using a set of 19 microsatellite markers. 

The SSR genotyping platform enabled us to identify species most closely related to 

the unknown accessions and thus clarify their phylogeny. In several cases, SSR 

genotyping was coupled with the sequence analysis of ITS DNA spacer region, to 

elucidate the putative hybrid character of some accessions. The ITS1-5.8S-ITS2 

region was amplified using specific primers and PCR products were sequenced after 

cloning. Sanger sequencing of ITS region was also used to support incongruent 

results of SSR analysis. 
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5 CONCLUSIONS 

This Ph.D. thesis focused on the structure and organization of banana genome 

and the genetic diversity and phylogenetic relationships within Musa species. 

In the first part of the study, analysis of nucleotide sequence of the ITS region 

was used to characterize the genetic diversity of banana and to clarify phylogenetic 

relationships within the family Musaceae. 87 accessions of wild diploid species and 

triploid hybrid clones were chosen to cover all main taxonomic groups of the family 

Musaceae. The presence of more than one type of the ITS1-5.8S-ITS2 region was 

revealed within some Musa species and hybrid clones. The importance of using 

clone-based sequencing strategy and of identification of putative pseudogenic ITS 

sequences were shown. DNA sequences obtained by classical Sanger sequencing and 

by massively parallel 454 sequencing were analysed with the aim to thoroughly 

describe the nucleotide structure and diversity of the ITS region. Neigbor-Joining 

and Bayesian analysis lead to similar phylogenetic inferences. The monophyletic 

origin of the family Musaceae was confirmed and within the family, three main 

clades were revealed. The monophyly of Ensete and Musella was not supported as 

they shared the same clade. The genus Musa was divided into two distinct clades. 

One of them contained Eumusa and Rhodochlamys accessions, the other included 

representatives of sections Australimusa and Callimusa. Positions of Ensete/Musella 

clade and Australimusa/Callimusa clade were reversed in the phylogenetic tree. This 

suggests that the phylogenetic reconstruction based merely on ITS sequence analysis 

may lead to inconsistent inference on the generic level. On the other hand, the locus 

has proven powerful in phylogenetic studies on lower taxonomic level. Incomplete 

concerted evolution was inferred in most of intraspecific banana hybrids by the 

presence of conserved parental ITS sequences. Independent evolution of parental 

rDNA in hybrid clones enables determination of their genomic constitution. The 

identification of only one type of ITS sequence in some of the presumed interspecific 

hybrids warrants further study to confirm their origin and to unravel processes 

leading to evolution of their genomes. The study provides a plausible picture of the 

evolution of Musa species which can be further utilized in improving the 

classification within the genus. 
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In the second part of the study, cytogenetic mapping was used to characterize 

genomic organization of two main banana DNA satellites newly identified from 454 

sequencing data of M. acuminata 'Calcutta 4'. DNA satellites CL18 and CL33 

together with other DNA sequences (a LINE element, rRNA genes and a single-copy 

BAC clone 2G17) were localized on mitotic metaphase chromosomes of nineteen 

Musa accession. Representatives of A, B and S genomes and their inter-specific 

hybrids were included in the study. Multicolor FISH with probes for satellite DNA 

sequences, rRNA genes and the BAC clone 2G17 resulted in characteristic 

chromosome banding patterns specific for A, B and S genome. It has been shown 

that the differences in probe localizations may be used for the determination of 

genomic constitution in interspecific hybrids. LINE element was preferentially 

localized to centromeric regions of all studied accessions. Probe for the LINE 

element thus appears as a convenient way of labeling primary constrictions, which 

are not always easily visible on small and condensed Musa chromosomes. The study 

increased the number of cytogenetic markers and also the number of individual 

chromosomes which can be identified in Musa. Molecular analysis of the two 

satellites revealed a high level of sequence conservation within, and a high homology 

between Musa species. Cluster analysis based on Neighbor-Joining method showed 

no A or B genome-specific satellite units. These findings suggest that both satellites 

originated before the divergence of the section Eumusa and that their sequence 

remained conserved during speciation. 

The third part was focused on molecular and cytogenetic characterization of 

wild Musa species, which have been recently introduced into the banana and plantain 

germplasm collection maintainded at the Bioversity International Transit Centre. 

Detailed characterization of newly introduced accessions is necessary for effective 

collection and use of banana genetic diversity. In this work, nuclear DNA content and 

genomic distribution of 45S and 5S rDNA were examined in 21 diploid accessions 

recently added to ITC collection, representing all four sections of the genus Musa. 

2C DNA content is sections Eumusa and Rhodochlamys ranged from 1.217 to 1.315 

pg. Species belonging to sections Australimusa and Callimusa had 2C DNA contents 

ranging from 1.390 to 1.772 pg. While the number of 45S rDNA loci was conserved 

in Eumusa and Rhodochlamys, it was highly variable in Callimusa species. The 

variation on the number of 5S rDNA loci was significantly higher. To assess the 

genetic diversity and relationships of studied ITC accessions, a set of SSR markers 
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was used, following a standardized platform for genotyping in banana. The grouping 

of 21 studied accessions within the diploid reference set was mostly consistent with 

the characterization based on traditional morphotaxonomic classification. Detailed 

analysis of ITS region revealed polymorphic sequences in most accessions and 

indicated the presence of putative pseudogenic ITS types. The results also suggested 

that some of analyzed accessions might be interspecific hybrids and/or their 

backcross progeny. 
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6 LIST OF ABBREVIATIONS  

AFLP amplified fragment length polymorphism 

BAC bacterial artificial chromosome 

cM centimorgan 

DArT Diversity Array Technology 

DNA deoxyribonucleic acid 

eccDNA extrachromosomal DNA 

ETS external transcribed spacer 

FISH fluorescence in situ hybridization 

GISH genomic in situ hybridization 

IGS intergenic spacer 

ISH in situ hybridization 

ITC International Transit Centre 

ITS internal transcribed spacer 

LINE long interspersed nuclear element 

LTR long terminal repeat 

NOR nucleolar organizing region 

NTS non-transcribed spacer 

PCR polymerase chain reaction 

RAPD random amplified polymorphic DNA 

rbcL ribulose-1,5-bisphosphate carboxylase 

rDNA ribosomal DNA 

RFLP restriction fragment length polymorphism 

RNA ribonucleic acid 

rRNA ribosomal RNA 

SINE short interspersed nuclear element 

SNP single nucleotide polymorphism 

SSR simple sequence repeat 

TIR terminal inverted repeat 
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WGD whole genome duplication 

YAC yeast artificial chromosome 

 


