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Abstract- Banana, fourth most important food commodity on earth, has great socio-economic significance in India. As a staple food, it con-
tributes to food security of millions of people in developing world. Despite playing a key role in the economy of many developing countries, 
its production and as such export is constrained by many biotic as well as abiotic factors. Increase in production through minimization of 
yield loss has been emphasized as one of the thrust area and biotechnological advances such as genetic transformation, is playing a key 
role to handle the situation. Besides protecting banana against wide range of diseases, genetically modified bananas have also been advo-
cated as carrier for vaccines and as a source of carotenoids that can counteract debilitating vitamin A deficiency. In order to augment micro-
propagation of banana through different explants and different types of organogenesis and to avoid the constraints imposed by pests and 
pathogens, transgenic approaches using particle bombardment or Agrobacterium-mediated transformation using different transgenes is 
preferentially considered for the improvement of banana crop. This article deals with studies on micropropagation and genetic transformation 
that are preferably used for the enhancement of banana production though protection against biotic and abiotic stresses. 
Keywords- Banana, Biotic and abiotic stress, Genetic transformation, Micropropagation. 
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Introduction 
Banana is the common name of genus Musa sp., having great 
importance in the world due to their commercial importance and 
high nutritional value. Besides, being a good source of proteins 
and carbohydrates, it is considered as a source of vitamins (Vit A, 
C, E, K, B1, B2, B3, B6 and vitamin B9), minerals such as potassi-
um, sodium, calcium and magnesium along with trace amounts of 
iron, zinc and carotenoids [1]. Banana has also been found effec-
tive against colorectal cancer [2], breast cancer [3], and renal cell 
carcinoma [4]. Most, but not all banana cultivars are triploid (2n = 
3x = 33 chromosomes), with AAA, AAB and ABB genome consti-
tution. These triploid genotypes are virtually or completely sterile 
and develop their fruit by vegetative parthenocarpy. They are 
derived from inter- and intraspecific hybridisation between two 
different species of genus Musa; M. acuminata and M. balbisiana, 
designated with the diploid genomes AA or BB respectively [5]. 
Among Eumusa species of banana, Musa acuminata is the most 

widespread, with Malaysia [6] or Indonesia (Nasution [7, 8] as its 
centre of diversity.  
Banana ranks fourth (in terms of production) in the world and is 
second most significant fruit crop in India next to mango [9]. Pres-
ently, banana is grown in around 150 countries across the world 
on an area of 10 million ha with a total production of 100 million 
tons, out of this 43% is contributed by dessert banana type, while 
as cooking banana makes up approximately 57% [10]. Current 
world dessert banana production is approximately 67 million tons 
per year [10], but only 20% of it enters the world trade. Major 
dessert banana-producing countries are India, Philippines and 
Brazil, but neither of these exports significant quantities (Table 1). 
By comparison Brazil, the fifth largest producer, exports approxi-
mately 67% of its bananas and is as such the largest contributor 
of dessert bananas to world trade. Dessert cultivars of banana 
and plantain (a subgroup of cooking banana) banana are seed-
less. Their propagation of progeny generally takes place by plant-
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ing the suckers. India, with an annual production of 26.22 million 
tonnes from 404,000 ha area under cultivation, is the largest pro-
ducer of banana. It contributes 27% to world production and about 
37% of t total fruit crop production in the country [10]. Among the 
Indian states, Maharashtra that contributes maximum area of 
about 90,000 ha for banana cultivation, accounts for 25% of the 
total banana production in India followed by Tamil Nadu (20%), 
Gujarat (15%), Karnataka (10%) and Andhra Pradesh (10%). De-
spite being most productive (Jalgaon in Maharashtra and Trichy in 
Tamil Nadu), their contribution accounts only 0.1% to World trade. 
Constraitns 
 

Table 1- Production and export of banana in 2009.  

Source- FAOSTAT (2011), Kumar et al. (2010)  
 
As with all other crop species, banana production faces major 
challenges from biotic as well as abiotic stresses.  
 
Biotic challenges 
Banana production is limited due to several diseases and pests, 
such as fusarium wilt (Fusarium oxysporum f. sp. Cubense), black 
sigatoka (Mycospharella fijiensisi), banana xanthomonas wilt 
(Xanthomonas campestris pv. musacearum), viruses (Banana 
bunchy-top virus, genus Nanovirus and Banana streak virus, ge-
nus Badnavirus), weevils, and nematodes [11].  
Panama disease or Fusarium wilt, caused by the fungus Fusarium 
oxysporum, has devastated banana production and is widely re-
garded as one of the most destructive plant diseases [12]. Once 
established in an area, Fusarium cannot be controlled chemically 
by fungicides or solid fumigants, or by cultural practices such as 
rotations or soil amendment, so the only long-term option for con-
tinuing banana production is replacement of a susceptible variety 
with a resistant variety [13, 14]. However, most commercial varie-
ties are susceptible to ‘Tropical Race 4’ [15]. Although a number of 
varieties have been identified with resistance genes that may be 
useful in breeding or gene-transfer programs, these varieties have 
weaknesses that makes them unsuitable as replacements for 
‘Cavendish’ [14]. Another fungal disease, Black sigatoka leaf spot 
or black leaf streak disease (BLSD, Mycosphaerella fijiensis) has 
been serious, with infection leading to around 50% crop losses 
[16]. There is some genetic resistance in Musa with potential for 
exploitation [17], and genomic studies of the pathogen (BLSD, 
Mycosphaerella fijiensis), including complete sequencing, are 
underway [18].  
A bacterial wilt caused by Xanthomonas is spreading rapidly in 
East Africa; although control of disease spread by cultural practic-
es is being attempted, a long-term solution may again come 
through the genetic resistance. 
Viral diseases of banana include various diseases such as Bana-
na Bunchy Top and Banana Streak caused by BBTV and BSV 

respectively are controlled mainly by eradication of infected plants. 
Harper et al. (1999) showed the BSV-related sequences are inte-
grated within the nuclear genome although integration is not an 
essential part of the viral life cycle [19]. Hull et al. (2000) and oth-
ers have speculated that the presence of integrated copies may 
confer virus resistance through induction of transcriptional or post 
transcriptional gene silencing of homologous sequences, and 
since then it has become clear that expression of these elements 
give rise to a strong viral infection [20, 21].  
Burrowing nematodes (Radopholus similis and Pratylenchus spp.) 
and weevil (Cosmopolites sordidus) pests also constrain banana 
production, with little genetic resistance in widely grown cultivars. 
Their infection often leads to conditions where plantations becom-
ing uneconomic and being abandoned. No known source of de-
sired level of resistance exists within the banana/plantain gene 
pool [22-24]. 
 
Abiotic challenges 
Abiotic stresses caused by shortage or excess of water, salinity, 
wind or temperature, affects the crop yield [5]. Plants can tolerate 
short periods of drought because of their water-filled reserves [25]. 
Lack of water is associated with ‘maturity bronzing’ effect, mani-
fested by discoloration of mature bananas and cracking of the skin 
[25]. A soil pH in the range 5.5-7.5 is suitable for growing bana-
nas, with pH 5.5 considered as optimal [26]. A low pH however 
solubilizes elements like iron, aluminium and manganese; these 
can be toxic and have negative effects on the plant growth. A low 
pH also reduces the availability of other nutrients such as calcium 
and higher than 6.5, can reduce the availability of trace elements 
such as boron, zinc, copper and iron [26].  
Despite high water requirements, water logging of the soil often 
results in oxygen starvation of the roots [27]. Oxygen deficiency 
for more than 6 hours results in root tip death, which in turn leads 
to branching of the roots [28]. When sufficient water becomes 
available and roots recommence growing, it may result in multiple 
branching, giving it appearance of ‘witches broom’ [28]. Macronu-
trients required by banana plants include nitrogen, potassium, 
phosphorus, calcium, magnesium and sulphur. Deficiency of po-
tassium results in reduced buoyancy, which interferes with the 
post harvest production processes; the fruit sinks when dipped in 
hot water for the treatment against certain diseases [29]. The mi-
cronutrients required by bananas include boron, iron, manganese, 
copper, zinc, molybdenum, chlorine and cobalt. Deficiencies in 
these elements lead to morphological malformation of the leaves, 
reduced growth and yield and poor fruit quality [25]. Boron defi-
ciency alone can result in fruit that does not ‘fill’ [26]. Bananas do 
not thrive in areas of high salinity, although some varieties show 
tolerance than others. High levels of sodium result in reduced crop 
growth due to a reduction in osmotic pressure of the soil, which 
leads to an increase in ions that are toxic to the plant [30-32].  
All Musa species grow best in the open sun provided that the 
moisture is not limiting [6]. Deep shade causes stools to die [6, 
25]. Fire generally does not destroy the banana plant; they recover 
by regrowing from the corm [25]. High humidity, >95%, during the 
final stages of ripening can lead to ‘splitting’ of the fingers [25]. 
Bananas are also susceptible to strong winds, which can twist and 
distort the crown. The leaves can also be shredded by winds thus 
interfering with metabolism [33]. Low temperatures retard growth 
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Country 
Production in 2009
(x10,000 tons) 

Percentage of bananas 
exported 

India 26.22 0.1 

China  8.21 3 

Philippines 9.01 29 

Ecuador 7.64 0.6 

Brazil 7.19 67 

Indonesia 6.27 1.6 



Bioinfo Publications   66 

 

although susceptibility to cold varies among cultivars [26]. Impact 
of cold stress on plant growth includes; non-emergence of bud 
from the stem at flowering time, cessation of root growth at tem-
peratures below 130C and destruction of the plant by frost 
(although the corm normally remains viable) [26]. Choke Throat 
occurs when the bunch gets mapped in the pseudostem at various 
stages of emergence. Less severe cases result in bunches that 
only partially emerge from the pseudostem and are thus suscepti-
ble to disease because they are difficult to cover [34]. 
Keeping in mind the above stresses, it is emphasized that an ideal 
ideotype cultivar is one which is disease and pest resistant, high 
yielding, photosynthetically efficient, early maturing, display mini-
mum delay between consecutive harvests, short stature, strong 
roots for optimal nutrient uptake and greater resistance to wind 
damage. Considering the global importance of banana, there is a 
great potential to improve disease-free and high-yielding cultivars. 
As a step towards this, development of efficient organogenesis 
and genetic manipulation techniques will come up with new oppor-
tunity for the genetic improvement of banana. 
 
Micropropagation  
In vitro organized and/or unorganized growth of new plantlets is 
called micropropagation. Since germination frequency of seed is 
extremely low, embryo culture is preferred for classical breeding 
experiments [35]. Major applications of shoot tip culture are mass 
clonal propagation and germplasm conservation. In mass clonal 
propagation, existing shoot tips are stimulated to multiply rapidly, 
while as in germplasm conservation, multiplication rate is slowed 
down. On induction, embryogenic callus from suitable explants in 
semi-solid medium containing high auxin concentration, it is trans-
ferred to liquid medium where it gives rise to embryogenic cell 
suspension (ECS). As such suspension possesses high regenera-
tion capacity for mass clonal propagation, they are considered as 
main source for regenerable protoplasts in banana [36]. More 
importantly, they are preferred target material for induced muta-
tions and genetic engineering. In vitro banana tissue culture plant-
lets that show uniform and vigorous growth with have a shorter 
harvesting period, have higher survival rate than suckers in natu-
ral surroundings. Commercial application of banana by in vitro 
culture usually involves shoot multiplication [37]. This technique 
can increase the rate of seedling production and improve the 
seedling quality such as uniformity and being true to parental type. 
Regeneration through organogenesis 
 
Organogenesis in different explants 
Shoot tips 
Shoot tips being easy to culture are extensively preferred as start-
ing material for micropropagation for a wide range of banana culti-
vars [38-41]. Ganapathi et al. (1998) reported regeneration of 
banana, Lal Kela (AAA genotype) from shoot tips and obtained 5-
6 shoots per explants [42]. Priyono (2001) reported that micro-
propagation of Musa paradisiaca through cormlet initiation by in 
vitro culture of apical meristem slices [43]. Josekutty et al. (2003) 
established the efficient micropropagation of Apat regular and 
Apat fissuse (cooking bananas) using shoot meristem [44]. Ha-
mide and Pekmeze (2004) used shoot tips to multiply banana 
cultivars dwarf Cavendish [45]. Diro and Staden (2005) also re-
ported rapid in vitro protocol for multiplication of Enset vetricosum 

from shoot tips [46]. Kanchanapoom and korapatchaikul (2012) 
reported induction of yellow compact calluses from in vitro-grown 
shoot tips of diploid bananas (Musa acuminata, AA group) ‘Kluai 
Sa’ and ‘Kluai Leb Mu Nang’ [47]. Unlike other methods that need 
for field access and seasonal dependence, main advantage of this 
procedure is that it bypasses this procedure.  
 
Leaf sheaths and corm 
For microprogation of banana, use of leaf sheath and corm has 
the advantage that it can be applied to many banana varieties 
irrespective of the genotype. Okole and Schulz (1996) regenerat-
ed banana cultivar ‘Williams’ (AAA genotype) and two plantain 
cultivars ‘Horn’ (AAB) and ‘Cachaco’ (ABB) from leaf bases and 
corm slices [48]. Venkatachalam, et al. (2006) reported direct 
shoot and cormlet regeneration from leaf explants of ‘silk’ banana 
[49]. 
 
Male flowers 
Bakry et al. (1985) gave the first report on vegetative shoots from 
in vitro culture of inflorescence of banana [50]. Cronauer and Kri-
korian (1988) reported adventitious shoot bud formation from the 
determinate floral buds in plantain (AAB) [51]. According to them 
the apical dome has a role to play in re-differentiation process. 
However, Doreswamy and Sahijram (1989) who achieved micro-
propagation of Cavendish cultivar ‘Rasthali’ (AAA), reported that 
the apical dome per se did not participate in re-differentiation pro-
cess and, therefore, did not directly contribute to development of 
vegetative shoots [52]. Balakrishnamurthy and Rangaswamy 
(1988) reported in vitro shoot regeneration from floral apices of 
banana cultivars, ‘Robusta’ (AAA) and ‘Monthan’ (ABB) [53]. It is 
believed that different hormones play a role in the reversal of veg-
etative stage from the reproductive stage of banana. According to 
Ling et al. (1990), addition of 2, 4-D; 2, 4, 5-T or kinetin to MS 
medium could induce the reversion of the reproductive stage to 
vegetative stage in ABB group of banana [54]. Murali and Duncan 
(1991) induced vegetative stage in Gros Michel banana flower 
bud, when cultured on MS medium supplemented with BAP (5mg/
l) and IBA (1mg/l) [55]. Chinsuk and Silayoi (2001) obtained 5.71 
shoots/explants in MS medium supplemented with 7mg/l BAP 
[56]. According to Cirad (2003) immature male flowers are the 
most successful explants for somatic embryogenesis [57]; howev-
er, a rapid decline in embryogenic response soon after harvest as 
well as seasonal dependence makes it necessary that cultures 
must be developed quickly from harvested flowers [58].  
 
Micro-cross sections 
Okole and Schultz (1996) studied the micro-cross sections of 
banana cultivar ‘Williams’ (AAA) and two plantain cultivars ‘Horn’ 
plantain (AAB) and Cachao (ABB) for adventitious shoot and cal-
lus formation [48]. The micro-cross sections were derived from the 
lower to upper leaf segments of all three genotypes. An average 
of 15 shoots buds were obtained from micro-cross sections de-
rived from each comb. The shoot buds could be successfully re-
generated to give rise to plantlets. 
 
Effect of physical state of culture medium for micropropaga-
tion of banana 
The nature and physical state of the culture medium plays an 
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important role in in vitro culture of Musa species. Semi solid medi-
um is widely used for routine multiplication of bananas all over the 
world, although use of liquid medium for in vitro micropropagation 
is often described as a way of reducing cost of producing plant-
lets. Sterilization of the medium can be performed by ultra-
filtration i.e. filtration of the solution through filters of pore size less 

than 0.45 m, rather than autoclaving. Despite the advantages 
of shorter sub culturing time for explants, use of liquid medium 
involves the problem of asphyxia of explants as a result of immer-
sion. The most commonly used preventive methods are based on 
the principle of partial immersion of explants, by using Filter Paper 
Bridge or cellulose, Rockwool etc. [59]. Bhagyalakshmi and Singh 
(1995) compared static liquid, agitated liquid and agar-gelled me-
dium for shoot tip multiplication and plant survival in three cultivars 
of banana i.e. Cavendish, Bluggoe and Silk using shoot tip ex-
plants and reported maximum number of shoots as well as maxi-
mum survival ex vitro in static liquid medium coupled with judi-
cious selection of shoot cultures and a brief exposure of the same 
in gelled medium without BAP [60]. Chinsuk and Silayoi (2001) 
reported shoot formation from inflorescences of banana cv. Kluai 
Khai (Musa acuminata ‘Klaui Khai’) by sub-culturing in liquid MS 
medium [56]. Temporary immersion system (TIS) is a simple 
method that is used to multiply in liquid medium, organogenic 
cultures such as nodules, meristem clumps or compact shoot 
clusters, somatic embryos and cells, and for growth of bulbs, 
corms or microtubers [61]. This system has been successfully 
used in the micropropagation of bananas of the AAA [62, 63] and 
AAAB groups [64]. Matsumoto and Brandao (2002) compared TIS 
and permanent immersion system (Explants permanently dipped 
in liquid medium and sterilized filter air injected in medium every 
four hours for five seconds) with conventional culture system us-
ing shoot tip explants of cultivar Maca (genotype AAB), and ob-
served that TIS and permanent immersions system respectively 
produced 3.7 and 12 times more plant material than the conven-
tional culture system [65]. 
 
Effect of growth regulators 
Proliferation rate of shoot and elongation are affected by the type 
and concentration of plant growth regulators. Cytokinins and aux-
ins are used as growth regulators for in vitro propagation of Musa 
spp. As concentration of exogenous cytokinin appears to be the 
main factor affecting shoot multiplication, most widely used and 
most effective cytokinin for this purpose is adenine based cytokin-
in; N6-benzylaminopurine (BAP) [38, 40, 45, 66]. Others include 
isopentyladenine (2-ip) [38], zeatin [67] and kinetin [68]. 
  
Cronauer and Krikorian (1984a) obtained 9.1 shoots per explants 
during in vitro multiplication of Phillippine lacatan and Grand 

naine, on a modified MS medium supplemented with 10 M 
BAP [38], while as Rahman et al. (2002) obtained 4.52 shoots per 
explants on the same media in variety Bari-1. It indicates different 
genotypic response towards the cytokinin BAP [69]. Noor Aziah 
and Khalid (2002) used higher concentration of BAP for regenera-
tion, using whole meristems and scalps as explants [70]. Scalps 
were induced on MS medium supplemented with coconut water 

and BAP (75 M). The average number of shoots produced 
from scalps was six times more than that produced from a single 
shoot tip. Venkatachalam et al. (2006) achieved direct regenera-
tion from leaf sheaths of silk banana (AAB) on MS medium sup-

plemented with BAP (22.4 M) [49]. Thiadiazuran (TDZ) is a 
urea based cytokinin, which is frequently used in banana micro-
propagation. Hamide and Pekmezc (2004) tested the effects of 

BAP (5, 10, 20 and 30 M) and TDZ (0.4, 1, 2 and 3 M), 

either alone or in combination with 1 M indole acetic acid (IAA) 
for shoot multiplication in three banana types [45]. They observed 
that in all the three type, shoot proliferation and elongation were 
significantly greater with TDZ as compared with BAP. Also each 

cytokinin, in combination with 1 M IAA increased shoot prolif-
eration and elongation more than when used alone. Strosse et al. 
(2008) cultured shoot tip explants to determine the influence of 
five cytokinins [BAP, kinetin, isopentenyladenine (2iP), zeatin, and 
thidiazuron (TDZ)] each at three concentrations (1, 10 and 100 

M) added to the basal corn shoot multiplication (CSM) medi-
um, on multiple shoot formation [71]. When shoot tips of banana 
variety Williams (AAA) were cultured on basal CSM medium de-
void of plant growth regulators, all explants grew into elongated 
single shoots. The highest number of explants developed into 
elongated shoots. The highest number of explants developing into 
multiple shoots was observed with TDZ (up to 100%) followed by 
BAP (up to 92%). These studies suggest that a combination of 
cytokinins, with or without auxin have been used for enhancing 
shoot proliferation in banana regeneration.  
Growth retardants have been reported to be used along with cyto-
kinins to increase the number of multiple shoots per explants. 
Albany et al. (2002) introduced growth retardants ancymidol 
(ANC), paclobutrazol (PBZ) and diaminozide (DAM) respectively, 
in liquid cultures constituting temporary immersion system in order 
to reduce the size of the shoots to allow better use of space inside 
the culture vessel and increase their numbers [72]. In liquid shake 
cultures ANC and PBZ (irrespective of concentration), promoted 
bud formation in clusters, but with a reduced size and compact 
shape. It took five successive subcultures in ANC or PBZ (2.5 mg/
l) containing medium to recover the normal morphology of the 
shoots as compared to those grown in hormone-free medium 
without growth retardants. However, during the acclimatization 
stage, plants multiplied in PBZ and DAM containing media or 
plants multiplied in ANC containing media showed reduced height 
in comparison to control plants.  
 
Somatic Embryogenesis 
Plant embryogenesis is the process that produces a plant embryo 
from a fertilized ovule by asymmetrical cell division and differentia-
tion of undifferentiated cells into tissues and organ. Somatic em-
bryogenesis involves the development of embryos from somatic 
cells. The bipolar structure of somatic embryo contains both shoot 
and root meristems. This in vitro morphogenetic pattern is a multi-
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step regeneration process, starting with the induction of pro-
embryogenic masses, followed by somatic embryo formation, 
maturation, desiccation and plant regeneration, in response to 
physical and chemical treatments [73]. In bananas and plantains, 
four procedures exist for the development of embryogenic cell 
suspensions (ECS). They differ mainly in the source of the ex-
plants: zygotic embryos [51, 74], rhizome slices and leaf sheaths 
[75], immature female flowers [76, 77] and multiple meristem cul-
tures [78, 79]. Since most edible banana cultivars rarely set seed, 
zygotic embryos are of limited value as starting material. On the 
other hand, the scalp methodology relies on proliferating meristem 
cultures as explants. This involves an extensive material prepara-
tion phase preceding induction of embryogenesis. In contrast, the 
starting material for the widely used male-flower technology can 
be collected directly from the flowering banana plants. However, 
factors such as fast decline of the male flower embryogenic re-
sponse soon after harvest; seasonal dependence; direct field 
access and inoculation of explants quickly after harvest limits this 
methodology [58]. Besides that, this method cannot be applied to 
varieties such as False Horn plantains and Harton plantains, 
which do not produce make flowers.  
 
Effect of type of explants on somatic embryorgenesis 
Zygotic embryos 
Cronauer and Krikorian (1988) reported somatic embryogenesis in 
a seeded diploid ornamental banana Musa ornata Roxb [51]. The 
embryos were excised from the seeds and placed on semi-solid 
MS medium supplemented with different concentrations of 2, 4-D 
(0.5, 1, 2 mgl-1) and 5% coconut water. Embryo germination was 
obtained on SH [80] salts followed by transfer to MS basal medi-
um. Plantlets were obtained using filter paper bridges in liquid half
-strength SH medium supplemented with 1% sucrose. Escalant 
and Teisson (1989) obtained callus from immature zygotic embry-
os of Musa acuminata (AA) and Musa balbisiana (BB) [74]. After 
removing seed coat from the seeds, embryos were separated 
from albumin. These embryos were cultured in M1 medium [MS 
salts in which macroelemetns were diluted two-fold but supple-
mented with 1.47 mM KH2PO4 and vitamins of supplemented with 

2.2 M BAP [81]. After one month of culture, 80% of these em-
bryos germinated and formed shoots. White compact heterogene-
ous callus appeared at the base of about 20% of these shoots. 
These callus were isolated and cultured on M2 medium (same as 
M1 but macro-elements were not diluted) supplemented with 9 

M dicamba or 7.5 M picloram under darkness. After one 
month somatic embryos appeared on the compact part of embryo. 
These somatic embryos converted to plantlets on M2 medium 

supplemented with 5.3 M NAA. In another study. Kanchan-
apoom and korapatchaikul (2012) reported Yellow compact callus-
es were induced from in vitro-grown shoot tips of diploid bananas 
(Musa acuminata, AA group) ‘Kluai Sa’ and ‘Kluai Leb Mu Nang’ 
on a modified Murashige and Skoog (MS) medium containing 100 
mg/L malt extract, 50 mg/L proline, 50 mg/L cysteine, 100 mg/L 
glutamine, 1 mg/L biotin, 7 mg/L Dicamba and 2 mg/L TDZ [47]. 
Green shoot buds were induced after transfer of the yellow com-
pact calluses to the same MS medium, but supplemented with 1 

mg/L NAA and 3 mg/L BA so as to achieve plant regeneration 
through organogenesis in callus cultures.  
 
Rhizome slices and leaf sheaths 
Novak et al. (1989) reported embryogenic callus formation by 
inoculating leaf bases and rhizome tissue explants of triploid cook-
ing bananas, Cardaba (ABB genome), SH-3362 (AA genome) and 
Bocadillo (AA genome), in modified SH medium supplemented 
with an auxin, dicamba (3,6-dichloro-2-methoxybenzoic acid) (20 

M) and a cytokinins, TDZ (5 M). Cell suspension cultures 
after 3-4 weeks inoculation in medium supplemented with zeatin 

(5 M) developed somatic embryos [75]. 
 
Immature male or female flowers 
Ma (1991), Escalant et al. (1993) and Jalil et al. (2003) obtained 
embryogenic cell suspension (ECS) cultures and plant regenera-
tion of Musa acuminata by inoculating male flowers on MS medi-
um supplemented with 1 mgl-1 biotin, 100 mgl-1 malt extract, 100 

mgl-1 glutamine, 18 M 2,4-D, 5.4 M IAA, 5.7 M NAA, 30 
gl-1 sucrose and gelled with 2.6 gl-1 BAP (M4 medium) [82-84]. 
Grapin et al. (1996) and Shii et al. (1992) also reported plant re-
generation from embryogenic calli obtained by subculturing male 
flowers on MS medium [85, 86]. Ganapathi et al. (1998) estab-
lished embryogenic cultures using young male flowers in five culti-
vars of banana, namely Rasthali (AAB), Basrai (AAA), Shreemanti 
(AAA), Lokhandi (AAA) and Trikoni (AAA) [42]. Embryogenic cal-
lus continued to rapidly proliferate on MS medium supplemented 

with 0.22 M BA and 1.14 M indole-3-acetic acid (IAA) and 
somatic embryos developed on the same medium. Green plu-
mules emerged from the embryos followed by development of 

roots within a span of 6 to 8 weeks upon transfer to  strength 
MS medium supplemented with 0.5 g/l malt extract and 0.1% acti-
vated charcoal. Subsequently normal plant development was 
obtained following transplantation into paper cups in the green-
house. 
Grapin et al. (2000) reported banana regeneration via, cell sus-
pension of false Horn plantain (Musa AAB) using female flower as 
explant [77]. Gomez et al. (2000) regenerated plantlets of hybrid 
cultivar FHIA-18 (AAAB) through formation of somatic embryos in 
liquid medium by using male flowers [87]. Perez et al. (2005) re-
ported new methodology for establishing ECS and embryo germi-
nation in banana (Musa sp. AAA, ‘Grand Naine’) from immature 
floral buds of the male inflorescence [88]. They used two different 
culture Media to establish cell suspension cultures; one MS salts 
supplemented with 4mg/l of 2, 4-D and other medium having 1 
mg/l of 2, 4-D. Floral meristems were inoculated separately in 50 
ml Erlenmeyer flasks with 5 ml of respective culture medium. The 
flasks were kept in an oribital shaker at 100 rpm in darkness. The 
ECS were obtained in 100 days in both culture media. In both 
media cell suspension cultures comprising of small and irregular 
cell aggregates were formed. Sedimented cells (0.5 ml) were plat-
ed on semisolid medium for regeneration of plantlets, where 78% 
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of the embryos germinated after 35 days of culture. 
Secondary somatic embryogenesis (SE2) is the process of induc-
tion of new somatic embryos from pre-existing embryos [89]. Kha-
lil et al. (2002) used immature male flower buds to regenerate 
banana cultivar Dwarf Brazilian (Musa sp. AAB) through formation 
of SE2 [90]. Primary somatic embryos were produced when ex-
plants of immature male flower buds were cultured on MS medi-
um supplemented with 1 mg/l biotin, 100 mg/l malt extract, 100 
mg/l glutamine, 4 mg-1 2, 4-D, 1 mgl-1 IAA, 1 mgl-1 NAA, 30 gl-1 
sucrose and 2.6 gl-1 Phytagel (M1 medium) and then transferred 
to M1 medium supplemented with 200 mgl-1 casein hydrolysate 
and 2 mgl-1 proline. Suspension cultures were initiated from em-
bryogenic tissues placed in liquid medium supplemented with 2, 4
-D (1 mgl-1), biotin (1 mgl-1), L-glutamate (100 mgl-1), malt extract 
(100 mgl-1), and sucrose (45 gl-1). The somatic embryos devel-
oped when suspension culture was aspirated on MS medium 
supplemented with biotin (1 mgl-1), kinetin (0.5 mgl-1) zeatin (0.2 
mgl-1), sucrose (45 gl-1), and phytagel (2.6 gl-1). Differentiated 
embryos were transferred to MS medium supplemented with 5 
mgl-1 BAP for maturation and cultured on hormone-free MS medi-
um for germination and development into plantlets. Approximately 
90% of the somatic embryos germinated and developed into 
plantlets and 900-1050 plantlets were obtained from initial starting 
material amounting to 90% regeneration of 0.5 ml packed cell 
volume (PCV) of the suspension culture in 4-5 months. Wei et al. 
(2005) established ECS from male-flowers of Musa accuminata 
cv. Mas (AA), a major banana variety of the South East region 
[91]. Sidha et al. (2007) tested immature male flowers (IMFs) of 
different banana cultivars (Ardhapuri, Basrai, Grande Naine, 
Lalkela, Mutheli and Shrimanti) for callus induction on medium 
containing 2,4-D, IAA and NAA [92]. In terms of callus inducting 
from IMFs of AAA genomic group, Lalkela showed highest re-
sponse (77.7%) followed by medium response in Shrimanti 
(52.2%), Basrai (51%), Grande Naine (42.5%), Ardhapuri (42%) 
and Mutheli (40%). Compared to this group, Safed Velchi (BB) 
was found to be highly responsive to 1MF culture (70%) similar to 
Lalkela. Embryogenic response was the highest in Lalkela 
(83.3%), followed by Grandenaine (62%) Ardhapuri (50%), Basrai 
and Mutheli (45%) and Shrimanti (40%) while, Safed Velchi 
showed less response (20%). Experiments with different auxins 
(2,4-D & its analogs, dicamba, Picloram and Phenyl acetic acid) 
showed varied response among the cultivars tested. 
Perez and Rossel (2008) obtained induction of somatic embryo-
genesis and suspension-derived plant regeneration of banana 
(Musa AAA, cv. ‘Dwarf Cavendish’) from inflorescences of male 
flowers [93]. Ghosh et al. (2009) developed an efficient method for 
somatic embryogenesis and plant regeneration of Cavendish 
banana cultivar Robusta (AAA) [94]. The ECS was established 
using immature male flowers and percentage of embryogenic calli 
and distinct globular embryos obtained was 10.3 and 11.1, re-
spectively. Approximately 48.67% of the cultures showed the 
appearance of green nodular callus from the base of the explants 
within 3-4 months of culture in MS medium supplemented with 2,4
-D (4 mgl-1), IAA (1 mgl-1), NAA (1 mgl-1), biotin (1 mgl-1) and 3% 
sucrose. At this stage the responding cultures were transferred to 
semisolid MS medium supplemented with 2, 4-D (1 mgml-1), biotin 
(1 mgml-1), malt extract (100 mgl-1), glutamine (100 mgml-1), and 
4.5% sucrose (M2 medium), in which about 10.3% of the trans-

ferred cultures formed white friable embryogenic calli. Distinct 
globular embryos were observed in 11.1% of embryogenic cul-
tures on M2 medium. Suspension cultures were initiated in liquid 
M2 medium from friable embryogenic calli and globular embryos. 
Fine embryogenic cells with dense cytoplasm were obtained after 
3 months of initiation. These cultures were sub-cultured weekly 
and with every subculture, 2 to 3 fold increase in cell mass was 
observed. Embryogenic cells plated on SH medium supplemented 
with picloram (1 mgml-1), malt extract (100 mgl-1), glutamine (100 
mgl-1) and 4.5% sucrose, showed the development of somatic 
embryos within one month of plating. The somatic embryos 
showed signs of conversion to plantlets within one month of trans-
fer to semisolid MS medium supplemented with BAP on transfer 
to semisolid MS medium supplemented with NAA (1 mgml-1) and 
3%.  
 
Proliferating meristem cultures (scalps) 
Multiple meristem cultures have been used as the starting materi-
al from which ~3 mm top layer (i.e. scalp) is excised and cultured 
on embryogenesis induction medium. The procedure to develop 
ECS derived from shoot meristematic tissue, henceforth referred 
to as the scalp-method. Scalps were used as explants for induc-
ing embryogentic callus formation for the first time by Dhed’a et al. 
(1991) [78]. Later, Schoofs (1997) also obtained ECS cultures in 

modified liquid MS medium supplemented with 2,4-D (5 M) 

and zeatin (1 M) [79]. Somatic embryo maturation was ob-
tained in MS basal medium and embryo germination was ob-

served in modified MS medium supplemented with BAP (10 
M). Gorchiny et al. (2002) cultured shoot tips of banana (Musa sp. 

Var. Cavendish) in  MS medium supplemented with 0.2 mgl-1 
BAP [95]. Shoot tip explants were transferred to half MS salts 
supplemented with 0.19 mgl-1 NAA and 0.23 mgl-1 BAP before the 
appearance of any shoots. After one week, these explants were 
transferred to MS medium supplemented with 2 mgl-1 2,4-D, 0.2 
mgl-1 BAP and 1 mgl-1 biotin in which 5% of these explants formed 
somatic embryos after two seeks. Strosse et al. (2006) estab-
lished multiple meristem cultures of 18 varieties belonging to 5 
genome types of Musa (AA, AAA, AAA-h, AAB, ABB) by culturing 

elongated shots on MS medium supplemented with 100 m 
BAP [96]. Scalps were excised and induced for embryogenesis on 

medium containing 1-50 M 2,4-D. Embryogenic responses 
was obtained for each of the tested concentrations, with an opti-

mum at 5 M 2,4-D. From the 24,375 scalps tested, only 3.3% 
for cooking bananas (ABBD), 3.8% for Cavendish-type bananas 
(AAA) and 1.8% for plantains (AAB). Once embryogenic complex-
es were transferred to liquid maintenance medium, ECS with high 
regeneration capacity were obtained. Villalobos and Garcia (2008) 
obtained ECS from scalps of the banana variety CIEN-BTA-03 
(AAAA) [97]. Shoot apices were grown in the scalp-induction me-
dium (MS supplemented with BAP and IAA) following four diverse 
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treatments. The first two, ME22 and ME25, were semi-solid media 
supplemented with (mgl-1) 22.7 BAP plus 0.192 IAA, and 25 BA 
plus 0.217 IAA, respectively. All the media were gelled with 1.8 gl-
1 phytagel, and subcultures were performed monthly or bimonthly 
over 16 months. The other two treatments, IT22 and IT25, resem-
bled ME22 and ME25 respectively, but consisted of temporary 
immersion in respective liquid medium for four months without 
subculture, followed by two months in respective semi-solid me-
dia. The highest percentage of explants forming scalps (38.8%) 
was obtained in IT25 medium. The scalps were grown in callus 
induction medium Zs (half MS salts supplemented with 1 mgl-1 2,4
-D and 0.219 mgl-1 zeatin and pH adjusted to 6.2 and embryogen-
ic calli were obtained with abundant somatic embryos, especially 
in scalps from IT25 treatment. About 10 to 15 embryos from each 
treatment were transferred to 5 ml of multiplication medium Zi (Zs 
medium without phytagel) to initiate the ECS. The scalps obtained 
from the IT25 treatment were the most suitable as they led to ECS 
with high embryogenic capability. In addition, the scalps could be 
produced in a short time span of about six months. This facilitated 
the procurement of embryogenic calli with abundant somatic em-
bryos, which in turn were highly competent for the establishment 
of embryogenic cell suspensions. The ECS obtained showed 
numerous mature somatic embryos, and an enhanced conversion 
of embryos to plantlets (92.5%). The growth kinetics of such em-
bryogenic cell suspensions showed that the optimum period for 
media replacement is in the order of about 12 days. 
Sholi et al. (2009) obtained embryogenic calli from scalps of plan-
tain (Musa sp.) cv Spambia (genome AAB) [98]. The scalps were 

cultured on a semi-solid MS medium supplemented with 4.5 M 

2, 4-D and 1.0 M zeatin. About 25% of shoot-tip explants 
formed scalps, and about 98% of scalps developed embryogenic 
calli. The ECS was obtained when these calli were transferred to 

liquid MS medium supplemented with 4.5 M 2, 4-D and 1.0 

M zeatin. Upon transfer to semi-solid MS medium of the same 
composition as described above, aggregates of cells formed so-

matic embryos. They reported that in presence of 2.5 M ab-
scisic acid (ABA), maturation of somatic embryos was 2.6-fold 
higher than that of control (lacking ABA), and regardless of the 
type of cytokinins used in the medium. Upon transfer to MS medi-

um supplemented with 1.25 M BAP, 80% of germinated em-
bryos developed into plantlets. 
 
Bottlenecks in Somatic Embryogenesis 
Embryogenesis in bananas is very difficult unlike dicots and seed 
setting monocots [36]. An extensive material preparation phase is 
required for obtaining scalps for induction of somatic embryogene-
sis. Low (often less than 5%) and variable embryogenic respons-
es, combined with only 20-50% calli that result in highly regenera-
ble cell suspensions hamper smooth establishment of Musa em-
bryogenic cell cultures. Consequently, cell suspensions that do 
reach the phase of mass multiplication are maintained as long as 

possible. The regeneration potential of cell suspensions decreas-
es with time, therefore the embryos should be germinated regular-
ly and plants grown subsequently from the cell cultures. Also the 
genetic fidelity of cell suspension-derived plants varies widely. 
The rate of somaclonal variation is very low (2% in the diploid 
acuminate ‘IRFA 903’) [99], but can be extremely high (99%) as in 
the case of ‘Williams’ line E4000. Considering the labour-intensive 
and time-consuming development of Musa ECS, and taking into 
account their loss of embryogenic capacity, part of the newly es-
tablished cell suspensions need to be cryopreserved for backup 
[100, 101]. 
 
Regeneration through protoplast culture 
Banana protoplasts have been isolated from different explants as 
from inflorescence [102] and basal tissue of the youngest leaf 
[103] but best results were obtained when embryogenic cells were 
used [104] wherein a low frequency of first and second division of 
banana protoplasts cultured in Sea Plaque agarose was reported. 
Megia et al. (1992) reported a successful culture of banana proto-
plasts, leading to callus formation through feeder cultures com-
bined with high density of cultured protoplasts in Musa acuminata 
(AA) sp burmannica cv. Long Tavoy [105]. Feeder culture was set 
up by mixing 3 ml of suspension of feeder cells (cell suspension) 
with 100 ml of nurse medium containing 0.8% (w/v) molten Sea 
Plaque agarose, MS basal salts, vitamins, 2 mg/L 2,4-D, 20 gm/L 
sucrose, 72 gm/L maltose, 250mg/L glucose and 20 ml fresh co-
conut water. More than 90% of isolated protoplasts were viable 

and yield of protoplasts was estimated to be 4-5  105 per gram 
(fresh weight). Panis et al. (1993) reported plant regeneration 
through direct embryogenesis from cell suspension-derived proto-
plasts of cooking banana cultivar Bluggoe (ABB) [106]. Matsumo-
to et al. (1998) carried out plant regeneration from protoplasts 
isolated from cultured embryogenic calli and suspension cells of 
Maca, a Brazilian dessert banana (Musa sp., AAB group) [107]. 
They could achieve somatic embryogenesis and plantlet differenti-
ation by using a nurse culture of highly dividing rice cells. Assani 
et al. (2001) reported isolation of protoplasts and regeneration via 
somatic embryogenesis for seven banana genotypes, viz. grand 
Naine and Gros Michel (Musa sp. Subgroup Cavendish AAA); 
Currare Enano and Dominico (subgroup plantain AAB); SF 265; 
Col 49; and IRFA 903 (subgroup AA) [108]. A reproducible regen-
eration system from protoplast is particularly appropriate for the 
application of plant genetic engineering such as somatic hybridi-
zation and transformation by protoplast fusion and electroporation 
respectively. 
 
Somaclonal Variation 
Most of the organized cultures, especially the shoot tips maintain 
strict genotypic and phenotypic stability under tissue culture con-
ditions [109]. Frequencies of somaclonal variation have been 
reported to be a mere 1% in Grand Naine [110] but was extremely 
high at 74% in the case of plantain subgroup (Musa spp. AAB 
group) [111]. This phenomenon in the plantain subgroup (Musa 
spp. AAB group) revealed that the incidence of somaclonal varia-
tion is strongly influenced by genetic stability of each cultivar, and 
its frequency is amplified by culture induced factors. There is no 
evidence that growth regulators routinely used in tissue culture 
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directly affect the rate of variation, but it has been found that the 
rate of somaclonal variation is positively related to the number of 
subcultures [112]. 
A very few exogenous hormones and growth regulators have 
been reported useful for micropropagation of banana [60, 74, 75, 
78]. The sub and supra optimal levels of growth regulators, espe-
cially the synthetic ones, have been found to induce somaclonal 
variation [113-116]. Even in cases where immediate variations 
were not noticed at optimal levels, the long-term application of 
high level of cytokinins resulted in somaclonal or epigenetic varia-
tions in some of the micropropagated plants [41, 117] questioning 
the high fidelity of their colonal nature. Rapid Amplified Polymor-
phic DNA (RAPD) markets have been successfully applied to 
detect the genetic similarities or dissimilarities in micropropagated 
material in various plant species [115, 116, 118, 119]. Venka-
tachalam et al. (2007; 2011) investigated the effect of high level of 
cytokinin on micropropagation of banana (genotype AAB) [120, 
121]. The genetic stability of plantlets was assessed using RAPD 
and Inter Simple Sequence Repeats (ISSR) markers. Cytokinins 
such as BAP and kinetin were added to the routine shoot multipli-
cation medium at concentrations up to 10 l-1. After 12 weeks of 
culture involving three subcultures, the maximum number of shoot 
buds were produced in cultures receiving either 5 mg l-1 BAP (80 
shoot buds) or 4 mg l-1 kinetin (62 shoot buds). To check the ge-
netic stability of micropropagated plantlets, RAPD and ISSR pro-
files obtained from different cytokinin-treatments were compared 
with control plants maintained on MS medium as well as the field-
grown mother plant. Total of 50 RAPD and 12 ISSR primers re-
sulted in 625 distinct and reproducible bands. Thus a total of 50 
RAPD and 12 ISSR primers resulted in 625 distinct and reproduci-
ble bands. Thus a total of 17,400 amplified bands were generated 
showing homogeneous RAPD and ISSR patterns. No genetic 
variation was observed in any of the plantlets analyzed. 
 
Genetic Transformation of Musa Species 
Development of disease resistant banana by conventional breed-
ing is hampered by long generation times, triplody and sterility of 
most edible cultivars. Genetic engineering may offer an alternative 
solution to these problems. Plant tissue culture includes technique 
and methods appropriate to research into many botanical disci-
plines and several practical objectives. Both organized and unor-
ganized growth is possible in vitro [122]. Mainly particle bombard-
ment and Agrobacterium mediated transformation of embrogenic 
cell suspension of banana from genomic group ABB [123], AAB 
[121, 123-125], AA [126] and AAA [94, 125, 127] has been used 
to produce transgenic banana plants. Despite variety independent 
nature of biolistic transformation, Agrobacterium-mediated genetic 
transformation remains the method of choice due to high transfor-
mation systems for the generation of transgenic plants from ECS 
of four different banana cultivars and found that transient and 
stable gene expression were significantly higher with the Agrobac-
terium method for most banana cultivars. In general, transfor-
mation frequencies are reported to be cultivar dependent. Thus 
there is a need to develop optimal transformation protocols for 
any particular type of banana. 
 
Transformation via Agrobacterium tumefaciens 
Many details of the key molecular events taking place in the bac-

terial cells during T-DNA transfer have been elucidated, and some 
plant factors which were elusive earlier have now been purified 
and characterized [128]. The phytopathogenic soil bacterium Ag-
robacterium tumefaciens genetically transforms plants by transfer-
ring a portion of the resident Ti plasmid, the T-DNA, to the plant. 
Musa was generally regarded as recalcitrant to Agrobacterium-
mediated transformation.). Agrobacterium tumefaciens is compati-
ble with banana indicating the potential for genetic transformation 
by this means [129]. Sreeramanan et al. (2006a) studied the 
chemotaxis of Agrobacterium tumefaciens strains (EHA 101 and 
LBA 4404) towards wounded banana tissues, using swarm agar 
plates [130]. chemotaxis has a minor role in determining host 
specificity and suggested that it could not be responsible for the 
absence of tumorigenesis in banana under natural conditions was 
observed. Agrobacterium-mediated transformation offers several 
advantages over direct gene transfer methodologies (particle 
bombardment, electroporation, etc.). For example the possibility 
of transferring only one or few copies of DNA fragments carrying 
the genes of interest at higher efficiencies at low cost and the 
transfer of very large DNA fragments with minimal rearrangement 
[131-133]. 
 
Agrobacterium mediated transformation using embryogenic 
cell suspension (ECS) cultures 
The ECS are the most ideal explants for genetic transformation of 
banana [134, 135] because a single cell origin of somatic embryo-
genic cultures would avoid chimerism in regenerated plants ob-
tained from genetic transformation. As somatic embryos may be 
of unicellular origin [58,124] developed Agrobacterium-medium 
transformation of ECS of the banana cultivar ‘Rasthali’. Arinaitwe 
et al. (2002) standardized protocol for transformation of ECS cul-
tures of different plantains ‘Obino I’ewai’, ‘Orishele’ and ‘three 
hand planty’ as well as of the dessert banana ‘Grand Naine’ by 
particle bombardment and via co-cultivation with Agrobacterium 
tumefaciens strain EHA101 containing pBINUbi-sgfpS65T or pFA-
J3000 (with GUS-intron) [135]. Juan et al. (1999) also reported 
Agrobacterium-mediated transformation of banana ECS [136]. 
Khanna et al. (2004) introduced a centrifugation step during co-
cultivation of cell suspension of Musa genomic groups (AAA and 
AAB) with Agrobacterium strains AGLI and LBA4404, harbouring 
binary vectors carrying hpt (hygromycin phosphotransferase) and 

GUS A ( -glucuronidase) or nptII (neomycin phosphotransfer-
ase) and a modified GFP (green fluorescent protein) gene [125]. 
Huang et al. (2007) reported the use of liquid medium for co-
cultivation during Agrobacterium mediated transformation of Musa 
accuminata cv. Mas (AA). The ECS were co-cultivated in liquid 
medium with Agrobacterium strain EHA105 harboring a binary 
vector pCAMBIA2301 [126]. Depending upon conditions and du-
ration of co-cultivation in liquid medium, 0 to 490 transgenic plants 
per 0.5 ml packed cell volume (PCV) of ECS were obtained. 
Ghosh et al. (2009) reported, up to 30 transgenic platns/50 mg 
settled cell volume (SCV) were obtained with co-cultivation in 
semisolid medium whereas no transgenics could be obtained with 
parallel experiments carried out in liquid medium in Cavendish 
banana cultivar Robusta (AAA) [94]. The ECS was co-cultivated 
under different co-cultivation conditions with Agrobacterium tume-
faciens stain EHA105 harboring pCAMBIA 1301 plant expression 
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vector. The centrifugation step during co-cultivation of cell sus-
pension enhanced the transformation efficiency of Musa genomic 
groups (AAA and AAB) and Robusta (AAA). Based on the above 
literature survey, it is concluded that Agrobacterium mediated 
transformation protocol needs to be standardized individually for 
each cultivar. 
 
Agrobacterium mediated transformation of meristem ex-
plants 
Meristems have also been successfully used for transformation 
because of their distinctive advantages. The protocol is rapid, 
simple, efficient and cultivar independent. For this reasons, the 
meristematic tissues as a target for transformation have the po-
tential to regenerate plants from many different cultivars, unlike 
somatic embryogenesis, which is restricted to only a few cultivars 
[137, 11]. Agrobacterium mediated transformation protocol has 
also been established using shoot tips from various cultivars of 
Musa. The technique is applicable to a wide range of Musa culti-
vars irrespective of ploidy or genotype. This process does not 
incorporate steps using cell cultures but uses micropropagation, 
which has the important advantage that it allows regeneration of 
homogeneous populations of plants in a short period of time. 
However, this procedure offers several potential advantages over 
the use of ECS as it allows for rapid transformation of Musa spe-
cies [138]. This transformation procedure may result in the devel-
opment of chimeric plants since multiple cells are involved in 
shoot development and only a proportion of them may be trans-
formed. However, the recovery of transformed cells and tissues 
can be enhanced by tissue culture manipulation and optimizing 
selection procedures. 
May et al. (1995) was the first who studied Agrobacterium mediat-
ed transformation in Musa spp. Meristems were wounded by mi-
croprojectile bombardment and co-cultivated with A. tumefaciens 
strain LBA4404 harboring pBII41 vector, which has nptII gene as 
the selectable marker [139]. Tripathi et al. (2002) reported trans-
formation of Musa varieties for sub-Saharan Africa (AAA, AAB as 
well as AAAA and AAAB) cultivars using shoot tips [138]. The 
shoot tips were co-cultivated with Agrobacterium strain EHA105 
harbouring the vector pCAMBIA1201 that has hpt II gene as a the 
selection marker and GUS-INT as the reporter gene. Transient 
gus expression was observed in transformed apical shoot tips and 
transgene integration was confirmed by Southern blot analysis. 
Tripathi et al. (2005) standardized genetic transformation protocol 
for plantain cultivar Agbagba (AAB) using apical shoot tips with 
Agrobacterium strain EHA105 harbouring the binary vector 

pCAMBIA1201 [137]. Transient expression of the -
glucuronidase (uid A) gene was achieved in transformed apical 
shoot tips. The hygromycin resistant shoots were regenerated 4 to 
5 weeks after co-cultivation. Transgene integration was confirmed 
by Southern blot analysis. To get uniformly transformed plants, 
two steps of selection and regeneration were performed. The 
apical mesistem was isolated from all the regenerated putative 
transformed plants. These meristems were regenerated on selec-
tion medium containing hygromycin. Not all the meristems isolat-
ed from putative transformants regenerated on selection medium. 
The hygromycin resistant plants regenerated in the second step of 
selection were used to test the expression of reporter gene in all 

the leaves. The uniform blue coloration was observed in all the 
leaf segments of the plant. This confirmed that the regenerated 
plants after second step of selection were uniformly transformed. 
Acereto-Escoffe et al. (2005) evaluated two Agrobacterium-
mediated transformation protocols for the generation of transgenic 
banana (Musa acuminata variety Grand Naine), where he com-
pared co-cultivation versus vacuum infiltration of meristematic 
banana tissues [139]. Infiltrated samples transformed with pCAM-
BIA 2301 showed a wider GUS response than the co-cultivated 

tissues. The specific -glucuronidase activity was also higher in 
the infiltrated tissues than in co-cultivated ones. Tripathi et al. 
(2008) established genetic transformation in two East African 
H i g h l a nd  b a na n a  v a r ie t i e s  ‘ Mp o l og o ma ’  a n d 
‘Nakitembe’ (EAHBAAA) using intercalalry meristematic tissues 
[11]. Agrobacterium strain EHA105 harbouring the binary vector 
pCAMBIA2301 was used in this study. Explants were micro-
wounded via microprojectile bombardment with naked gold parti-
cles followed by heat shock prior to agro-infection. About 76% of 
the explants that were pre-treated with micro-wounded and heat 
shock appeared blue in the histochemical assay. To avoid chimer-
ic plants, small pieces of meristematic tissues were repeatedly 
screened for kanamycin resistance and the fine sections of ex-
plants were micro-wounded to expose the intercalary meristemat-
ic tissues to Agrobacterium. Two-steps of selection and regenera-
tion were performed to avoid regeneration of any non-transformed 
cells. The plants obtained after two-step selection and regenera-
tion were confirmed as pure transgenic cell lines by polymerase 
chain reaction (PCR), Southern blot analysis and GUS histochem-
ical assays from different tissues. The uniform blue staining of leaf 
segments from various leaves of the same transgenic plant and 
roots of the transgenic plants obtained after two-step selection, 
confirmed the stable transformation. To further confirm the stable 
transformation, transgenic plants were micro-propagated on medi-
um without any selection and the sucker shoots (new side shoots) 
obtained were cultured on kanamycin. Survival of all the shoots 
on kanamycin confirmed the stable transfer of transgene to suck-
ers, which are like the seed materials for vegetatively propagated 
crops. The expression of gusA gene in shoot tips isolated from the 
sucker shoots obtained on medium without any selection, con-
firmed the stable transformation of germ line cells and inheritance 
of the gene to suckers through vegetative propagation. 
 
Transformation using particle bombardment 
Among the various methodologies available for the delivery of 
genes into intact plant tissues, particle bombardment has, in fact, 
revolutionized the field of plant transformation. Although there are 
some major limitations of using the gene gun like, the shallow 
penetration of particles and the inability to deliver the DNA sys-
temically. There are usually large numbers of copies of the candi-
date gene, which are present in the transformed tissues. High 
pressure can cause cell damage and the equipment itself is very 
expensive. The first report on transformation of embryogenic cul-
tures and plantlet recovery using biolistic particle delivery system 
was given by Sagi et al. (1995) [123]. The ECS of cultivar 
‘Bluggoe’ (ABB) was bombarded with pWRG1515 plasmid har-
bouring the GUS reporter gene driven by CaMY 35S promoter 
and hpt II (hygromycin phosphotransferase II) and PAT 
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(phosphinothricin acetyl transferase) genes for plant selection 
respectively. The cells were selected in 50 mgl-1 hygromycin ten 
days after bombardment. Daniels et al. (2002) transformed cell 
suspensions of the hybrid ‘FHIA-21’ (Musa sp. AAAB) via particle 
bombardment with GUS gene [140]. Embryogenic cells were 
bombarded with a homemade low-pressure gene gun with argon 
gas. Tungsten particles were used in all the experiments. Gas 
pressures and bombardment distances were adjusted at 1400 psi 
and 12 cm, respectively. Cells were prepared 5, 10 and 15 days 
after the last subculture, for bombardment with the plasmid con-
struct pCAMBIA3301. The suspension bombarded after 15 days 
of last sub-culture showed much lower GUS expression as com-
pared to the order cells sub-cultured 4 or 7 days before bombard-
ment. Khalid and Jalil (2002) reported transient GUS gene ex-
pression in regenerable somatic embryos of Musa acuminata 
‘Mas’ (AA) with both particle gun as well as Agrobacterium medi-
ated transformation [141]. They compared the efficiency of trans-
formation with the biolistic and Agrobacterium mediated transfor-
mation, and concluded that the latter was more effective as com-
pared to the biolistic method. 
Sreeramanan et al. (2005; 2009) studied physical and biological 
parameters for DNA delivery into banana cultivar, Rasthali (AAB) 
[142, 143]. Single bud and corm slices were used as explants. 
Combinations of optimized physical and biological parameters 
and an effective selection system were developed which allowed 
high-efficiency of DNA delivery combined with minimum damage 
to the target banana tissues. Later, Sreeramanan et al. (2006b) 
also used co-transformation procedure with an optimized particle 
bombardment device to simultaneously transform chitinase and 
glucanase genes together in banana, variety Pisang Rastali (AAB) 
with gfp and gusA gene as reporter genes [144]. Five different 
treatments with different combinations of plasmids containing 

chitinase and -1,3-glucanase were used together with gfp 
gene as a reporter gene. The treatments were as follows: 
 
Treatement 1: pBi333-EN4-RCC2 + pROkla-Eg 
Treatement 2: pMRC1301 + pROkla-Eg 
Treatement 3: pBi333-EN4-RCC2 
Treatement 4: pMRC1301 
Treatement 5: pROKla-Eg 
 
where in, the plasmid pBi333-EN4-RCC2 was constructed to re-
place the GUS gene of pB1121 (Clonetech, USA) with the cDNA 
(RCC2) of rice chitinase gene. Plasmid pMRC1301 contains the 
gusA and Chi, chitinase gene, driven by rice actin 1 promoter. It 
carries nptII gene conferring kanamycin tolerance for plant selec-
tion. Plasmid pROKla-Eg contains the nptII gene linked to the 

nopaline synthase gene (nos) promoter and the -1,3-
endoglucanase cDNA linked to the CaMV 35S (35S) promoter in 
the T-DNA region. Tiny single meristem buds, used as explants 
from all the five treatments, were selected on genticin to produce 
a number of putatively transformed bananas. The PCR and 
Southern blot analysis confirmed the integration and expression of 
introduced genes in the transgenics. 
Transformation through electroporation 
Electroporation or electropermeabilization involves significant 

increase in the electrical conductivity and permeability of the cell 
plasma membrane, caused by an externally applied electrical 
field. Direct DNA introduction by electroporation into viable and 
highly regenerative protoplasts could provide an opportunity for 
efficient genetic transformation of banana. However, there are 
many variables in this method, affecting the efficiency of gene 
transfer, including capacitance and field strength; duration, shape, 
number and spacing of electric pulses; buffer composition; tem-
perature; concentration and form of DNA etc. Sagi et al. (1994) 
gave the first and only report on banana transformation through 
electroporation [145]. They showed transient GUS expression in 
protoplasts isolated from ECS of cooking banana variety 
“Bluggoe”. Three plasmid vector constructs, pBI 221, pBI 426 and 
pBI 505 with GUS gene driven by different promoters were used. 
The optimum conditions for transient GUS expression were found 
to be; an electrical field strength of 800 Vcm-1 and polyethylene 
glycol (PEG) concentration of 5% applied on minute before elec-
troporation. Since plantlet regeneration was not mentioned, this 
report is only of academic interest. 
 
Transgenic Banana for Crop Improvement and Sustainable 
Agriculture 
As banana and plantain are threatened by biotic as well as abiotic 
stresses that causes great losses in yield, biotechnological ap-
proaches are begin sought to remedy the situation. Despite scant 
reports of banana transformation with genes of agronomic value, 
for example, disease resistance genes, the benefits have not 
reached the farmers, as yet. To overcome the yield losses due to 
various stresses, plants must possess mechanisms for avoidance 
or tolerance to stress. Since conventional breeding is not suc-
cessful for bananas and plantains, genetic improvement through 
transformation holds a promise. Sagi et al. (1998) transformed 
banana with genes encoding antimicrobial peptides (AMP) [146]. 
The AMPs are a large group of low molecular weight natural com-
pounds of plant and animal origin that exhibit wide spectrum anti-
microbial activity against bacteria and fungus and may be potent 
candidates for fungal resistance in Musa as they have high in vitro 
activity against Mycospaerella fijiensis and Fusarium oxysporum f. 
sp. Cubense. They are also non-toxic to humans or banana cells. 
The extracts from samples of the transformed plants were found 
to strongly suppress the growth of the fungus Mycosphaerella 
fijiensis (black Sigatoka). Remy et al. (1998) also transformed 
banana ECS of Three Hand Planty with a gene encoding AMP 
[147]. Ninety percent of regenerated plants were Southern posi-
tive for AMP genes and up to 1.3% protein level was detected in 
leaf extracts using ELISA. In another study, Finalet et al. (2002) 
transformed ECS of the Cuban plantain (AAB) cultivars ‘CEMSA 

’ and ‘Navolean’ with genes coding for anti microbial peptides 
(AMPs) [148]. Approximately 50% of the independent cell cultures 
selected on genticin containing medium regenerated into plantlets 
in both cultivars. Differentiated plantlets showed GFP expression 
in all vegetative tissues. The genes coding for AMPs were intro-
duced independently or linked by a sequence coding for an 11 
amino acid peptide as a strategy to stack multiple genes in bana-
na. The 11 amino acid peptide is derived from the fourth linker 
peptide of the AMP polyprotein precursor isolated from seeds of 
Impatiens balsamina. The presence of these genes as well as the 
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neo selectable marker gene in the transgenic plants was demon-
strated by PCR. Results showed that the AMPs were being ex-
pressed in the extracellular space, but no information on the level 
of expression in the intercellular fluid and on post-translational 
cleavage of the polyprotein precursor or whether the transgenic 
plants showed any resistance to fungi Mycospaerella fijiensis and 
Fusarium oxysporum f. sp. Cubense is available. Sunilkumar et al. 
(2003) reported transformation of banana ECS with a synthetic 
substitution analogue of an AMP magainin, MSI-99 [149]. This 
peptide inhibited the growth and spore germination of Fusarium 
oxysporum f. sp. Cubense targeting the peptide into the cyto-
plasm and extracellular spaces, respectively. Transgenic banana 
showed resistance to F. oxysporum f.sp. Cubense and Myco-
sphaerella musicola. Kumar et al. (2005) reported transformation 
of ECS of Rasthali (AAB) with a gene coding for hepatitis B sur-
face antigen (HbsA) [150]. The mice, which were fed on the trans-
genic banana fruit, showed increased level of resistance to HBsA. 
The BHsA antibody was detected in the blood samples of these 
mice, but the does for optimum level of expression in plants re-
mains to be standardized yet. For obtaining virus resistance, 
Becker et al. (2000) bombarded ECS of Grand Naine with Banana 
Bunchy Top Virus (BBTV) resistance genes (BBTV intO1 and 
BBTV utO5) i.e., genes important or essential for BBTV replication 
and a gene encoding the Banana Bract Mosaic Virus-Coat Protein 
(BBrMV-CP) [127]. Southern analysis confirmed the integration of 
the candidate gene but no information on whether the transgenic 
plants showed any resistance to BBTV was provided. Sreera-
manan et al. (2006c) reported enhanced tolerance against Fusari-
um oxysporum f. sp. Cubense (Race 1) in transgenic silk banana 
‘Pisang Rasthali’ [151]. Small single meristem buds were trans-

formed with chitinase and -1, 3-glucanase genes for synergis-
tic activity to enhance fungal resistance. The transgenic plantlets 
were inoculated with conidial suspensions of Fusarium oxysporum 
f. sp. Cubense to evaluate the degree of tolerance. Different 
chemical compounds such as hydrogen peroxide (H2O2) and rele-
vant enzyme activities as phenylalanine ammonialyase, chitinase, 

-1, 3-glucanase, peroxidase and polyphenol oxidase were 
determined for transgenic versus control plants. Evaluation of 
disease development showed that the combination of the two 
transgenes gave substantially greater protection against the sin-
gle-transgene introduction. Productive interactions between chi-
tinase and glucanase transgenes in planta points to combinatorial 
expression of antifungal genes as an effective approach to en-
hanced tolerance to Fusarium wilt disease. Transgenic plants 
showed resistance as compared to untransformed controls under 
laboratory conditions. Sreeramana (2009) reported that introduc-
tion of rice chitinase gene (RCC2) multiplied in Agrobacterium 
strain (EHA 101), into single buds of in vitro grown banana culti-
var, Rasthali (AAB) shows resistant to fungal disease [143]. Vish-
nevetsky (2011) developed a transformation system for banana 
and expressed the endochitinase gene ThEn-42 in transgenic 
banana plants under the control of the 35S promoter and the in-
ducible PR-10 promoter [152]. The transgenic lines exhibiting 
Sigatoka tolerance were also found to have tolerance to Botrytis 
cinerea. 
In the sustainable production banana the transgenic banana have 
the potential to play a key role. Currently, no genetically trans-

formed bananas are commercially available; however there is 
enormous potential for genetic manipulation of banana species for 
disease and pest resistance using the existing transformation 
protocols. Desired characteristics such as drought tolerance, sa-
linity and heavy metal stress tolerance and enhanced disease 
resistance may be incorporated, leading to the extension of geo-
graphic area of banana and plantain production, and thus contrib-
uting significantly to crop yield. 
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