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ABSTRACT
Most cultivated bananas and plantains (Musa spp. sect. Eumusa), originated from two wild diploid
species, Musa acuminata Colla (AA) and Musa balbisiana Colla (BB), which contributed the A
and B genomes, respectively. The two genomes confer different traits to a banana plant. Intra- and
interspecific hybridization between the wild diploid species, somatic mutations and selection over
many thousands of years has given rise to considerable genetic variability in cultivated bananas.

Bananas are classified according to its genome composition and a number of morphological traits
are used to identify the genomes of a plant. Morphological classification can be misleading since
the morphology of plants can be affected by environmental factors. Molecular techniques to
identify the genomes of banana have many advantages. The objective of this study was to develop
a SCAR (sequence characterized amplified region) marker from a previously reported A genomespecific RAPD fragment that distinguish the A genome of banana from the B genome. This
fragment designated OPA17600 was cloned, sequenced and used to design longer 20-mer SCAR
primers. Verification of the SCAR primers for its fidelity to the A genome was carried out on a
sample of 22 homo-and heterogenomic accessions representing landraces and hybrids of different
ploidy and genome combinations. Out of six primers sets that were tested one set (SC3) produced
a unique 600 bp in all the A genome A genome containing banana accessions. However, these
primers also amplified an 800 bp fragment in all the BB genotypes and some accessions containing
the A and B genomes. While previous reports suggested that there was considerable differentiation
between the A and B genomes, recent evidence points to the contrary. The presence of the A
genome fragment in the B genome genotypes and accessions may be due to recombination between
the two genomes, translocations and substitutions. The study concluded that the 600-bp SCAR
sequence is conserved across the A genome in Musa and can be used to identify the A genome in
banana classification and Musa breeding programmes.

Key words: Bananas and plantains, RAPD marker, SCAR marker, A genome, genetic
relationship
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CHAPTER 1
1. Introduction and overview of the study
This chapter provides a general background on why this study was carried out. It highlights the
genome composition of Musa (banana and plantain). It presents the role of genomes of Musa in
banana classification. The chapter demonstrates the advantages of utilizing molecular marker
techniques over morphological characteristics in banana classification.

1.1 General background of the study
The classification of banana genotypes is dependent on ploidy, type of genomes and morphological
similarities of cultivars to their parental accessions (Cheesman 1948; Simmonds & Shepherd 1955;
Oselebe, Tenkouano, Pillay, Obi & Uguru 2006). Four genomes (A, B, S and T) are known to be
present in cultivated bananas (Simmonds 1962). The A, B and S genomes are characteristic of
species in the section Eumusa (Horry, Ortiz, Arnaud, Crouch, Ferris, Jones, Mateo, Picq &
Vuylsteke 1997) while the T genome is characteristic of the section Australimusa (Cheesman
1948; Carreel 1995; Sharrock 1989). The A and B genomes were derived from the wild, seeded
diploid species Musa acuminata Colla and M.balbisiana Colla, respectively (Cheesman 1948).
The S genome is known to be present only in the diploid M. schizocarpa whereas the T genome is
characteristic of the diploid M. textiles (Cheesman 1948). The A and B genomes are found in most
edible bananas (Simmonds & Shepherd 1955) while the S and T genomes occur in only a few
cultivars (Carreel 1995).

A classification system for banana and plantains was first developed by Simmonds and Shepherd
(1955). The classification is based on the relative morphological contribution of the two wild,
seeded species (M. acuminata and M. balbisiana) to the constitution of a cultivar (Purseglove

1972; Stover & Simmonds 1987). The morphological classification system uses a simple
numerical method by scoring 15 morphological characters on a score from 1 to 5 (Simmonds &
Shepherd 1955). A modified and revised scoring system was developed by Silayoi and
Chomchalow (1987) and Singh and Uma (1996). The latter systems incorporate the identification
of various groups based on 121 morphological characters using the variability for characters such
as pseudostem blotching, pigmentation, duration of flowering and fruition, number of hands and
fingers, nature of the peduncle, pedicle length, fruit size, taste and nature of ripe fruit flesh
(Robinson 1996). Classification of bananas depending only on a plants morphology is risky
because a plants phenotype can change due to environmental conditions. A plant’s morphology
can change due to environmental factors, and may require evaluation in different environments
over many cropping cycles for consistent classification (Oselebe et al. 2006; Pillay et al. 2011). In
addition, some characteristics are only expressed at maturity and can only be measured after 1824 months in field plantations (Pillay et al. 2000, 2011). This hinders classification especially of
hybrids (Perrier & Tezenus du Montcel 1990). For example, the morphological classification
system failed to distinguish ABB accessions that appeared to be synonyms (Saraswathi, Uma,
Vadivel, Durai, Siva, Rajagopal & Sathiamoorthy 2009b).

As a complement to morphological classification, molecular marker characterisation has been
adopted to provide greater insights on banana classification (Wongniam, Somana, Swangpol,
Seelanan, Chareonsap, Chadchawan & Jenjittikul 2010; Pillay, Tenkouano, Ude & Ortiz 2011).
Various molecular marker techniques to classify banana genomes in Musa have been reported and
these include restriction fragment length polymorphism (RFLP) (Carreel, Gonzalez de Leon,
Lagoda, Lanaud, Jenny, Horry & Tezenas du Montcel 2002), polymerase chain reaction- amplified
fragment length polymorphism (PCR-RFLP) (Nwakanma, Pillay, Okoli & Tenkouano 2003a, b;
Ge, Liu, Wang, Schaal & Chiang 2005) amplified fragment length polymorphism (AFLP) (Ude,
Pillay, Nwakanma & Tenkouano 2002a, b; Ude, Pillay, Ogundwin & Tenkouano 2003; Wong,
Kiew, Loh, Gan, Set, Lee, Ohn, Lum & Gan 2001a, b; Wong, Kiew, Argent, Set, Lee & Gan 2002),
random amplified polymorphic DNA (RAPD) (Pillay, Nwakanma & Tenkouano 2000; Kahangi
2002; Onguso, Kahangi, Ndiritu & Mizutani 2004; Uma, Sudiia, Saraswathi, Manickavasagam,
Selvarajan, Durai, Sathiamoorthy & Siva 2004), simple sequence repeat (SSR) or microsatellites
(Grapin, Noyer, Carreel, Dambler, Baurens, Lanaaud & Lagoda 1998; Creste, Tulmann, Neto, De

Oliveira Silva & Figueira 2003; Creste, Tulmann, Neto, Vencovsky, De Oliveira Silva & Figueira
2004), genomic in situ hybridisation (GISH) (Osuji, Harrison, Crouch & Heslop-Harrison 1997;
D’Hont, Paget-Goy, Escoute & Carreel 2000), isozymes (Espino & Pimentel 1990; Bhat, Bhat &
Chandel 1992) and inter-retrotransposon amplified polymorphism (IRAP) (Teo, Tan, Ho, Faridah,
Othman, Heslop-Harrison, Kalendar & Schulman 2005). Some of the techniques described above
also not problematic for genome identification.

For instance, the GISH technique is time consuming, complicated and requires a high level of skill,
and may not be suitable for high-throughput screening of large breeding populations (D’Hont et
al. 2000). The RAPD marker technique was able to distinguish the A and B genomes (Pillay et al.
2000), but showed clusters between AAB clones and AAA group suggesting that these markers
do not have enough discriminatory power (Howell, Newbury, Swennen, Whithers & Ford-Lloyd
1994). RAPD fragments show anonymous sequences that may display segregation distortions in
mapping experiments (Faure, Noyer, Horry, Bakry, Lanaud & De Leon 1993; Semagn, Bjornstad
& Ndjiondjop 2006).The IRAP marker system was able to distinguish the A and B genome using
Ty3-gypsy-like retrotransposons probe, but could not differentiate between AAB and ABB
genomes (Teo et al. 2005). PCR-RFLP markers that are specific for the A and B genomes have
been identified (Nwakanma et al. 2003a, b; Bhat, Amaravathi, Gautam & Nelayudhan 2004). The
relatively high cost and technically demanding nature of the RFLP technique is not appropriate for
routine breeding applications (Nwakanma et al. 2003a, b). The isozyme technique has been used
in banana classification (Espino & Pimentel 1990). The isozyme polymorphism could not
differentiate cultivars within the Cavendish subgroup (Jarret & Litz 1986; Espino & Pimentel
1990). AFLP has been used to detect the genetic diversity of both cultivated and wild progenitors
of M. acuminata (Wong et al. 2001b). However, the information content of these banding patterns
is restricted, as they must be initially treated as dominant markers (Sotto & Rabara 2000). AFLP
assays are also technically demanding and expensive in that they require a number of DNA
manipulations and a complex visualization procedure (Sotto & Rabara 2000). They require
relatively large amounts of reasonably high DNA quality as the use of poor DNA quality may lead
to incomplete digestion which can result in artificial polymorphisms (Ude et al. 2003).

The challenges faced in banana classification highlight the need of more reliable techniques for
genome identification (Pillay et al. 2011). Recently, sequence characterized amplified region
(SCAR) marker technique has been successfully used in the classification of plants such as Lettuca,
Vicia and Triticum (Paran & Michelmore 1993; Vidal, Gisbert, Talon, Primo-Millo, Lopez-Dias
& Garcia-Martinez 2001). A SCAR marker is created from cloned RAPD markers linked to a
particular trait of interest (Paran & Michelmore 1993; Horesji, Box & Staub 1999). SCAR primers
are longer than RAPDs and have greater reliability (Paran & Michelmore 1993), are generally
more allele specific (Horesji et al. 1999). Their amplifications are more stable, reliable and more
easily reproduced (Ardiel, Grewal, Deberdt & Scoles 2002). The objective of this study is to
develop a SCAR marker linked to the A genome in Musa.

1.2 Rationale
Bananas and plantains are the fourth most important food in the world today, after rice, wheat and
maize (Pearce 2003; Sagi, Remy & Swennen 2007). Their ability to produce fruits all the year
round makes it an important cash and food security crop especially in the tropics (Jones 2000).
They are an important food security crop (Jones 2000). Bananas supply more than 25% of the
carbohydrate requirements for over 70 million people in West and Central Africa (Sagi et al. 2007),
and has a per capita consumption of approximately 250kg per year. Nutritionally, fresh bananas
contain 35% carbohydrates, 6-7% fiber, 1-2% protein and some major elements such as potassium,
magnesium, phosphorus, calcium, iron, and vitamins A, B6 and C (Robinson 1996).

Banana production is affected by a wide range of constraints ranging from pests and diseases,
drought and low yield (Pillay & Tripathi 2006; Pillay et al. 2011). Breeding of new banana
cultivars is one way to develop enhanced germplasm than could overcome these production
contraints. Other traits of interest to breeders include high yield, fruit quality (finger length, finger
curvature and finger pedicel length), flavor, ripening, plant height (stature) and production
efficiency (Stover & Simmonds 1987). Several authors (Simmonds 1987; Eckstein, Robinson &
Davie 1995; Pillay, Tenkouano & Hartman 2002) have described and emphasized the idea of a
banana ideotype cultivar that is disease- and pest resistant, high yielding, photosynthetically
efficient, early maturing, displaying minimum delay between consecutive harvests, short stature,
strong roots for optimal nutrient uptake and greater resistance to wind damage. Banana breeding

often involves crosses between different genomes producing a variety of genome combinations in
the hybrids.

The morphology of many banana cultivars originating from crosses between the A and B genome
donors show a bias towards the A or B phenotype (Simmonds & Shepherd 1955; Simmonds 1966).
There is wide consensus that certain A or B genome alleles are not fully expressed in the hybrid
context, complicating the morphological classification (Vuylsteke, Swennen & Ortiz 1993). It is
largely accepted that edibility of mature fruits arose from the A genome, causing parthenocarpy
and female sterility in diploid M. acuminata (Simmonds 1962). This implies that breeding
strategies aiming for high yielding parthenocarpic varieties must incorporate A genome
characteristics (Pillay et al. 2011). The A genome is believed to harbor fruit characteristics such
as sweetness and less acid taste, causing AAA dessert bananas to be sweet and more palatable
(Simmonds 1962). Musa acuminata has traces of wax on fruits while M. balbisiana is often
strongly waxed (Pillay et al. 2000).

1.3 Problem statement
The classification of banana cultivars remains controversial, in part due to limited DNA
information to complement the morphology (Pillay et al. 2011). The current classification system
has deficiencies and needs modification. A single banana cultivar is sometimes known by different
vernacular names showing linguistic diversity in different regions (Amalraj 1992) and multiple
genotypes are given a single name (Heslop-Harrison & Schwarzacher 2007). The morphological
classification system has failed to fully address the problem of banana classification leading to the
adoption of molecular marker characterization (Pillay et al. 2011). The morphology of many
cultivated banana varieties does not correspond to the proposed genome formulas complicating
the classification (Vuylsteke et al. 1993). A wide range of morphological variation is a common
problem in banana worldwide leading to cultivar confusion (Rossel 1998). Close genetic
relationship among the banana cultivars, as well as somatic mutations, complicates the correct
classification and characterisation of the clones (Kahangi 2002; Wang, Hu, Sun, Staehelin, Xin &
Xie 2012).

Recently, developments in DNA molecular marker technology provided alternative means of
addressing the problems of banana classification. Each molecular marker has its advantages and
disadvanatages depending on the quality of work that is required (Muralidharan & Wakeland
1993). RAPD is relatively fast, cheap and easy to perform in comparison with other methods such
as RFLP, AFLP and microsatellites (Muralidharan & Wakeland 1993). However, RAPD markers
have problems of poor reproducibility (Ellsworth, Rittenhouse & Honeycutt 1993) and do not
distinguish heterozygous and homozygous alleles (Ellsworth et al. 1993; Ning, Xu, Lu, Huang &
Ge 2007). Such problems and technical disadvantages have raised questions on the fidelity of the
RAPD technique as a genetic marker for banana classification (Creste, Tulmann, Neto, De Oliveira
& Figueira 2003). Therefore, RAPD markers are converted into longer primers that can be used to
develop allele specific sequence characterized amplified region (SCAR) markers (Ardiel et al.
2002).

1.4 Aim
The aim of this study was to develop a SCAR marker from a RAPD fragment that is specific to
the A genome of banana.

1.5 Objectives
1. To amplify the DNA of Musa acuminata and M. balbisiana with the A17 RAPD primer from
OPERON technologies.
2. To clone and sequence the RAPD fragment and obtain SCAR primers from the sequence.
3. To test the efficacy of the SCAR primers to identify the A genome in a set of banana accessions
with different genome combinations.

1.6 Significance of the study
The global annual production of bananas and plantains (Musa spp.) amounts to > 120 Mt (HeslopHarrison & Schwarzacher 2007), making this species one of the world's most important fruit crops.
As well as their prominence as a dessert fruit, they provide a vital source of carbohydrates to many
inhabitants of the humid tropics (Vuylsteke 2000; Sagi et al. 2007). Improvement of cultivated
banana via breeding, unlike other staple crop species, is hampered by the absence of sexual

reproduction and narrow genetic basis (Christelova, Valarik, Hribova, De Langue & Dolezel
2011). Banana production is endangered by a range of pests, diseases and inferior horticultural
characteristics affecting both the yield and quality of the fruit (Christelova et al. 2011; Nwauzoma,
Akagbuo, Uma, Saraswathi & Mustaffa 2011). The development of an A genome-specific SCAR
marker would assist in tracing A genome linked traits of interest in breeding programmes that
involve interploidy crosses (Pillay et al. 2011).

Selection of plants by farmers and Musa breeders on the basis of genomic composition would be
done at the nursery stage from a few grams of leaf tissue. This would facilitate the design of
informed crosses and breeding lines with desired labels (Semagn et al. 2006). In addition, the A
genome specific SCAR marker would be useful to farmers in gene pyramiding where several
identified gene characteristics are combined into one (Pillay, Ogundiwin, Tenkouano & Dolezel
2006).

CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
This chapter presents the origin and history of Musa. The chapter explains the taxonomical
classification in Musa that is currently used in phylogenetic analysis and breeding programmes.
This chapter unveils the physical characteristics of the genomes in Musa, methods used for their
identification, their value in phylogenetic analysis and their role in breeding programmes.

2.2 Origin and history of banana
The primary center of origin and domestication of bananas and plantains (Musa L.) is considered
to lie in the southeast Asian jungles of Malaysia, New Guinea, and the western Pacific regions
(Purseglove 1972). According to Robinson (1996) bananas and plantains originated from wild,
inedible and seed bearing diploid ancestors that can still be found in the natural forest vegetation
in south east Asia. Over many years various inedible diploid subspecies of M. acuminata Colla
(AA) crossed naturally resulting in the production of numerous intraspecific hybrids (Robinson
1996). Simmonds (1962) added that some of the hybrids were parthenocarpic, female sterile and
triploid. Local inhabitants discovered that such plants had edible fruits and the plants could be
propagated vegetatively by suckers. In this manner, the superior edible crosses of M. acuminata
would have been selected, cultivated, propagated and distributed locally as a food crop (Simmonds
1962). The edible triploid bananas in southeast Asia were further selected according to vigour,
fruit size and adaptability, and were developed at the expense of the original diploid types which
were inferior (Purseglove 1972).

Diploid and triploid selections of M. acuminata are believed to have spread throughout the drier
monsoon regions of India and The Philippines (Swennen & Ortiz 1997; Valmayor 2000) solely by
humans through suckers (Simmonds 1962). These regions also supported the other wild and seeded
diploid M. balbisiana (BB) (Purseglove 1972). According to Robinson (1996) interspecific
hybridization occurred to produce diploid and triploid crosses of M. acuminata x M. balbisiana.
The introduction of M. balbisiana genes from the drier monsoon regions into M. acuminata clones
from the humid tropics of southeast Asia conferred a measure of hardiness, greater disease
resistance, improved nutritional value, increased starchness, drought tolerance and provided

hybrids suitable for cooking as opposed to the pure M. acuminata cultivars which are sweeter and
more suited to dessert use (Robinson 1996; Azhar & Heslop-Harrison 2008).

Bananas are thought to have been introduced into Africa by Arab traders from India (Swennen
1990). Banana first reached Madagascar about AD 500 and thereafter into east Africa, Zaire and
West Africa (Simmonds 1962). Plantains arrived much later, and according to Swennen (1990)
bananas and plantains were known on the west coast of Africa in the 15 th century when the
Portuguese arrived. They were then moved inwards by local migrants and later, from Africa spread
to other parts of the tropical and subtropical world (Robinson 1996). Bananas and plantains moved
from West Africa to Canary Islands, from there to Haiti, and then to the Caribbean and tropical
America (Swennen 1990), where most dessert bananas are currently produced for export (Vanhove
et al. 2012). A great diversity of bananas and plantains now exist in sub-Saharan Africa with
various types cultivated in different eco-regions (Swennen & Vuylsteke 1991). Currently, Musa
species still exist today in secondary loci of genetic diversity in Africa, Latin America, and the
Pacific (Simmonds 1987; Robinson 1996). These secondary centers of diversification have
enriched the diversity of Musa (Lescot 2000).

2.3 The genus Musa
The genus Musa is in the family Musaceae, order Zingiberales subclass Zingiberidae, class
Liliopsida and division Magnoliophyta (Shepherd & Ferreira 1984). The genus has over 70 species
(Horry & Jay 1988a, b) and genus comprises five sections namely, Australimusa, Callimusa,
Rhodochlamys, Eumusa and Ingentimusa (Fig. 1) (Stover & Simmonds 1987; Purseglove 1988).
These five sections vary in the basic number of chromosomes (De Langhe 1990; Kamate, Brown,
Durand, Bureau, Nay & Trinh 2001). Callimusa and Australimusa have a basic chromosome
number of x = 10, while species in Eumusa and Rhodochlamys have a basic chromosome number
of x = 11 (Argent 1976). Ingentimusa has a single species M. ingens with a chromosome number
of 2n = 14. Sections Callimusa and Rhodochlamys consist of non-parthenocarpic species with no
nutritional value and are only important as ornamental crops (Simmonds 1962). Australimusa
consists of parthenocarpic edible types, collectively known as the Fe’i cultivars (Purseglove 1988).

Musaceae

Musa (n=11, 10, 9, &
7)

Ensete (n=9)

Australimusa
(n=10)

Callimusa (n=10)

Eumusa
(n=11)

M. acuminata (AA)

AAcv, AAA

Rhodochlamys
(n=11)

Incertaeserdis

M. balbisiana (BB)

AB, AAB, ABB, ABBB

Figure 1: Classification of the family Musaceae showing sectional treatment of the genus Musa
(Simmonds 1962; Simmonds & Shepherd 1955).

According to Simmonds (1962) Eumusa is the largest, most widely distributed, highly diversified
and the most important section to which all edible bananas belong. Most cultivars in this section
are derived from two species M. acuminata (AA genome) and M. balbisiana (BB genome)
(Simmonds 1962). Musa acuminata is the most widespread of the Eumusa species being found
throughout the range of the section, with Malaysia (Simmonds 1962) or Indonesia (Nasution 1991;
Horry et al. 1997) as the center of diversity.

2.3.1 Genomes in Musa
Four genomes A, B, S and T are known to be present in cultivated bananas (Simmonds 1962).
According to Horry et al. (1997) the A, B and S genomes are characteristic of species in the section
Eumusa. The A and B genomes were derived from the wild diploid species M. acuminata and M.
balbisiana, respectively (Cheesman 1948). The S genome is known to be present only in the
diploid M. schizocarpa while the T genome is characteristic of the section Australimusa (2n = 2x

= 20) (Cheesman 1948). While the A and B genomes are found in the great majority of cultivars
(Simmonds & Shepherd 1955), the S and T genomes occur in only a few (Carreel 1995). As noted
above, breeding programmes in Musa are currently more concerned with only the A and B
genomes (Arumuganathan & Earle 1991). Cultivated bananas are grouped on the basis of their
genomic origins in relation to M. acuminata (AA) and M. balbisiana (BB) and their ploidy level
(Simmonds 1966). A large number of genomic groups exist in banana and include diploids (AA,
BB, and AB), triploids (AAA, AAB, and ABB) and tetraploids (AAAA) (Simmonds & Shepherd
1955). Other genomic groups including AAAB, AABB and ABBB from either natural or artificial
hybridization are also known to exist (Creste et al. 2004; Pillay, Tenkouano, Ude & Ortiz 2004).

2.3.2 Genome attributes
Musa acuminata (A genome) and M. balbisiana (B genome) contributed to the genomic
constitution of interspecific natural and artificial cultivars (Lebot, Manshardt & Meilleur 1994;
Robinson 1996; Amaud & Horry 1997). According to Simmonds (1962) edibility and subsequent
domestication of mature fruits came about as a result of mutations causing female sterility and
parthenocarpy in diploid M. acuminata. Drought resistance and hardiness is contributed by the B
genome since M. balbisiana clones thrive in areas experiencing pronounced dry seasons
alternating with monsoons (Robinson 1996). The organoleptic characteristics such as starchiness
and acid taste, causing AAB plantain to be starchier but less sweet and less palatable when raw
than the AAA dessert bananas are derived from the B genome (Simmonds 1962). The genes for
greater disease and pest resistance are also contributed by the B genome (Lebot, Aradhya,
Manshardt & Meilleur 1993; Robinson 1996). Musa balbisiana derivatives show greater
variability and produce fruits with higher dry matter content, increased nutritional value and
Vitamin C (Simmonds 1962). Musa balbisiana gives textures and flavors that are not characteristic
in M. acuminata derived genotypes (Miller, Bertioli, Baurens, Quirino, Ciampi, Santos, Martins
& Souza 2009). Musa acuminata has traces of wax on fruits while M. balbisiana is often strongly
waxy (Stover & Simmonds 1987).

Distinguishing genomes is of both practical and theoretical interest for Musa breeders (Pillay et
al. 2011). It provides an effective way to trace useful genes, gene sequences and alien chromatin
from the wild relatives (Boonruangrod, Desai, Fluch, Berenyi & Burg 2008; De Langhe, Hribova,

Carpentier, Dolezel & Swennen 2010). Agronomic and horticultural traits that are of interest to
banana farmers can be traced in interspecific natural and artificial cultivars in Musa (Khayat 2004;
Heslop-Harrison & Schwarzacher 2007). Distinguishing genomes would also facilitate
development of genome-specific markers that can be used in such programmes like markerassisted breeding (MAB), marker-assisted gene introgression and marker assisted selection (MAS)
(Pillay et al. 2011).

Furthermore, distinguishing the A and B genome would provide an objective way of banana
classification in Musa (Pillay et al. 2000). Classification would not rely on subjective scoring of
morphological traits but on genome identification (Pillay et al. 2011). Classification could be done
at any developmental stage of the plant instead of waiting for characteristics to be expressed after
18-24 months of maturity. Identification of genomic constitution in relation to linguistic diversity
could be corrected and spurious classification could be verified (Vanhove et al. 2012). A SCAR
marker would provide a rapid and accurate method to determine a plant’s genomic status,
especially in breeding programmes that involve interploidy crosses (Pillay et al. 2011).

2.4 Genome characterization in Musa
The study will only discuss a few techniques that are relevant to the identification and
characterisation of genomes in Musa.

2.4.1 In situ hybridization
Genomic in situ hybridization (GISH) has been used to differentiate the chromosomes of the
different genomes of Musa (Osuji et al. 1997; D’Hont et al. 2000). The study by Osuji et al. (1997)
involved accessions containing only the A and B genomes and their combinations while that of
D’Hont et al. (2000) included accessions with the A, B, S and T genomes and some of their
combinations. These studies showed that it was possible to differentiate the chromosomes of the
four genomes in banana cultivars and hybrids using fluorochromes. However, both studies
reported cross hybridization between the genomes. Greater cross hybridization existed between
the A and B genomes than between the A and S genomes (D’Hont, Paget Goy, Jenny, Noyer,
Baurens, Lagoda & Carreel 1999). The least cross hybridization appeared between the T genome
with the A and B genomes. The intensity of cross hybridization is a reflection of the sequence

homologies and affinities between the genomes (Simmonds & Weatherup 1990). It also reflects
the genetic distances between cultivars representing the different genomes, and corresponds with
morphological (Simmonds & Weatherup 1990) and molecular analyses (Carreel 1995; Ude et al.
2002a, b). The genomic in situ hybridization (GISH) results were also useful in settling cases of
disputed genomic constitution (D’Hont et al. 2000).

2.4.2 Random Amplified Polymorphic DNA (RAPD) markers.
RAPD markers that were specific to nine genotypes of Musa, representing AA, AAA, AAB, ABB,
and BB genomes was reported by Howell et al. (1994). However, cluster analysis showed grouping
of AAA with AAB clones, suggesting that these RAPD primers were only specific to the A
genome. Pillay et al. (2000) also identified RAPD markers linked to A and B genome sequences
in Musa as shown in Figure 2. The Operon primer A18 amplified three unique RAPD fragments
specific to B genome while two primers, designed A17 and D10, produced RAPD fragments
specific to the A genome (Pillay et al. 2000).

RAPD markers are useful in cultivar analysis with the advantages of simplicity, efficiency, and
non-requirement of any previous sequence information (Williams, Kubelik, Livak, Rafalski &
Tingey 1990). RAPD markers have been successfully used for cultivar identification, selection
and classification in Musa (Pillay et al. 2000). They are particularly useful for the initial
determination of genome composition of breeding populations (Pillay et al. 2011). Despite their
popularity, they are less informative and present high sequence similarity (Williams et al. 1990).
RAPD markers have, to some extent, not made plant variety identification an efficient, recordable,
and easy exercise as anticipated (Wang, Zhang, Li, Gao, Du & Tan 2007; Demirsoy, Demir,
Demirsoy, Kacar & Okumus 2008). Many technical disadvantages associated with RAPDs that
include the problem of reproducibility and their inability to distinguish heterozygous and
homozygous alleles (Thornmann & Osborn 1992; Muralidharan & Wakeland 1993; HeslopHarrison & Schwarzacher 2007) have, however, limited its use in modern day traditional genetics
(Ercisli, Gadze, Agar, Yildirim & Hizarci 2009; Hasnaoui, Marsa, Ghaffarib, Trific, Melgarejod
& Hernandez 2010).

Figure 2: Species-specific RAPD patterns. Musa acuminata (lanes 1 and 2, 5 and 6, 9 and 10) and
M. balbisiana (lanes 3 and 4, 7 and 8, 11 and 12) with primers A17, A18, and D10. Unique bands
for A17, A18, and D10 are indicated with a dot (●), open circles (○), and an arrow head (▲),
respectively. Lane M represents a 100 bp molecular weight marker (Pillay et al. 2000).

2.4.3 Restriction Fragment Length Polymorphism (RFLP).
Polymerase chain reaction (PCR) of the internal transcribed spacer regions of ribosomal RNA
genes followed by restriction enzyme digestion has also been reported to provide markers for the
A and B genomes in Musa (Nwakanma et al. 2003a). A 530 bp fragment unique to the A genome
and two fragments of 350 bp and 180 bp specific for the B genome were identified. Interspecific
cultivars with both A and B genomes possessed all three fragments. A dosage effect was observed
for the B genomes since the staining intensity of accessions with two B genomes was
approximately twice that of accessions with a single B genome (Nwakanma et al. 2003a).

2.4.4 IRAP (Inter-Retrotransposon Amplified Polymorphism)

IRAP is a complementary dominant marker system used to detect polymorphism in
retrotransposon insertion (Schulman, Flavell & Ellis 2004; Nair, Teo, Schwarzacher & HeslopHarisson 2005). Teo et al. (2005) used these markers for identification and characterization of
banana cultivars and classification of Musa genome constitutions. Among the 36 cultivars tested,
the B-specific band was absent in the AA and AAA cultivars but present in all interspecific hybrids
with the B genome, including the AB, AAB and ABB cultivars. The band intensity was higher in
ABB genomes as compared to the AAB genomes (Nair et al. 2005). However, four cultivars
reported to have the ABB genome showed a pattern similar to AAB, and one cultivar reported to
have AAA genome showed a pattern similar to ABB genome, suggesting missampling or
misidentification (Teo et al. 2005). Balint-Kurti, Clendennen, Dolezelova, Valarik, Dolezel,
Beetham and May (2000) were able to distinguish the A and B genome using Ty3-gypsy-like
retrotransposons probe. However, when the probe was hybridized on HindIII digested genomic
DNA from eight cultivars of banana with M. vellutina as the control, it could not differentiate
between AAB and ABB genomes (Balint-Kurti et al. 2000).

2.4.5 SCAR (Sequence characterized amplified region) marker
SCARs are longer primers which can be particularly useful to follow the inheritance of marked
regions of parental genomes (Paran & Michelmore 1993). SCAR markers detect only a single
locus, their amplification is less sensitive to reaction conditions and they can potentially be
converted into allele-specific markers (Ardiel et al 2002). The locus-specific SCAR markers
generate polymorphism of known identity, and are readily considered for questions of phylogeny
or genetic relatedness (Fang, Eu & Chung 2011), species identification (Ercisli et al. 2009) and
fingerprinting studies (Ardiel et al. 2002). SCARs are co-dominant markers and have a higher
resolving power than RAPDs (Linhart 2000). They distinguish heterozygotes from homozygotes,
allowing the determination of genotypes and allele frequencies at loci (Ardiel et al. 2002; Ercisli
et al. 2009). SCAR markers have a higher reproducibility as compared to RAPD markers
(Rugienius, Siksnianas, Stanys, Gelvonauskieni, & Bendokas 2006). However, in most cases,
SCAR markers rely on the high quality sequencing data from RAPD products for their
development (Paran & Michelmore 1993; Linhart 2000). SCAR markers developed from RAPD
products have the advantages of cost effectiveness and technical simplicity (Heslop-Harrison &
Schwarzacher 2007).

2.5 Conclusion
The development and use of molecular markers for the identification, classification and
characterisation of genomes is one of the most significant developments in the field of molecular
genetics (Ma & Gustafson 2008). The application of various types of molecular marker techniques
in banana classification, and differences in their principles, methodologies, and applications has
widened the knowledge of genomes in Musa genomics. SCAR markers linked to the A genome in
bananas and plantains have not been reported as yet. More effort should be directed at examining
genome-specific SCAR markers in Musa, which could help solve problems associated with
genome characterization and classification (D’Hont, Denoeud, Aury, Baurens, Carreel, Garsmeur,
Noel, Bocs, Droc & Rouard 2012; Vanhove et al. 2012).

CHAPTER 3
MATERIAL AND METHODS

3.1 Introduction
This chapter outlines how the study was carried out from DNA isolation, quantification and
standardization, RAPD analysis, DNA recovery from the agarose gel, cloning, sequencing and
SCAR primer development, SCAR primer testing and SCAR marker development.

3.2 DNA extraction
Plant material
Dried leaf material of Musa accessions was obtained from the International Transit Centre,
Laboratory of Tropical Crop Improvement, Leuven, Belgium.

Solutions required


Extraction buffer: 100 mM Tris-HCl (pH 8), 50 mM EDTA, 1.4 M NaCl, 2 % CTAB.



3M Sodium acetate, β-mercaptoethanol, chloroform isomyl alcohol (24:1), isopropanol, 70
% ethanol, 99 % ethanol, 10 mg/ml RNase.



10 X Tris EDTA (TE) buffer: 10 mM Tris-HCl (pH 8), 0.1 mM EDTA.

DNA isolation procedure
Genomic DNA was extracted from 22 samples according to the CTAB procedure by Crouch et al.
(1998a). Dry leaf tissue (1g) was ground to a fine powder in liquid nitrogen. The leaf powder was
transferred into an opaque oak ridge tube containing 20 ml CTAB isolation buffer with 20 µl βmercaptoethanol with a precooled spatula and mixed thoroughly. The suspension was incubated
at 65 oC for 30 min with intermittent mixing. After cooling the suspension for 2-5 min, 10 ml of
chloroform isoamyl alcohol (24:1) was slowly added and the tube contents were mixed thoroughly.
The mixture was centrifuged at 6,000 rpm for 10 min. The supernatant was extracted with a
micropipette into a new oak tube. The DNA was precipitated by adding 2/3 volume of ice-cold (2
o

C) isopropanol to the supernatant followed by gentle mixing. A strand-like flocculation was

observed. After centrifuging the contents at 6,000 rpm for 10 min, the supernatant was decanted
and the pellet was rinsed with 70% ethanol. The ethanol was then pipetted off and the tubes tilted
downwards to allow the pellet to dry at room temperature. The pellet was re-suspended in 600 µl
T.E buffer and left at room temperature to dissolve. To digest RNA, 10 µl RNase (10 mg/ml) was

added and the contents incubated at 37 oC for 30 min. A volume of 1/10 3 M sodium acetate was
added to the mixture followed by 2 volumes of cold 99 % ethanol. The content was mixed and
then centrifuged at 6,000 rpm for 5 min. A white precipitate of DNA was observed at the bottom
of the tube. The supernatant was decanted, the pellet washed with 70 % ethanol and the pellet dried
briefly at room temperature. To dissolve the DNA, 200 µl T.E. buffer was added to the pellet and
left for a day to dissolve. The DNA was stored in Eppendorf tubes at -20 oC before use. The DNA
samples were quantified according to the protocol using NanoDrop 2000cUV-Vis
spectrophotometer (ThermoScientific, Miami, FL) and diluted to 40 ng/µl using TE buffer. The
quality and quantity of the DNA was assessed by agarose gel electrophoresis.

3.3 RAPD assay
Reaction mixtures for RADP analysis consisted of 3 µl DNA, 1.5 µl of 37.5 mM MgCl, 3.0 µl of
2.5 mM each dNTP, 2.0 µl of 2 µM OPA-17 primer purchased from Operon Technologies
(Alameda, California), 3.88 µl of nuclease free water, 1.5 µl of 10 x amplification buffer, 0.12 µl
of Taq polymerase in a total volume of 15 µl. Amplifications were performed in polyethylene
tubes in a Bioer XP Thermal cycler (Bioer, Tokyo, Japan) with the following amplification
conditions: an initial 3 min denaturation at 94 oC followed by 35 cycles of 50 s at 94 oC, 50 s at
40 oC, and 1.5 min at 72 oC, with a final extension step of 7 min at 72 oC. Approximately 15 µl of
the amplification products were separated on 1.2 % agarose gels in 1x TBE buffer. Molecular
weight markers included in the gel were the 100 bp and 200 bp ladders purchased from Fermentas
(Burlington, Ontario, Canada). The gel was stained in ethidium bromide and photographed under
UV light.

3.4 DNA extraction from agarose gel
DNA was extracted from agarose gels with the NucleoSpin® Extract II kit (Macherey-Nagel,
Dueren, Germany). A sterile scapel was used to carefully excise the DNA fragment from the
agarose gel to minimize the gel volume. The weight of the gel slice was determined before
transferring it into a clean tube. About 200 µl buffer NT was added for each 100 mg of agarose gel
followed by incubating the sample at 50 oC for10 min and briefly vortexing every 2-3 min to
completely dissolve the gel slices. A Nucleospin® Extract II column was placed into a 2 ml
collecting tube before adding the sample. Discarding the flow-through, the sample was centrifuged

at 11,000 x g for 1 min to bind DNA. The sample was further centrifuged at 11,000 x g for 1 min
after adding 600 µl of NT3 buffer, to wash the silica membrane. After incubating the Nucleospin®
Extract II column for 5 min at 70 oC, residual NT3 buffer was removed by centrifugation at 11,000
x g for 2 min. The Nucleospin® Extract II column was then placed into a clean 1.5 ml
microcentrifuge tube before adding 35 µl DNA elution buffer NE. The sample was then incubated
at room temperature for 1 min before centrifuging for 1 min at 11,000 x g.

3.5 Cloning
The pGEM-T vector system cloning kit (Promega) was used to clone the RAPD product following
the manufacturer’s protocol. For cultivation of bacterial cells harbouring standard high copy
plasmids, LB (Luria-Bertani) media was used. The cells were checked for viability, competence
and transformation. White colonies were selected (as opposed to blue) indicating possible
transformation. The colonies were analysed by PCR to further confirm that the target fragment had
been cloned. The white colonies carrying the transformed pGEM-T plasmid were compared to the
blue colonies carrying the untransformed pGEM-T plasmid (negative control) and the RAPD
products (positive control) using agarose gel electrophoresis. The lack of plasmid insertion was
determined by relative migration distance of the samples. The candidate plasmid DNAs were
isolated and purified using the NucleoSpin® Plasmid QuickPure kit (Macherey-Nagel, Dueren,
Germany) as described by the manufacturer’s protocol.

3.6 Sequencing
The cloned RAPD band was sent to Inqaba Biotechnologies (Pvt) Company (Pretoria, South
Africa) for sequencing. The cloned RAPD band was sequenced using the ABI 3130XL sequencer
(Applied Biosystems, CA). The Geospiza Finch Suite (Geospiza Inc., Washington), a web based
sequencing, tracking and retrieval software was used to make DNA sequence generation and data
handling simpler, faster and more cost effective.

3.7 SCAR primer designing and synthesis

The SCAR primers were designed using Primer3 (www.simgene.com/Primer3), a primer design
and analysis computer software program. The first six primer pairs were selected as the best primer
pairs for synthesis. The designed SCAR primer pairs were sent to Inqaba Biotecnologies (Pvt)
Company for synthesis.

3.8 SCAR marker development
The six SCAR primer pairs (Table 1) were tested on a sample of eight randomly selected homoand heterogenomic accessions for screening purposes. The eight accessions included M. balbisiana
(10852) (BB), ‘Kelong Mekintu’ (AAB), ‘Safet Velchi’ (AB CV), M. acuminata ‘Calcutta 4’ (AA),
‘Gros Michel’ (AAA), M. textilis (TT), ‘CRBP 39’ (AAAB) and M. schizocarpa (SS). The
successful SCAR primer pair (SC3: CGC TTG TGT GAA TCT CAG GA and TCT TTT CGT
TGC TTC TCC GT) was tested on four homogenomic accessions representing the four genomes
(A, B, S and T) in Musa.

Table 1: SCAR primers and their sequences listed from 5' to 3'.

SCAR primer sequences
Designation

Forward

Reverse

SC1

GCT TGT ACT GGT GGG CAT AC

CCG CTT GTT AAT TGA GGT GC

SC2

GCT TGT TCC CTC GAC AAG AT

CCG CTT GTA AGA GAT GTG GC

SC3

CGC TTG TGT GAA TCT CAG GA

TCT TTT CGT TGC TTC TCC GT

SC4

AAA GTA TTG CTG GCA CCT GTC

ATT CCT ATG CGC ATT TTT CG

SC5

GGT GAC CGT CTA ATA TCT GAG T

TCA GGT GGG ATT AAG AAC GG

SC6

TTT AAA TCT TCA GGG TGC TGC AGG T

TGG ACT AGA GAG GGC CTG AA

*SC is a prefix used to designate SCOPA17600.

The SCAR PCR amplifications were performed in polyethylene tubes in a Bioer XP Thermal
cycler (Bioer) with the following amplification conditions: an initial 3min denaturation at 94 oC
followed by 40 cycles of 50 s at 94 oC, 50 s at 50 oC, and 1.5 min at 72 oC, with a final extension
step of 7 min at 72 oC. The thermocycling protocol annealing step was changed to accommodate
the longer SCAR primers. Approximately 15 µl of the amplification products were separated on
1.2 % agarose gels in 1x TBE buffer. Molecular weight markers included in the gel were the 100

bp and 200 bp ladders purchased from Fermentas. The gel was stained in ethidium bromide and
photographed under UV light.

3.9 SCAR marker validation
The SCAR primers were tested on twenty-four banana accessions shown in Table 2. These plants
were selected to represent a wide range of genomic groups that include landraces and synthetic
hybrids.

Table 2: List of landraces used to verify and validate the A genome-specific SCAR marker in
Musa (Bioversity International Transit Centre, Belgium).

ITC code Accession name

Accession genomes

ITC0048

‘Valery’

AAA

ITC0090

‘Tjau Lagada’

AA

ITC 0094

M. balbisiana (10852)

BB

ITC0127

‘Kamaramasenge’

AB

ITC0200

‘Kelong Mekintu’

AAB

ITC0226

‘Ntanga 4’

AAB

ITC0245

‘Safet Velchi’

ABCV

ITC0247

M. balbisiana ‘Honduras’

BB

ITC0248

M. balbisiana ‘Singapuri’

BB

ITC0249

M. acuminata ’Calcutta 4’

AA

ITC0346

‘Giant Cavendish’

AAA

ITC 0394

‘Cardaba’

ABB

ITC0395

‘Lidi’

AA

ITC0484

‘Gros Michel’

AAA

ITC0513

‘Plantain No. 2’

AAB

ITC0539

M. textilis

TT

ITC0643

‘Cachaco’

ABB

ITC0662

‘Khai Thong Ruang’

AAA

ITC0846

M. schizocarpa

SS

ITC1120

M. balbisiana ‘Tani’

BB

ITC1344

‘CRBP 39’

AAAB

ITC1418

‘FHIA 25’

AAB

CHAPTER 4
RESULTS

4.1 Introduction
The chapter presents the results obtained from the RAPD assay, cloning, sequencing, primer
design, primer synthesis and SCAR assay.

4.2 RAPD assay results
The RAPD primer OPA-17 produced a 600 bp fragment (OPA17600) only in M. acuminata (Fig 3
lanes 1-6 and 8-14). The fragment was absent in M. balbisiana (lane 7).

Figure 3: PCR amplification patterns showing the OPA17600 (arrow) unique to M. acuminata
(lanes 1-6 and 8-14) and absent in M. balbisiana (lane7). M is the 100 bp molecular marker.

The automatic band detection to confirm the OPA17600 using the Quantity One Version 4.6.9
Windows and Macintosh showed that the Operon primer A17 produces a RAPD fragment
(OPA17600) specific to the A genome in Musa (shown in Appendix 1). The results were congruent
with the previous investigations noted in Pillay et al. (2000).

4.3 Cloning results
The blue-white screening technique was used for the detection of successful ligations in vectorbased gene cloning as described by Erlich (1989) and Pollard and Earnshaw (2002). The results
are shown in Figure 4.

Figure 4: Blue and white colonies on the plate
Blue colonies represent a vector with an uninterrupted lacZ-α (therefore no insert), while white
colonies, where X-gal is not hydrolysed, indicate the presence of an insert (Pollard & Earnshaw
2002).

4.4 Colony PCR analysis of transformants
White and blue colony PCR analysis of transformants was carried on agarose gel electrophoresis
as shown in Figure 5. The results indicated that the selected white colonies (Lane 1, 2 & 4)

migrated the same distance with the positive control (lane 6, OPA17600 products) suggesting that
the DNA fragment of interest was inserted into the plasmid. The negative control (lane 5, blue
colonies) migrated the most; highlighting the lack of the DNA insert. The results obtained in Figure
5 were positive and evidence enough to prepare the bands for sequencing.

Figure 5: Colony PCR analysis of transformants on agarose gel electrophoresis. Lanes 1-4
represent 4 selected white colonies, lane 5 is the negative control (blue colonies), and lane 6 is the
positive control (OPA17600 products). M represents the 100 bp DNA ladder.

4.5 SCAR primer synthesis results
The sequence of the DNA fragment corresponding to OPA17 600 is shown in Figure 6. The
highlighted region in bold indicates the sequence of the RAPD primer OPA17. The six SCAR
primer pairs (shown in Table 1) were designed according to the sequence of the OPA17 600
fragment. The SCAR marker nomenclature is according to Paran and Michelmore (1993). SCAR
markers have the SC prefix placed before the name of their corresponding RAPD marker with its
relative base pair length, (for example, marker SCOPA17 600 is the SCAR marker derived from

RAPD OPA17600) ( Paran & Michelmore 1993). The underlined regions shown in Figure 6 indicate
the sequence for the selected SCAR primer pair (SC3, hereafter referred to as SCOPA17600). Each
SCAR primer contained the original ten-bases of the OPA-17 primer at the 5' end and the
subsequent internal bases from the other end.

Figure 6: DNA sequence of the OPA17600 fragment.

4.6 SCAR primer screening and selection
The synthesized SCAR primer pairs were tested on a sample of eight randomly selected homoand heterogenomic accessions for their fidelity. The eight accessions include M. balbisiana (BB),
‘Kelong Mekintu’ (AAB), ‘Safet Velchi’ (ABCV), M. acuminata ‘Calcutta 4’ (AA), ‘Gros Michel’
(AAA), M. textilis (TT), ‘CRBP 39’ (AAAB) and M. schizocarpa (SS). A standard PCR protocol
was used for the amplification of each SCAR primer pair. The SCAR primer pair SC3 produced
the 600 bp fragment in all the A genome containing banana accessions (Fig. 7).

Figure 7: SCAR PCR profile for SC3 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8) ‘CRBP
39’ (AAAB). Lane M represents 100 bp molecular marker.

The SCAR PCR profiles of the other five primers are shown in Appendix 2 to 6. The SCAR primer
pairs SC1 and SC2 produced single fragments 300 bp and 400 bp, respectively, which were present
in all the accessions. The primer pair SC4 produced a same size band in M. textilis (TT) and M.
acuminata (AA) and did not amplify the DNA in the other accessions.
The primer pairs SC5 and SC6 did not amplify the A genome in both homo- and heterogenomic
accessions. The primer pair SC3 produced a unique A genome-specific SCAR fragment in all the
accessions carrying the A genome, namely ‘Kelong Mekintu’ (AAB), ‘Safet Velchi’ (ABCV), M.
acuminata ‘Calcutta 4’ (AA), ‘Gros Michel’ (AAA), ‘CRBP 39’ (AAAB) (shown in Fig. 7). The
SCAR primer pair SC3 was selected for further investigation and verification as a suitable marker
for the A genome.

4.7 SCAR marker validation
Further investigations to validate the SCAR marker were carried out on a sample of twenty-two
accessions representing species, landraces and hybrids of different ploidy and genome
combinations. The SCOPA17600 produced a consistent 600 bp banding pattern in ‘Valery’(AAA),
‘Tjau Lagada’ (AA), ‘Kamaramasenge’ (AB), ‘Kelong Mekintu’ (AAB), ‘Ntanga 4’ (AAB), ‘Safet
Velchi’ (ABCV), ‘M. acuminata Calcutta 4’ (AA), ‘Giant Cavendish’ (AAA), ‘Cardaba’ (ABB),
‘Lidi’(AA), ‘Gros Michel’ (AAA), ‘Plantain No. 2’ (AAB), ‘Cachaco’ (ABB), ‘Khai Thong
Ruang’(AAA), ‘CRBP 39’ (AAAB) (22) ‘FHIA 25’ (AAB) (shown in Fig. 8 & Appendix 7).
However, the SC3 SCAR primers also produced an 800 bp fragment in some of the accessions
harbouring the B genome.

Figure 8: SCAR patterns of Musa landraces showing the SCOPA17600 (arrow). The lanes
represent DNA from (1) ‘Valery’(AAA) (2) ‘Tjau Lagada’ (AA) (3) M. balbisiana ‘(10852)’ (BB)
(4) ‘Kamaramasenge’ (AB) (5) ‘Kelong Mekintu’ (AAB) (6) ‘Ntanga 4’ (AAB) (7) ‘Safet Velchi’
(ABCV) (8) M. balbisiana ‘Honduras’ (BB) (9) M. balbisiana ‘Singapuri’ (BB) (10) M. acuminata
‘Calcutta 4’ (AA) (11) ‘Giant Cavendish’ (AAA) (12) ‘Cardaba’ (ABB) (13) ‘Lidi’(AA) (14)
‘Gros Michel’ (AAA) (15) ‘Plantain No. 2’ (AAB) (16) M. textilis (TT) (17) ‘Cachaco’ (ABB)

(18) ‘Khai Thong Ruang’(AAA) (19) M. schizocarpa (SS) (20) M. balbisiana ‘Tani’ (BB) (21)
‘CRBP 39’ (AAAB) (22) ‘FHIA 25’ (AAB). Lane M represents 500 bp DNA marker.

4.9 Conclusion
The results showed that SC3 primers are not truly specific to the A genome but produced an 800
bp fragment in certain B genome containing fragments.

CHAPTER 5

5.1 Introduction
This chapter is a discussion of the results and findings of this study. The chapter gives a conclusive
discussion on the success of the study and the challenges.

5.2 Discussion
The aim of this study was to develop a SCAR marker from a 600 bp RAPD fragment that was
found to be specific to the A genome of banana (Pillay et al. 2000). The RAPD assay of this study
was able to reproduce that 600 bp fragment in the A genome of banana (Fig. 2). This fragment
was not present in the B genome containing species M. balbisiana (Fig. 2) suggesting that the
fragment was specific to the A genome. The fragment was cloned successfully and blue and white
colonies were observed (Fig. 3). Colony screening of a random number of white colonies produced
the expected size fragments (Fig. 3) in lanes 1, 2 and 4. The odd sized fragment in lane 3 may be
due to cloning of an incomplete insert. The fragment in lane 5 was equal to the size of the vector
(blue colony).

Sequencing of the RAPD fragment produced a sequence of 601 bp (Fig. 4) that was approximately
the size of the RAPD fragment. The Primer3 design produced a number of potential primers from
the 601 bp sequence. Of these, 6 primers (Table 1) were selected for further studies on the basis
of the GC content, melting temperatures, 3' stability and likelihood of forming primer dimers
(Rozen & Skaletsky 2000). The primers were tested for their specificity to the A genome on 8
banana accessions representing different genome combinations (AA, AAA, AAB, AB, BB, SS,
TT and AAAB). The primers SC1, SC2 produced a band of about 300 bp and 400 bp respectively
in all the 8 accessions (Appendix 2 & 3). Primers SC4 and SC5 produced spurious bands
(Appendix 4 & 5) while primers SC6 did not amplify the genomes of the 8 accessions (Appendix
6). One set of primers (SC3) was still specific to the A genome (Fig. 7). The primer did not amplify
the genomes of the M. schizocarpa (SS) (lane 6) and M. textilis (TT) (lane 7). However, in addition
to the 500 bp fragment the primers produced a 800 bp band in ‘Safet Velchi’ (AB) in lane 4. The
other anomaly was the presence of only the 800 bp fragment in M. balbisiana (lane 5).

The SC3 primers were then tested for their specificity to the A genome on 22 accessions
representing different genome combinations. As shown in Figure 6, the SC3 primers produced the

expected 600 bp A genome specific band in the following lanes: (1) ‘Valery’ (AAA), (2) ‘Tjau
Lagada’ (AA), (4) ‘Kamaramasenge’ (AB), (5) ‘Kelong Mekintu’ (AAB), (6) ‘Ntanga 4’ (AAB),
(7) ‘Safet Velchi’ (ABCV), (10) M. acuminata ‘Calcutta 4’ (AA), (11) ‘Giant Cavendish’ (AAA),
(13) ‘Lidi’ (AA), (14) ‘Gros Michel’ (AAA), (15) ‘Plantain No. 2’ (AAB), (17) ‘Cachaco’ (ABB),
(18) ‘Khai Thong Ruang’ (AAA), (21) ‘CRBP 39’ (AAAB), and (22) ‘FHIA 25’ (AAB). The
only accession with an A genome that did not show the A genome specific fragment in Fig.6 was
‘Cardaba’ (ABB) in lane 12. However, a faint band of 600 bp was observed in ‘Cardaba’ in a
different experiment (lanes 4 and 5) with the SC3 primers (Appendix 6) suggesting that the
accessions did carry the 600 bp band. This anomaly may be explained by the presence of several
different types of A genomes in the M. acuminata complex and the annealing properties of the
primers to the different A genomes. There is no experimental evidence for the presence of different
A genomes in banana as yet. But the fact that the AAA East African Highland bananas and the
AAA dessert bananas have such contrasting fruit characters strongly points to the likelihood of
differences in the A genomes of banana. In addition, the SC3 primers produced a 600 bp and 800
bp band in (4) ‘Kamaramasenge’ (AB), (17) ‘Cachaco’ (ABB), (22) ‘FHIA 25’ (AAB) and only a
single 800 bp fragment in (3) M. balbisiana ‘10852’ (BB), (8) M. balbisiana ‘Honduras’, (9) M.
balbisiana ‘Singapuri’, (20) M. balbisiana ‘Tani’. To summarise the banding patterns observed
with primers SC3 the following was observed:
(i) A 600 bp fragment was observed in all the A genome containing accessions
(ii) A 600 bp and 800 bp band was observed in some accessions harbouring the A and B genomes.
(iii) All the BB genome genotypes contained the 800 bp fragment
This study showed that while the 600 bp RAPD fragment was specific only to the A genome, the
SC3 primer produced addition bands in some accessions containing the B genome.

If one considers only the 600 bp fragment that was observed in all the A genome containing
accessions, the results of this study may point to the fact that the SC3 primers can be considered
specific to the A genome of banana. On the other hand the amplification of the 800 bp fragment
of the B genome in some of the accessions may imply that there is recombination between the A
and B genomes. While the implication in previous studies (Howell et al. 1994; Nair et al. 2005;
Pillay et al. 2000; Nwakanma et al. 2003a) alluded marked differentiation of the A and B genomes,
the SC3 primers developed from the A genome does not suggest such a differentiation. Evidence

for the lack of complete differentiation of the A and B genomes of banana does exist in the
literature (Ortiz & Vuylsteke 1994; Osuji et al. 1997; D’Hont et al. 2000; Heslop-Harrison &
Schwarzacher 2007; De Langhe et al. 2010; Jeridi, Bakry, Escoute, Fondi, Carreel, Ferchichi,
D’Hont & Rodier-Goud 2011; Jeridi, Perrier, Rodier-Goud, Ferchichi, D’Hont & Bakry 2012;
Cizkova, Hribova, Humplikova, Christelova, Suchankova & Dolezel 2013; De Jesus, De Oliveira
e Silva, Amorim, Ferreira, De Campos, De Gaspari Silva & Figueira 2013).

The first study that alluded to the lack of differentiation between the A and B genomes was that of
Ortiz and Vuylsteke (1994). They reached this conclusion when they found that there was no
preferential pairing between the homologous chromosomes of the A genome in the plantain
(AAB). FISH (fluorescent in situ hybridization) studies (Osuji et al. 1997) showed that there was
a high degree of cross-hybridization between the A and B genomes suggesting that the two
genomes are incompletely differentiated and share common DNA sequences. D’Hont et al. (2000)
also showed greater levels of cross hybridization between the T and the A or B genomes. The
intensity of the cross hybridization may be a reflection of the sequence homologies and affinities
between the genomes (Pillay & Tenkouano 2011).

Sequencing of several pairs of BACs containing homoeologous regions from M. acuminata and
M. balbisiana showed that the A and B genomes are similar and that the gene order between them
was largely conserved (Heslop-Harrison & Schwarzacher 2007). De Langhe et al. (2010) also
suggested that meiosis offers the opportunity of pairing between the A and B chromosomes and
formation of gametes not containing complete sets of A and B chromosomes. Cytogenetic analysis
of meiotic metaphase configurations of interspecific triploids in Musa provided the first evidence
that homoeologous chromosome pairing and recombination does occur between the A and B
genomes (Jeridi et al. 2011). In a subsequent study, Jeridi et al. (2012) used cytogenetic evidence
of mixed disomic and polysomic inheritance to suggest that there are chromosome exchanges
between M. acuminata (AA) and M. balbisiana (BB). De Jesus et al. (2013) used flow cytometry,
ITS and SSR to support their hypothesis that recombination does occur between the A and B
genomes of banana. Finally, the study by Cizkova, Hribova, Humplikova, Christelova,
Suchankova and Dolezel (2013) on the organization of DNA satellites in banana showed that two

satellites derived from M. acuminata was widespread in M. balbisiana, a number of ABB hybrids
and the S genome.

Other mechanisms such as translocations could also account for the presence of the 600 bp A
genome band in the B genome. Chromosome pairing at meiosis has revealed that translocations
are frequent in banana genomes (Vilarinhos, Carreel, Rodier, Hippolyte, Benabdelmouna, Triaire,
Bakry, Courtois & D’Hont 2006). Earlier studies also showed that retroelements class I
transposable elements or transposons, are abundant in the Musa genome (Baurens, Noyer, Lanaud
& Lagoda 1997; Balint-Kurti et al. 2000; Teo, Tan, Othman & Schwarzacher 2002). A recent
report also showed that transposable elements account for almost half of the Musa genome
(D’Hont et al. 2012).

The final mechanism that could account for the presence of the 800 bp sequence in M. balbisiana
is chromosome substitution. Evidence for chromosome substitution has been provided by D’Hont
et al. (2000). FISH analysis of the cultivar ‘Pelipita’ (ABB) did not show the expected 11 A and
22 B chromosomes but rather 8 A chromosomes and 25 B chromosomes.

While the 600 bp RAPD fragment was specific to the A genome, the SCAR primers (SC3)
amplified both the A and B genomes suggesting that the marker was not as specific as expected.
The only other study where RAPD markers for genomes were converted to SCAR was reported in
rice (Cheng, Fang, Lin, & Chung 2007). That study also found that a SCAR marker that was
supposed to be specific for the BB genome also amplified one AA genome species and copy
numbers of the SCAR markers was also present in low numbers in the CC genome.
This discussion has provided recent evidence from the literature that suggests that the A and B
genomes of banana may not be as differentiated as previously considered. The possibilities of
chromosome exchange between the A and B genomes of banana opens new avenues for breeding
of bananas whereby valuable alleles from the two genomes could be combined (Jeridi et al. 2012).

CHAPTER 6
CONCLUSION AND RECOMMENDATIONS
6.1 Introduction
This chapter presents conclusions drawn from the interpretative discussion of the findings and
answers the research objectives, rounding off the dissertation. The implications and
recommendations arising from the study are also noted with regard to the field of study.

6.2 Conclusion
Genome composition of banana has played an important role in the classification of bananas
(Simmonds & Shepherd 1955). In addition the different genomes of banana harbour genes for
different traits. It is accepted that parthenocarpy and female sterility arose in diploid acuminata
accessions with A genomes. It is also accepted that hardiness to drought and fruit characteristics
such as starchiness and acid taste is contributed by the B genome (Pillay et al. 2000).

Therefore it is important to identify the genome composition of a banana plant. This becomes
more important in a breeding programme that may involve crosses with different genomes such as
AA x BB. Such a cross can produce a variety of genotypes with genome combinations such as
AB, AAB and ABB if one considers that 2n gametes often produced in banana. Therefore the
purpose of this study was to identify the A genome of banana with a SCAR marker that was
developed from a previously described RAPD marker (Pillay et al. 2000).

Out of the 6 sets of SCAR primers that were designed from the RAPD sequence, only one (SC3)
amplified the expected 600 bp band in all the A genome containing accessions. This primer
identified an A genome specific sequence in the Musa accessions used in this study. This fragment
may be used as an A genome marker in Musa. This sequence was absent in the S and T genome
containing species.

However, the SC3 primer amplified a 800 bp sequence in all the M. balbisiana genotypes and three
of the eight accessions with mixed genomes (A and B). While this study has provided some reasons
for this anomaly further research is required to provide a sound reason for it.

While analysing the meiotic behaviour of AB hybrids and some triploids, Shepherd (1999)
concluded that the homology between the A and B genomes was weak. However, new cytogenetic
and molecular evidence points to the fact that there is pairing and recombination between the A
and B genomes of Musa (Osuji et al. 1997; D’Hont et al. 2000; Heslop-Harrison & Schwarzacher
2007; De Langhe et al. 2010; Jeridi et al. 2011, 2012; de Jesus et al. 2013; Cizkova et al. 2013).

6.3 Recommendations
The following recommendations are suggested for further research.

Sequencing of the 600 bp and 800 bp fragments will enable one to determine the homology
between the sequences and the sites where the SC3 primers are annealing.

The 600 bp and 800 bp sequences could be used independently as probes in FISH experiments on
meiotic or mitotic chromosomes of M. acuminata (A genome) and M. balbisiana (B genome). This
will provide information on the location of these sequences on the A and B genomes. This
experiment will also show whether these sequences are unique or repeated in the genomes and
whethere they are located on a single or more than one chromosome. Similarly, the 600 bp
fragment could be used as a hybridization probe in Southern experiments to ascertain its fidelity
for the A genome.

Although GISH experiments were able to distinguish A and B genomes in the past, improvement
of this technique will help to identify individual chromosomes. Such techniques will be able to
identify intergenomic recombination in Musa. According to De Langhe et al. (2010) meiotic
behaviour of Musa chromosomes may not provide unambiguous data on the homology between

the A and B genomes of Musa. Perhaps, if meiotic analysis is combined with GISH it may provide
valuable information on the homology between the A and B genomes as shown by Jeridi et al.
(2012).

De Langhe et al. (2010) have suggested that the best way to characterise the genomes of banana
is to have many genome specific markers. However, very few markers are currently availabe for
this type of analysis. It is hopeful that the 500 bp and 700 bp fragments identified in this study
may add to this list of markers.

Finally since the species representing the A and B genomes of Musa (M. acuminata and M.
balbisiana) are phenotypically different it is assumed that they may contain species specific
proteins (De Langhe et al. 2010). Such research may provide information on the extent of
differentiation/similarity between the A and B genomes of banana.
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APPENDICES

Appendix 1

Automatic band detection to confirm the OPA17600. Lane 1 represents M. balbisiana, lanes 2-5
represent M. acuminata and lane M is the 100 bp DNA ladder.

Appendix 2

SCAR PCR profile results for SC1 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA ) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (10852) (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8)
‘CRBP 39’ (AAAB). Lane M represents 100 bp molecular marker.

Appendix 3

SCAR PCR profile results for SC2 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA ) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (10852) (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8)
‘CRBP 39’ (AAAB). Lane M represents 100 bp molecular marker.

Appendix 4

SCAR PCR profile results for SC4 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA ) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (10852) (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8)
‘CRBP 39’ (AAAB). Lane M represents 100 bp molecular marker.

Appendix 5

SCAR PCR profile results for SC5 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA ) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (10852) (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8)
‘CRBP 39’ (AAAB). Lane M represents 100 bp molecular marker.

Appendix 6

SCAR PCR profile results for SC6 SCAR primers. The lanes represent DNA from (1) M.
acuminata ‘Calcutta 4’ (AA ) (2) ‘Gros Michel’ (AAA) (3) ‘Kelong Mekintu’ (AAB) (4) ‘Safet
Velchi’ (ABCV) (5) M. balbisiana (10852) (BB) (6) M. schizocarpa (SS) (7) M. textilis (TT) (8)
‘CRBP 39’ (AAAB). Lane M represents 100 bp molecular marker.

Appendix 7

SCAR PCR patterns showing SCOPA17600 in Musa landraces. The lanes represent DNA from (1)
‘FHIA 25’ (AAB). (2) ‘Cachaco’ (ABB) (3) ‘Giant Cavendish’ (AAA) (4) ‘Cardaba’ (ABB) (5)
‘Cardaba’ (ABB) (6) M. balbisiana ‘Singapuri’ (BB) (7) ‘Valery’ (AAA) (8) ‘Safet Velchi’
(ABCV) (9) ‘Ntanga 4’ (AAB) (10) ‘Tjau Lagada’ (AA) (11) M. balbisiana ‘Tani’ (BB) (12)
‘Kamaramasenge’ (AB) (13) ‘Lidi’ (AA) (14) ‘CRBP 39’ (AAAB) (15) ‘Plantain No. 2’ (AAB)
(16) ‘Kelong Mekintu’ (AAB) (17) ‘Gros Michel’ (AAA) (18) ‘Khai Thong Ruang’ (AAA)
(19)‘M. balbisiana(10852)’ (BB) (20) M. acuminata ‘Calcutta 4’ (AA). Lane M represents 500 bp
DNA marker.

