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Chapter 10
Induced Genetic Diversity in Banana

Suprasanna Penna, Siddhesh B. Ghag, T. R. Ganapathi and S. Mohan Jain

Abstract Banana and plantains are one of the important fruit crops grown exten-
sively in the tropical and subtropical regions of the world. The world production
of banana is 145 million tons of which only a few million tons is exported, which
means that most production is primarily for local consumption. The banana cultivars
are derived from two diploid wild species,Musa acuminata (AA genome) andMusa
balbisiana (BB genome). Majority of the edible banana cultivars are propagated
vegetatively, and hence, the improvement of banana through conventional breed-
ing methods is difficult. Attempts have been made to improve banana by inducing
genetic variability by using both physical and chemical mutagens and exploiting the
somaclonal variation a few varieties have been released for cultivation. Transgenic
approach has also been used to incorporate the desirable traits into banana. Recent
advances in genomics and the availability of genome sequence of bothMusa acumi-
nata andMusa balbisiana helps in the improvement of this fruit crop. Also the recent
reports of genome editing through CRISPR-CAS9will aid in speeding up the banana
improvement programmes in the near future. This review summarizes the various
advances made in inducing genetic diversity in banana.
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variation transgenics
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10.1 Introduction

Banana and plantain (Musa sp.) belong to a group of edible, vegetatively propagated,
monocotyledonous and herbaceous species, belonging to the Eumusa section of the
genus Musa, family Musaceae and order Zingiberales (Gill 1988). Bananas are the
fourth important food crop after major cereals and are consumed locally in many
developing countries (FAO 2002). Banana production is around 145 million tons
of which only a few million tons is exported, which means that most production is
primarily for local consumption (FAO 2015). This poor man’s fruit contributes very
much to food andnutritional security. The fruit has significantly shares (25%) the total
carbohydrate requirements of African countries (Robinson 1996). Banana fruit has
majorly carbohydrates (35%) followed by fibre (6–7%), low protein and fat (1–2%),
and major elements such as potassium, magnesium, phosphorus, calcium, iron, and
vitamins A, B6 and C (Robinson 1996). Normally, bananas are consumed in ripe and
starchy form, or boiledor cooked in different traditional cooking (Frison andSharrock
1998). It is also an important source for making beer, wine and other products (Stover
and Simmonds 1987). There are also a number of other food products including
jam, juice and squashes, banana chips or crisps, sweet banana figs, banana flour,
banana powder and starch (Padam et al. 2014). Banana fruit also has several valuable
bioactive compounds such as phenolic compounds, carotenoids, biogenic amines and
phytosterols (Singh et al. 2016), and they have antioxidant property that serves as a
defence arsenal against oxidative stress.

The genusMusa hasmembers which are seeded (wild) and no seeded or partheno-
carpic edible types (Ortiz 1995). Most cultivars are derived from two diploid wild
species, Musa acuminata (AA genome) and Musa balbisiana (BB genome) (Osuji
et al. 1997). Edible clones are classified based on the relative contribution of M.
acuminata andM.balbisiana (Simmonds andShepherd 1955).Around30–40 species
are present under the genus Musa (Simmonds 1987), and all the wild varieties are
diploids with 14, 18, 20 or 22 chromosomes. On the basis of number of chromo-
somes, andfloral arrangement in inflorescence, this genus is classified infive sections,
namely Australiamusa, Callimusa, Emusa, Ingentimusa and Rhodochlamys. These
include the wild varieties, i.e. seeded, marketed edible bananas, i.e. non-seeded and
parthenocarpic ones (Ortiz et al. 1995). Section Callimusa and Rhodochlamys are
cultivated as ornamentals and do not produce fruits, whereas Australimusamembers
are highly infertile (Jarret et al. 1992) and comprise M. textilis Nees (Abaca) culti-
vated for fibre production (Cheesman 1949), and the seedless edibleMusa Fehi (Fe’i
bananas) contain higher vitamin A content.

Eumusa (true bananas) is the largest of all, and the inflorescence is pendent or
semi-pendent type. It includes 13–15 species of bananas including the ancestors of
triploid bananas; Musa acuminata (A genome) and balbisiana (B genome). This
is the most diversified, ancient and widely distributed section of genus Musa. The
best examples of this group are the commercially cultivated Cavendish bananas like
Grand Nain (AAA), Giant Cavendish (AAA), Williams (AAA), Robusta (AAA),
Dwarf Brazilian (AAB), etc. It also contains M. schizocarpa (S genome). These
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present-day cultivated edible bananas have chromosome numbers of 22, 33, 44 with
basic number as n = x = 11 (Heslop-Harrison and Schwarzacher 2007). These are
hybrids of A and B genome and are a result of natural crosses between two wild
species, Musa acuminata (AA genome) and Musa balbisiana (BB genome) (Osuji
et al. 1997). The diploid bananas grown today AA, BB or AB; however, the most
prevalent and commercially grown most important bananas are the triploids, while a
few tetraploids are available in nature or they are artificially developed by employing
the breeding methods (Patel et al. 2016; Menon 2016).

Banana, being triploid and vegetatively propagated, has inherent constraints of
low seed set and germination rates. Conventional breeding of banana has limitations
of ploidy in relation to hybridisation, morphology and yield, parthenocarpy and
sterility, and long time-consuming steps of hybrid development (Vuylsteke et al.
1993; Oselebe et al. 2006; Creste et al. 2004). Banana production is challenged by
both biotic and abiotic stresses. Considerable attention has been paid on biotic stress
factors (Kotari et al. 2016); however, research on abiotic stresses has lagged behind,
and only in the past 5–10 years, there has been increasing research in this direction
(Ravi and Vaganan 2016).

Banana cultivation is challenged by plant’s vulnerability to pests and diseases. The
most significant ones include the black Sigatoka caused byMycosphaerella fijiensis
Morelet, Panama disease (Fusarium oxisporum, race 1 and 4), bacteriaPseudomonas
solanacearum, viruses such as the banana bunchy top virus (BBTV), cucumber
mosaic virus (CMV), nematodes Radopholus similis and weevils Cosmopolites sor-
didus. Both conventional and biotechnological approaches are being used in improv-
ing disease/pest resistance and quality. Cavendish-type bananas exhibit susceptibil-
ity to most of these diseases. Wild species of Musa are known to have resistance to
black Sigatoka, for example, M. acuminata ssp. Burmannica, ssp. Malaccensis and
ssp. siamea, and diploid AA cultivars.

Most of the bananas exhibit susceptibility to abiotic stresses like drought, salinity
and extreme temperature. It has been shown that different genomic groups exhibit
considerable genetic variability for abiotic stress tolerance (Hu et al. 2017). The
‘ABB’ banana genotypes are tolerant to drought and other abiotic stresses, and hence,
are a good genetic resource for use in breeding attempts to improve abiotic stress
tolerance (Ravi et al. 2013). According to Simmonds (1966), bananas are grown in
four different climatic zones. These include climates where bananas experience little
or no seasonal growth, without much need for irrigation, climates where bananas
experience seasonal drought or a combined drought and low temperature, marginal
climates where bananas survive and bear fruit only under favourable conditions of
soil, irrigation and genotype management, and climates where bananas are grown
under irrigation throughout the growing season.

Musa gene pool consisting of important wild species can be exploited for genetic
improvement of certain traits which include tolerance to cold (Musa sikkimensis
Kurz, Musa basjoo P. F. (B.) von Siebold ex Iinuma, Musa thomsonii (King ex Schu-
mann) Cowan and Cowan), waterlogging (Musa itinerans Cheesman) and drought
(Musa balbisiana Colla, Musa nagensium Prain) (INIBAP 2006; Oselebe et al.
2006). Several banana-growing countries have crop improvement programmes to
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improve local germplasm for biotic and abiotic stress tolerance and improved fruit
quality. A global initiative, International Musa Testing Program (IMTP; http://www.
promusa.org/IMTP), has become significant for evaluating and release (through trials
across counties and locations) of different cultivars, landraces, selections and hybrids
for agronomy, pests and diseases, post-harvest traits, for adoption to different geo-
graphical zones and local conditions (Orjeda 2000). Molecular characterization of
Musa genetic diversity assumes significance for exploring genetic markers in Musa
improvement programmes (Till et al. 2010). In a first report, these authors found
Ecotilling method to be effective for the discovery of nucleotide polymorphisms
in diploid and polyploid accessions of Musa. The results revealed more than 800
novel alleles in 80 accessions suggesting that the method of Ecotilling can be useful
for investigating into genetic polymorphisms in banana. The meristematic tissues
of banana are treated with a mutagenic agent, and then plants are regenerated. The
regenerated plants aremultiplied, and themeristematic cells are successively isolated
and bisected to obtain tissues devoid of chimeras. The problem of chimeras can be
eliminated by optimizing protocol for mutagenesis or using single-cell cultures for
mutagenesis. However, development of cell suspension cultures and regeneration of
plant from a single cell is very established in banana. Above all, since banana is
vegetatively propagated and do not set seeds, the induced mutations will be fixed in
the clonal plants (Jankowicz-Cieslak et al. 2012).

Banana is vegetatively propagated, and hence, there is a greater need to induce
additional genetic variability to enable selection for improved agronomic and quality
traits. Biotechnological methods such as organogenesis, plant regeneration, muta-
genesis, transgenic methods and molecular markers have been deployed (Jain and
Swennen 2004). In banana, in vitro shoot-tip culture is most practised for micro-
propagation of commercial and novel genotypes. It has been very well established
that plant developed through micropropagation grow better than those grown via
suckers and have uniform growth (Robinson 1996). In vitro culture also guarantees
safe collection, exchange and conservation of germplasm required for identification
of breeding traits, and facilitates dissemination and propagation of newly selected
cultivars or hybrids. The method of meristem culture is also very useful for the
production of disease-free planting material and for preservation of novel banana
genotypes (Cronauer and Krikorian 1984; Hwang et al. 1994; Helliot et al. 2002).

Somatic embryogenesis and high-frequency plant regeneration from commercial
varieties of banana are prerequisites for realizing the potential for large-scale produc-
tion of planting material and cellular and molecular approaches for crop improve-
ment. Although different explants like scalps (proliferating meristems), rhizomes,
leaf bases, immature zygotic embryos and young male flowers can be used for
induction of somatic embryogenesis, immature male inflorescences and prolifer-
ating meristem sections have been successfully employed to initiate embryogenic
cultures of several banana and plantain cultivars (Escalant et al. 1994; Navarro et al.
1997; Ganapathi et al. 1999; Suprasanna et al. 2001; Kulkarni et al. 2006; Sidha et al.
2011). Embryogenic cell suspensions (ECS) have become useful for use in genetic
manipulation using different biotechnological tools, and relative success in genetic
engineering of bananas is often dependent on this ECS system (Ghag and Ganapathi
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2017). The method involves initiation of embryogenic callus, induction of cell sus-
pension and assessment of regeneration ability. There has been good progress in the
past 5–10 years, and for awide range of banana genotypes, embryogenic callus can be
induced and embryogenic cell suspensions (ECS) can be routinely established from
embryogenic calluses of different cultivars of banana (Strosse et al. 2006).

10.2 Mutagenesis and Induction of Novel Genetic Variation

In vitromutagenesis followed by in vitro selection is a very usefulmethod as different
cell, organ and tissue cultures can be mutagenized, uniform mutagen treatment can
be given, large number of samples can be handled in a short span of time, large
mutant population can be raised to separate chimeras, and it has options for including
selection agents in culture media for in vitro selection (Van Harten 1998). In vitro
mutagenesis is an effective method for the induction, and the selection of somatic
mutations and increased mutant recovery may be possible through lower somatic
competition by modifying culture conditions (Suprasanna et al. 2012). Plant growth
regulators, and in particular a cytokinin, can increase the recovery rate of mutated
cells. Hence, the combined use of mutation induction and in vitro technology is more
efficient because it speeds up the production of mutants as a result of an increased
propagation rate and a greater number of in vitro generations (Morpurgo et al. 1997).

Mutation induction using physical and chemical mutagens has been practised for
generating useful mutations in banana. Physical mutagens like gamma rays have high
and uniform penetration of multicellular system. Gamma irradiation results in small
deletions (1–10 bp) while neutrons cause 300 bp to 12 kbp deletions, and chemical
mutagens result in point mutations, mainly G/C-to-A/T transitions (Morita et al.
2009). On the other hand, ion beams have high linear energy transfer (LET) ranging
from22.5 to 4000 keVμm−1 compared to 0.2–2 keVμm−1 LETof γ-rays andX-rays
(Ryuto et al. 2008). Heavy-ion-beam (HIB) irradiation is shown to be superior for
mutation breeding as higher rate of mutations can be obtained at low doses (Hirano
et al. 2015). Ion-beam techniques have also been used as they frequently produce
large DNA alterations such as inversions, translocations and large deletions rather
than point mutations. Reyes-Borja et al. (2007) reported use of ion-beam irradiation
for mutation breeding in banana in selecting lines tolerant to black Sigatoka. The
effect of irradiation doses on the regeneration of plantlets was investigated in Japan,
and the variation in black Sigatoka response under field condition was evaluated in
Ecuador.

For mutagenesis, both types of in vivo and in vitro explants are used in banana
(Jain et al. 2011). During the early sixties, seeds and suckers ofMusa balbisianawere
used for gamma-ray mutagenesis, and it was observed that rate of seed germination
and seedling survival were affected by the radiation dose (Stotzky et al. 1964). In
a further study, Menendez (1973) treated seeds of diploid Musa acuminata with
ethyl methanesulphonate (EMS). Irradiation of suckers prior to isolation of shoot-tip
explants and in vitro culture gave a low yield of mutagenized material for further
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screening (De Guzman et al. 1976). Irradiation of suckers prior to tissue culture
initiation is not effective and can only yield low number of plantlets in the M1V1
generation because of the large sucker size, and their number is often critical for
managing either physical or chemicalmutagenesis.Karmarkar et al. (2001) compared
radiosensitivity of different in vivo and in vitro planting materials and observed a
decrease in per cent survival of irradiated material with increasing irradiation dose.
In terms of radiosensitivity, hardened plants were most sensitive followed by suckers
and in vitro shoots.Multiple shoot cultures of banana variety ‘Giant Cavendish’ were
gamma irradiated at different doses (5, 10 and 30 Gy), and the irradiated population
was field evaluated for different morphological and yield contributing traits. From
one of the mutant lines (a 10 Gy mutant), dwarf mutant was identified (Fig. 1) and
multiplied for further evaluation (Ganapathi et al. 2016).

In vitro shoot-tip cultures have beenmost commonly employed for chemicalmuta-
genesis especiallywith ethylmethanesulphonate (EMS). Omar et al. (1989) observed
that fresh weight and number of newly initiated adventitious buds from shoot tips
of banana clones SH-3362 (AA) and GN-60A. For banana, EMS dose suggested for
shoot tips was 12.41–37.23 mM with 1–3 h duration. Bhagwat and Duncan (1998a,
b) compared the effects of sodium azide (NaN3), diethyl sulphate (DES) and EMS
on in vitro shoot tips of banana (Musa spp., AAAGroup cv. Highgate) and found that
the mutagens differed in their mutation induction efficiency. While NaN3 showed
the highest effectiveness (7.8%) resulting in 63.3% explant survival and 58.9% shoot
regeneration, DES yielded 65.5% survival with 38.2% shoot regeneration and EMS

Fig. 1. Isolation of dwarf mutant in banana. a Giant cavendish control plant b 10 Gy gamma ray
derived dwarf mutant
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gave 5.8% effectiveness, 80% explant survival and 31.6% shoot regeneration. Bid-
abadi et al. (2012) treated shoot-tip explants with EMS and found 10-14% increase
in phenotypic variation with time and dose of treatment. Pestanana et al. (2011)
applied gamma rays and evaluated genetic variability for short height in putative
banana ‘Pacovan’ (AAB genome, subgroup Prata type) mutants. Saraswathi et al.
(2016) have successfully isolated three putative mutants resistant to Fusarium wilt.
In vitro proliferating buds of Rasthali (Silk, AAB) were treated with EMS, NaN3
and DES (2, 0.02 and 0.15%), and then the mutated explants were screened in vitro
against Fusariumwilt using fusaric acid and culture filtrate, followed by pot screening
which led to isolation of resistant mutants.

Banana embryogenic cell suspension cultures are considered a good system for
in vitro mutagenesis (Kulkarni et al. 2004; Jankowicz-Cieslak et al. 2012). Embryo-
genic cell suspension is of single-cell origin, and hence, the number of regener-
ated of chimeric plants can be reduced allowing rapid generation of homo-histonts
or non-chimeric plants. Thus, ECS-based mutagenesis system should be the right
choice for accelerating induction, selection and recovery of mutations (Suprasanna
et al. 2008, 2012). Mutagenesis of shoot tips of banana cv. Nanicao (Musa cv. AAA
group, Cavendish subgroup) with gamma rays followed by in vitro selection with
10 mM aluminium chloride resulted in the isolation of aluminium-tolerant banana
plants (Matsumoto andYamaguchi 1990). Roux andToloza (2002) gamma-irradiated
shoot cultures and selected plants for resistance to black Sigatoka. Banana cv. Grande
Naine were irradiated at 35 Gy gamma rays, and after four in vitro passages were
subjected to early mass screening by using juglone which is a toxic metabolite of
Mycosphaerella fijiensis. The authors isolated 15 putative mutants showing black
Sigatoka tolerance. Chen et al. (2013) developed a microcross section (MCS) cul-
ture system for EMSmutagenesis of Brazilian banana and selected banana plants for
Fusariumwilt resistance. Five wilt-resistant lines were isolated suggesting that MCS
system has good potential for use in mutagenesis and in vitro propagation. There are
several successful examples on the isolation of mutants of different genomic groups
for various agronomic traits (Table 10.1). Despite significant outcome on mutage-
nesis and mutant isolation, there have been few commercial releases of mutants as
varieties (Table 10.2, Mutiara and Novaria by United Plantation Bhd in Malaysia)
which may be due to long generation time of the crop, availability of a good in vitro
system, handling of chimeras, non-stable genetic variability and continued efforts
for field evaluation of mutant clones. Sustained research is warranted to realize the
potential of mutation breeding to isolate, select, evaluate and develop commercially
useful mutants in banana.

10.3 Somaclonal Variation

Edible banana and plantains are propagated vegetatively, and most of the geno-
types are sterile (Heslop-Harrison and Schwarzacher 2007). Banana crop is severely
affected by abiotic and biotic factors which limit its full production capability.
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Table 10.1 Studies on mutation induction using in vitro cultured shoot tips in treatment with
chemical or physical mutagens in banana (modified after Jain et al. (2011))

Cultivar/genomic
group

Mutagen dose Modification of
trait(s)

Mutant/clones
developed

Reference

Chemical mutagens

SH-3362 (AA);
GN-60A
(mutant of
Grande Naine-
AAA)

EMS 24.69 mM Number of
newly initiated
adventitious
buds decreased
with increased
EMS
concentrations

– Omar et al.
(1989)

Highgate AAA
Group

– Sodium azide
(NaN3)
2.3 mM

– Diethyl
sulphate
(DES)-20mM

– EMS 200 mM

Tolerance to
Fusarium
oxysporum f.sp.
cubense

Tolerant clones
for field
screening

Bhagwat and
Duncan (1998a)

Brazilian
banana

EMS-
microcross
section culture
system

Tolerance to
Fusarium
oxysporum f.sp.
cubense

Five
wilt-resistant
lines

Chen et al.
(2013)

‘Berangan
Intan’,
‘Berangan’
(AAA group)
and ‘Rasthali’
(AAB group)

EMS 200 mM
EMS

Morphological
variations

Morphological
variations

Bidabadi et al.
(2012)

Rasthali (Silk,
AAB)

2% EMS, 0.02%
NaN3 and
0.15% DES

Fungal disease
resistance

Fusarium
wilt-resistant
mutants

Saraswathi et al.
(2016)

Physical mutagens

Grande Naine
AAA

Gamma rays
25 Gy

Bunch size and
cylindrical
shape

Klue Hom
Thong KU1

Anonymous
(1990)

Nanicao AAA Gamma rays
2kR

Aluminium
tolerance

Tolerant lines Matsumoto and
Yamaguchi
(1990)

Diploid and
tetraploid clones

Gamma rays
25 Gy

Diploid clones
were more
sensitive than
tetraploids

Plants with
morphological
and
physiological
traits

Novak et al.
(1990)

Grande Naine
AAA

Gamma rays Earliness Early flowering
putative mutant
designated
‘GN-60A’

Roux (2004)

(continued)
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Table 10.1 (continued)

Cultivar/genomic
group

Mutagen dose Modification of
trait(s)

Mutant/clones
developed

Reference

Highgate
(AAA)

Gamma rays
8-20 Gy

Tolerance to
Fusarium
oxysporum f. sp.
cubense

Tolerant clones
for field
screening

Bhagwat and
Duncan (1998b)

Basrai AAA Gamma rays Morphological
traits

Clones for
different
morphological
traits

Kulkarni et al.
(1997)

Grande Naine
AAA

Gamma rays
35 Gy

Resistance to
black Sigatoka

15 putative
mutants

Roux and
Toloza (2002)

Dwarf Parfitt, an
extra dwarf
Cavendish
banana

Gamma rays
20 Gy

Improved
agronomic
characteristics
(taller plant size,
increased yield
and no choking)

Improved lines
with
productivity and
resistance

Smith et al.
(2006)

Williams’ and
‘Cavendish
Enano’

Carbon ion
beam 0, 0.5, 1,
2, 4, 8, 16, 32,
64 and 128 Gy

Fungal disease
resistance

Resistant plants
to black
Sigatoka

Reyes-Borja
et al. (2007)

Basari (AAA),
Chakkarakela
(AAB) and
Rasthali (AAB)

Gamma rays
30 Gy (recurrent
dose)

Morphological
traits

Thick shiny dark
green leaves,
ovate leaves and
a dwarf with a
rosette of leaves

Mishra et al.
(2007)

AAA group
Giant Cavendish

Gamma rays
(10, 30 Gy)

Morphological
traits

Short height,
early maturity

Ganapathi et al.
(2008, 2016)

Dwarf
Cavendish
(AAA)

Gamma rays
8–20 Gy

Morphological
traits

22 clones for
different
morphological
traits

Miri et al.
(2009)

Banana
‘Pacovan’ (AAB
genome,
subgroup Prata

Gamma rays
20 Gy

Morphological
traits

Short height Pestanana et al.
(2011)

This has resulted in a concerted effort to genetically improve this crop. Conven-
tional breeding is difficult in banana owing to its low female fertility and complex
ploidy (Bakry et al. 2009). Biotechnological approaches complement the conven-
tional breeding techniques for genetic enhancement of this crop. This includes in vitro
multiplication, somatic embryogenesis, somaclonal variation, mutation breeding and
genetic manipulation. Somaclonal variation has been quite effective approach in gen-
erating useful variations in vegetatively propagated plants such as banana, papaya,
strawberry and watermelon (Jain et al. 2013; Krishna et al. 2016). Somaclonal vari-
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Table 10.2 Examples of desirable variants/putative mutants identified for release or further con-
firmation trials (Jain et al. 2011)

Country Parent/selection Traits Technique Place of induction

Cuba SH3436
(AAAB)/SH3436

Reduced height Gamma rays Cuba

Parecido al Rey
(AAA)/Parecido
al Rey 6.44

Reduced height Gamma rays IAEA

Malaysia Pisang Rasthali
(AAB)/Mutiara

Tolerance to Foc
race 4

Somaclones United Plantation
Bhd., Malaysia

Grande Naine
GN-GoA
(AAA)/Novaria

Tolerance to Foc
race 4

Somaclones

Pisang Berangan Early flowering
and reduced
height

Somaclones

Pisang Berangan Tolerance to Foc
race 4

Gamma rays IAEA

Pisang Mas Tetraploid Colchicine

Philippines Lakatan (AAA) Reduced height
and earliness

Gamma 40 Gy IAEA

Latundan (AAB) Large fruit size
and reduced
height

3 Gy fast neutrons

Sri Lanka Embul
(AAB)/Embul

Earliness and
reduced height

Gamma rays Sri Lanka

ations are either genetic or epigenetic that are observed in plants regenerated from
tissue culture (Morrison et al. 1988; Evans 1989; Karp 1995; Brar and Jain 1998;
Kaeppler et al. 2000). These variations occur due to changes in chromosome number,
insertions, deletions, mutations, translocations, transposon activity and changes in
the DNA methylation profile which can eventually lead to increased or decreased
vigour and changes in qualitative or quantitative characteristics (Bairu et al. 2011;
Krishna et al. 2016). Nevertheless, the epigenetic changes are lost after transfer from
the culture conditions or multiplication after a few generations (Smulders and de
Klerk 2011). Thus, the success of somaclonal variations in crop improvement is
completely dependent on the genetic stability of the clones.

Somaclonal variations are quite common in banana with an average observed
frequency of 6% at the phenotypic level (Vuylsteke et al. 1991). While some of the
banana genotypes show higher rate of somaclonal variation, other genotypes have
low rate of variation (Côte et al. 1995; Smith 1988; Vuylsteke et al. 1991) However,
Hwang and Tang (2000) reported a somaclonal variation frequency as high as 69%
in various banana and plantain cultivars. Various factors during tissue culture phase
affect the incidence of somaclonal variations that includes genotype, type of explant,
number of subculture cycles and plant growth regulators in the medium (Bairu et al.
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2006). Several somaclones of banana have been isolated with varying visible mor-
phological characters such as size and colour of pseudostem, reduced height, varying
leaf size and variegation, bunch length and bunch mass (Israeli et al. 1991). Dwarf
off-types are quite common among the tissue culture-derived Cavendish cultivars
(Reuveni et al. 1986; Walduck et al. 1988; Hwang and Ko 1987; Damasco et al.
1997). In banana, dwarf mutants showed reduced height, thicker pseudostem and
shorter but wider leaves (e.g. ‘Cachaco Enano’, ‘Prataana’ and ‘Figue Rose naine’)
(Daniells et al. 2001). Drew and Smith (1990) observed that dwarf off-types in the
tissue culture-regenerated banana cultivar New Guinea Cavendish (Musa sp., AAA
Group, Cavendish subgroup) were stable up to five generations. However, in case
of micropropagated ‘False Horn’ plantains, morphological variation in inflorescence
type in the form of reversion to a typical ‘French’ plantain bunch type was variable
from 0.4 to 100% of the total variability (Vuylsteke et al. 1988) which explains epi-
genetic variation. It is clearly observed that somaclonal variations are more profound
in plants originated from differentiated tissues such as stem, leaves, roots or flowers
and less when meristematic tissues were used as explants (De Klerk 1990; Skirvin
et al. 1994).

Detection of somaclonal variation can be done using different morphological,
cytological markers or molecular markers such as randomly amplified polymor-
phic DNA (Damasco 1997; Grajal-Martin et al. 1998; Giménez et al. 2001; Sheidai
et al. 2008), amplified fragment length polymorphism (Engelborghs et al. 1998) and
inter-simple sequence repeats (Lakshmanan et al. 2007). Somaclonal variation has
dual considerations: it is not advantageous for micropropagation and germplasm
preservation since maintenance of genetic uniformity is a must, whereas it can be
advantageous for creating additional genetic variability for use in genetic improve-
ment of banana. A somaclone CIEN BTA-03 was obtained from cultivar Williams
(susceptible to black Sigatoka) and was micropropagated via apical shoot culture
for five multiplication cycles. The CIEN BTA-03 clones demonstrated resistance to
black Sigatoka and showed infection indexes similar to those of the resistant cultivar
Yangambi Km5 (Trujillo and Garcia 1996; Giménez et al. 2008). Similarly, many
somaclonal variantswere developedhavingmoderate to complete resistance toFusar-
iumwilt disease caused byFusarium oxysporum f. sp. cubense (Foc). TaiwanBanana
Research Institute (TBRI) developed somaclonal variants of the Giant Cavendish
clone Pei Chiao and Tai Chiao No. 2 by using tissue culture. The mass-produced
plantlets (called GCTCV) were tested for resistance against Fusarium wilt disease
strain tropical race 4 (TR4) by planting them in TR4-infested fields andmonitored for
symptoms of Fusarium wilt. Although around 12 GCTCV clones were found to be
more resistant to TR4 than Pei Chiao, these clones had poor agronomic traits making
them unsuitable for the export trade. Since TBRI continuously supplied clones to
farmers for plantation, a farmer from south Taiwan identified a high-yielding cul-
tivar which was resistant to Foc TR4. This clone was labelled as GCTCV 218 and
commercialized in Taiwan in the year 2001 under the name formosana (Tang 2001;
Hwang and Ko 2004). In yet another study, somatic embryo-derived banana plants
cv. Rasthali were maintained under tissue culture conditions for more than ten years
(Ghag et al. 2014d). These plants were tested for resistance to Foc race 1, and five of
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them did not show any Fusarium wilt symptoms after repeated bioassay. Molecular
basis of resistance was investigated using cDNA-RAPD, and the differential bands
were identified and characterized by quantitative RT-PCR. It was observed that a
gene involved in jasmonic acid pathway, namely lipoxygenase, was downregulated
in these resistant plants as compared to the susceptible controls indicating that lipoxy-
genase negatively regulates resistance response (Ghag et al. 2014d). These plants are
currently being multiplied for field studies.

Banana and plantains are susceptible to low temperatures, nutrition deficiency,
drought and poor light. However, some banana somaclones were also developed and
tested for tolerance to low temperature and better yield under poor light conditions
(Damasco et al. 1997). Several agronomically important characters go unnoticed
when tissue culture plants are raised for a different purpose where somaclonal varia-
tion is undesirable for clonal propagation. However, somaclonal variation is a novel
source for use in crop improvement in vegetatively propagated plants such as banana.
Extensive studies are needed for the selection of desirable characters and field eval-
uation to prove their stability over multiple generations with superior performance.

10.4 Novel Genetic Variation Through Transgenics

Development of efficient cell and tissue culture protocols and successful transforma-
tion methods has enabled genetic engineering a possible reality in banana. Genetic
transformation has been optimized in different banana and plantain cultivars using
different methods. First transformation of banana (Musa spp., cv. ‘Bluggoe’, ABB
group) was performed by electroporating protoplast cultures obtained from embryo-
genic cell suspension cultures (Sagi et al. 1994). First transgenic banana plants were
generated from embryogenic cell suspension cultures using the particle gun method
(Côte et al. 1995; Sagi et al. 1995; Escalant et al. 1995). But the most popular method
of transformation of different banana tissues has been the Agrobacterium-mediated
transformation (May et al. 1995; Ganapathi et al. 2001; Khanna et al. 2004; Tripathi
et al. 2005).

Geneticmodification has always been a lucrative strategy for banana improvement
because most edible elite cultivars of bananas have poor male and female fertility
hindering conventional breeding, thereby preventing introgression of desired char-
acters in these cultivars. On the other hand, transgenic technology provides a wide
gene pool for choosing the desired genes which can be selectively transferred to the
banana cultivar. Several laboratories across the world, namely BARC (India), QUT
(Australia), IITA (Kenya), NARO (Uganda) and KU Leuven (Belgium) have devel-
oped transgenic banana plants with improved character/s and demonstrated their
potential under greenhouse or even in field trials. Plant-based vaccines are another
application of plant genetic engineering for human health (Gujjula et al. 2004, 2007).
In a first report, Kumar et al. (2005) reported expression of hepatitis B surface antigen
in transgenic banana fruits. Transgenic banana plants have been developed targeting
resistance to pest and pathogens, abiotic stress tolerance and delayed fruit ripening
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(Ghag and Ganapathi 2017). The gene/s used to impart these traits into transgenic
banana plants were either from banana plants or identified from other sources (Tri-
pathi et al. 2010; Paul et al. 2011; Ghag et al. 2012, 2014a; Shekhawat et al. 2011,
2013; Sreedharan et al. 2013a, b). Large expanse of information has now become
available to us due to the genome sequencing of important banana cultivars such as
Musa acuminata (D’Hont et al. 2012),Musa balbisiana (Davey et al. 2013) andMusa
itinerans (Wuet al. 2016).Concurrently, transcriptome andproteomedata in response
to resistance–susceptibility (Li et al. 2012; Bai et al. 2013), abiotic stress sensitivity
tolerance (Yang et al. 2015; Muthusamy et al. 2016) and fruit ripening (Asif et al.
2014) has also been generated. All these sequencing programmeswill have to provide
better understanding and identification of gene/s present in banana genome which
can be used to impart characteristic traits in transgenic banana plants. Table 10.3 lists
some of the developments on genetically modified banana for improved traits.

Recent technologies such as RNA interference (Ghag et al. 2014b; Elitzur et al.
2016) and metabolic engineering (Paul et al. 2017) have been successfully per-
formed in banana using different genes targeting important traits, whereas the latest
genome-editing technology CRISPR-Cas is currently under research. Host-induced
gene silencing, an approach which employs RNA interference technology, was used
to develop resistance to one of the most devastating diseases of banana, the Fusar-
ium wilt. DNA fragments of some vital genes (Velvet protein gene and FTF1 gene)
from Fusarium wilt pathogen were identified and transferred to banana plants using
Agrobacterium-mediated genetic transformation. These fragments were oriented in
the construct such a way that resulted in generation of double stranded small RNA
molecules which inhibited the pathogen growth and development in susceptible
banana cultivars imparting high-level resistance (Ghag et al. 2014b).Moreover, RNA
interference was also used to confer resistance in transgenic banana plants to Banana
bunchy top disease (Shekhawat et al. 2013). But these studies were restricted to
the greenhouse. Few studies did advance to the field trials including resistance to
bacterial wilt and nematodes, biofortification and delayed ripening.

Banana Xanthomonas wilt is yet another problem constraining banana produc-
tion, and resistance to this disease was demonstrated in transgenic banana plants by
expressing two genes, namely the hypersensitive response-assisting protein (Hrap)
and the plant ferredoxin-like protein gene (Pflp). These transgenic banana lines
showed complete resistance under glasshouse as well as field conditions (Tripathi
et al. 2014a, b). Transgenic plantains expressing cysteine proteinase inhibitor and an
anti-root invasion, non-lethal synthetic peptide demonstrated 99% resistant to banana
nematodes Radopholus similis and Helicotylenchus multicinctus, and the transgenic
plants had equivalent agronomic performance as compared to the non-transgenic
counterparts (Tripathi et al. 2015).

Biofortification programmes have always been forerunners in developing regions
as alternatives to adequate food supply and supplementation. Very recently, pro-
vitamin A biofortified bananas were developed by metabolic engineering using dif-
ferent constructs having phytoene synthase gene (Paul et al. 2017). Checking post-
harvest losses by controlling ripening and extending shelf-life in banana is one of the
approaches to improve food security. In this regard, transgenic Cavendish bananas
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Table 10.3 List of transgenic banana plants generated with improved characters

Target gene Transgenic
plant/cultivar

Improved character References

Abiotic stress tolerance

Musa-DHN-1 Musa spp. Rasthali Drought, salt
tolerance

Shekhawat et al.
(2011)

MusaSAP1 Musa spp. Rasthali Drought, salt,
oxidative stress
tolerance

Sreedharan et al.
(2012)

MusaPIP1;2 Musa spp. Rasthali Cold, salt, drought
tolerance

Shreedharan et al.
(2013a, b)

MusaWRKY71 Musa spp. Rasthali Salt, oxidative stress
tolerance

Shekhawat et al.
(2013)

MusabZIP53 Musa spp. Rasthali Cold, drought, salt
tolerance

Shekhawat et al.
(2014)

MaPIP1;1 Arabidopsis Salt, drought
tolerance

Xu et al. (2014)

AhSIPR10 M. acuminata cv.
Matti

Salt, drought
tolerance

Rustagi et al. (2015)

MusaPIP2;6 Musa spp. Rasthali Salt tolerance Sreedharan et al.
(2015)

MpMYBS3 Musa spp. cv. Brazil Cold tolerance Dou et al. (2016)

MusaNAC042 Musa spp. Rasthali Salt, drought
tolerance

Tak et al. (2017)

MusaNAC68 Musa spp. Rasthali Salt, drought
tolerance

Negi et al. (2016)

Biotic stress tolerance

Magainin Musa spp.cv.
Rasthali

Resistance to Foc
race 1

Chakrabarti et al.
(2003)

HL M. spp. cv. Taijiao Resistance to Foc
race 4

Pei et al. (2005)

Endo
β-1,3-glucanase
gene

M. spp.cv. Rasthali Resistance to Foc
race 1

Maziah et al. (2007)

pflp M. acuminata cv. Pei
Chiao
M. acuminate cv.
Gros Michel

Resistance to Foc
race 4

Yip et al. (2011)

Bcl-xL, Ced-9 and
Bcl-2 3’UTR

M. spp. cv. Lady
Finger

Resistance to Foc
race 1

Paul et al. (2011)

tlp M. spp. cv. Nangka Resistance to Foc
race 4

Mahdavi et al. (2012)

PhDef1, PhDef2 M. spp. cv. Rasthali Resistance to Foc
race 1

Ghag et al. (2012)

(continued)
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Table 10.3 (continued)

Target gene Transgenic
plant/cultivar

Improved character References

chit42 M. spp. cv. Furenzhi Resistance to Foc
race 4

Hu et al. (2013)

Ace-AMP1 M. spp. cv. Rasthali Resistance to Foc
race 1

Mohandas et al.
(2013)

VEL and FTF1 M. spp. cv. Rasthali Resistance to Foc
race 1

Ghag et al. (2014a)

Sm-AMP-D1 M. spp. cv. Rasthali Resistance to Foc
race 1

Ghag et al. (2014b)

MusaDAD1,
MusaBAG1 and
MusaBI1

M. spp. cv. Rasthali Resistance to Foc
race 1

Ghag et al. (2014c)

ThEn-42 and StSy M. spp. cv. Grand
Nain

Resistance to
Mycosphaerella
fijiensis

Vishnevetsky et al.
(2011)

rcc2, rcg3 M. spp. cv. Gros
Michel

Resistance to
Mycosphaerella
fijiensis

Kovács et al. (2013)

Pflp, hrap M. spp. cv. Sukali
Ndizi and M. spp. cv.
Nakinyika

Resistance to X.
campestris
pv. musacearum

Tripathi et al. (2014a)

Xa21 M. spp. cv. Gonja
manjaya

Resistance to X.
campestris
pv. musacearum

Tripathi et al.
(2014b)

Rep M. spp. cv. Dwarf
Brazilian

Resistance to BBTV Cheah et al. (2009)

BBTV-G- cp M. spp. cv. Williams Resistance to BBTV Ismail et al. (2011)

Rep, ProRep M. spp. cv. Rasthali Resistance to BBTV Shekhawat et al.
(2013)

Cystatin M. spp. Resistance to
Radopholus similis

Atkinson et al. (2003)

Cystatin, synthetic
peptide

M. spp. cv. Gonja
manjaya

R. similis,
Helicotylenchus
multicinctus and
Meloidogyne spp

Roderick et al. (2012)

Biofortification

Soyferritin M. spp. cv. Rasthali Enhanced iron
content in leaves of
transgenic plants

Sunil Kumar et al.
(2011)

MtPsy2a/ZmPsy1 M. acuminata cv.
Dwarf Cavendish

Enhanced levels of
pro-vitamin A

Paul et al. (2017)

a Foc—Fusarium oxysporum f. sp. cubense, BBTV—banana bunchy top virus
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were generated by repressing the MADS box genes MaMADS1/MaMADS2 using
RNAi technology. These plants were evaluated under field conditions and displayed
delayed ripening and extended shelf-life phenotypes that include delayed colour
development and softening (Elitzur et al. 2016). Although most of these studies have
undergone field trials and have proved their excellence, none of them are yet com-
mercialized. This is because of the scare spawned among the general public about
transgenics or genetically modified foods. Some of the transgenic bananas have
already been field tested for its improved traits, nutritional and agronomic perfor-
mance (Ghag and Ganapathi 2017). The recent technologies such as CRISPR-Cas9
are useful in editing genome for value-added traits without introgression of foreign
genes.

10.5 Banana Genomics

The draft genome sequence of banana has been made available through the sequenc-
ing efforts of the doubled haploid genome ofMusa acuminate—DHPahang (D’Hont
et al. 2012). The sequence represents 90% of the genome and has 36542 protein-
coding genes and 37 microRNA families, and half of the sequence composed of
transposable elements. Davey et al. (2013) reported the draft genome forMusa bal-
bisiana Pisang Klutuk Wulung (PKW). This group has used Illumina HiSeq 2000
II technology and generated 281 million, 100 bp paired-end Illumina reads, and the
reads were assembled using the already available reference A genome. The group has
identified 36638 protein-coding genes and 3276 transposable elements. The available
sequence data can be effectively used for genome editing/manipulation for abiotic
and biotic stress tolerance as well as for fruit quality improvement in banana. The
data revealed that banana genome hadmost genes located in the distal part of its chro-
mosomes, and akin to other plant genomes, banana also has major chunk (50%) of
transposable elements. D’Hont et al. (2012) also observed highest number (3155) of
transcription factors of which 759 (MYB and AP2/ERF type) are specific to banana.
Ghag et al. (2015) conducted small RNA expression profiling in two commercially
important banana cultivars and identified several cultivar specific miRNAs along
with putative target transcripts. In a further study, Harikrishna et al. (2016) analysed
stress-related miRNA, and their predicted targets in the banana A and B genomes
and their results suggest that siRNA expression patterns change in response to salt
stress. The post-genomics research is poised to provide greater insights and boost to
Musa genetic engineering and improvement through the identification, cloning and
functional characterization of useful genes for key agronomic traits (Dash and Rai
2016; Ghag and Ganapathi 2017).

10.6 Conclusions

Banana is an important food crop after the major cereals like rice, wheat and maize.
Currently, several biotechnological tools are being applied for improving the Musa
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germplasm. In the early 2000, the Global Musa Genomics Consortium was estab-
lished with the prime focus on efficient use of Musa biodiversity for sustainabil-
ity through the integrated approaches of genetic and genomic resources, precision
breeding and genetic transformation. The crop is also susceptible to biotic and abi-
otic stress factors, and hence, there is a greater need to aim for improvement to
better adapt to the changing climatic environment. For vegetatively propagated plant
like banana, induced mutations offer as a potential for generating novel variabil-
ity. In vitro mutagenesis has been successfully adopted followed by production of
mutant population, mutation screening and phenotype characterization. The estab-
lishment of appropriate transgenic methods has contributed banana improvement.
Several useful gene constructs, promoters and other regulatory elements have been
made available for achieving stress-resistant/tolerant plants. Current and near-future
improvement strategies for developing cold, drought-tolerant bananas can augment
efforts for growing under the climate change challenges and thus can contribute
substantially to food security.
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