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  Bananas and plantains represent a staple food crop 
for 400 million people. Its world production 
amounts to more than 145 million tonnes, of which 
close to 20 % are grown in India. This is because 
bananas are so popular but also because they are 
an important part of the culture. For example, it is 
a tradition to tie banana plants at the entrance of a 
house where a marriage is taking place to bring the 
couple good luck. Bananas continue to be vulner-
able to pests and diseases but also to abiotic 
stresses that are becoming increasingly problem-
atic due to climate change. India, with its enor-

mous diversity of bananas, including wild relatives, is well placed to face 
these challenges. 

 The fi eld of genomics is picking up speed. After the whole genome 
sequence was published in  Nature  in 2012, we noticed the doubling of germ-
plasm requests from the Bioversity International  Musa  Germplasm 
International Transit Centre (ITC). Recent efforts to sequence the banana 
genome and studies on cloning genes of important traits using next genera-
tion techniques, proteomics, transcriptomics and metabolomics have 
immensely helped to understand the response of banana at the molecular and 
cellular level. 

 In this context, the present book, edited by  Dr. Sukhada Mohandas  and 
 Dr. K.V. Ravishankar  entitled  Banana: Genomics and Transgenic 
Approaches for Crop Improvement , is a unique blend of information on 
banana genomics and transgenic approach for crop improvement. The over-
view of progress in this area of research has been put together by leading 
experts who have organized the book into two parts. The fi rst part deals with 
evolution, taxonomy, classical breeding and understanding of the banana 
genome through next generation sequencing and molecular markers. 
Metabolomics and molecular aspects of fruit ripening are also discussed. The 
second part covers all aspects of transgenic development starting with genes, 
and gene transfer techniques, regeneration protocol and strategies used for 
the development of trait-specifi c transgenic bananas. The latest advances are 
included, such as the successful fi eld trials conducted on bacterial blight, wilt 
resistance and insect resistant plants. The review articles included in the book 
draw from a vast bibliography which is a valuable source for scientists and 
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students. Overall, the book gives the reader comprehensive information and 
discussion on the banana genome, and its improvement through classical 
breeding and genetic engineering. 

 The book poses the two following main challenges in banana research: 
 First and foremost,  Musa  research relies on the availability of a broad 

genetic base. Only by continually increasing the diversity conserved in  ex situ  
as well as in  in situ  collections can we maximize our progress in selecting and 
improving the right varieties. 

 As banana pests and diseases continue to spread across the globe, and with 
the effects of climatic change becoming evident, new approaches that unlock 
potential resistance are urgently needed. With the recent great strides in the 
fi eld of genomics, there is a movement to link novel methods and technolo-
gies to ongoing breeding efforts. Promising genomics-based approaches for 
containing/eradicating threats to production are therefore discussed at length 
in this book. 

 The editors and scientists who have contributed to the book have made 
signifi cant advances in their research. I congratulate the editors for bringing 
out this compilation, which will have a great impact on  Musa  research, teach-
ing and the transfer of new technologies. This book will be read by a wide 
range of scientists and donors, not only from India but also from around the 
world. It is of interest to the public and private sectors from both developed 
and developing countries and will promote a rapid uptake of the latest tech-
nologies, contributing to improving food security and better livelihoods in 
countries where it is most needed. 

  
    Senior Scientist, Genetic Resources and    Dr. Nicolas Roux, PhD  
Genomics Group Leader Bioversity International  
  Parc Scientifi que Agropolis II 34397 Montpellier 
Cedex 5, France      
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 Banana and plantain are the important crops of the world with an annual pro-
duction of 144 million tonnes (FAOSTAT, 2013). Of late, banana production 
has been severely threatened by both biotic and abiotic stress factors due to 
rapid change in climate and the evolution of new races of pathogens. Recent 
advancements in science and technology have helped generate large amount 
of information on banana genome sequence and transgenic technologies, 
which have helped evolve strategies to improve banana for various agronomi-
cal situations. 

 Keeping this in view, we have designed this book to collate holistic 
genomic and biotechnological information on banana crop. We have orga-
nized this book into two parts. The fi rst eight chapters deal with evolution, 
taxonomy, classical breeding, understanding banana genome through next 
generation sequencing and markers available for this crop. We have also dis-
cussed metablomics and molecular aspects of fruit ripening in detail. In the 
other twelve chapters of the book, we present plant tissue culture, various 
techniques used for transformation and strategies used for the development of 
trait specifi c transgenic. On the whole, we have attempted to provide up-to- 
date information available on the banana genome and novel transgenic tech-
nologies, which are being adapted in banana improvement. 

 The majority of the cultivated banana are evolved from two wild species 
 Musa acuminata  and  M. balbisiana  through natural inter-species hybridiza-
tion. Cultivated banana are sterile and polyploidy in nature, and hence 
improvement through classical breeding is a herculean task. However, breed-
ers have adopted different strategies to overcome many of the diffi culties. The 
traditional breeding methods involving diploids and the use of molecular 
markers have helped to develop the high-density linkage map. Further, this 
has helped assembly of whole genome sequence data in banana. Next- 
generation sequencing techniques proteomics and metablomics have 
immensely helped to understand the response of banana at molecular and 
cellular level. The chapter on abiotic stress studies deals in detail on banana 
crop response to various abiotic stresses. Similarly, we present molecular and 
genomic aspects of biotic stress like fungal, bacterial, virus and insect pests 
in a chapter. The chapter on molecular aspects of ripening deals mainly with 
gene expression studies and biochemical changes during ripening. Following 
this chapter, we present a chapter on metablomics, where many biochemical 
and phytochemical aspects of banana have been discussed. Phytochemical 
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aspects of various parts of banana and their use in traditional medicines are 
presented. 

 For genetic improvement of banana and plantains, biotechnological 
approaches have been widely used without compromising basic characters of 
the plant. A lot of concerted effort over the years from different groups has 
helped in obtaining good transformation protocol for banana. In the early 
years of banana research, regeneration of the crop was mainly through asex-
ual means, and hence gene transfer using apical meristems and its stable inte-
gration was found diffi cult as transformation using meristems was found to 
result in chimeras. Therefore, methods using embryogenic cell suspensions 
(ECS) were attempted. Electroporation or  Agrobacterium  co-cultivation of 
gene carrying vector with ECS was successfully used to transfer different 
foreign genes into banana. Particle bombardment and co-cultivation of 
wounded meristems with  Agrobacterium  were also used to get transformants. 
The introduction of a centrifugation step during co-cultivation was found to 
improve transformation effi ciency signifi cantly. The chapter on somatic 
embryogenesis and novel tools for banana transformation provides an insight 
into the latest development in the fi eld of banana transformation. 

 Identifi cation of organ specifi c promoters is essential for successful 
expression of genes in different locations. Keeping this in view, the isolation 
of promoters using insertional mutagenesis is widely employed method. 
Advances in genomics led to the genome sequencing and identifi cation of 
candidate promoters for specifi c expression patterns. Actually, promoter 
analysis for activity characterization has been confi rmed through experimen-
tation with different techniques, including reporter genes, bioinformatics 
analysis for candidate  cis -acting element and promoter prediction and expres-
sion analysis of related genes. A chapter devoted to banana promoter analysis 
reviews characterization of different banana promoters and the analysis of 
promoter sequences available in GenBank using available bioinformatics 
tools and a novel method to identify motif sequences. A list of promoters 
used in the development of genetically modifi ed banana is presented. 

 Abiotic and biotic factors adversely affect plant growth and development. 
Plants react to adverse conditions by producing specialized signals and mod-
ulate the transcription factors which regulate the genes coding for synthesis 
proteins and metabolites which are involved in stress tolerance. Several tran-
scription factors involved in abiotic stress resistance and genes like dehydrins 
and aquaporins upregulted during stress-induced conditions have been identi-
fi ed and their role elucidated. Pathogenicity-related proteins, stress- associated 
proteins, vegetative storage proteins and several transcriptional factors have 
been discussed in the genomic chapter. Overexpression of some of these 
genes and transcription factors in banana and their effectiveness in combating 
stress have been examined later in the book. Factors involved in regulating 
gene expression, including microRNAs or miRNAs which are non-coding 
RNAs and are involved in post-transcriptional regulation of gene expression, 
have been identifi ed from banana cultivars and their role validated in banana 
by overexpressing them in the crop. Recent developments in genomics, high- 
throughput sequencing and phenotyping platforms have given way to molec-
ular breeding. Ecotilling and genome editing are also used to induce new 

Preface



ix

variations and to incorporate new traits. Enhancement of abiotic stress toler-
ance in banana through transgenic means is discussed in a seperate chapter 
which gives an account of the recent developments in this area. 

 Several diseases affecting banana are debilitating and reducing the yield 
drastically. Genetic modifi cation of banana has been a widely accepted tool 
due to the limited success of conventional breeding. Panama disease caused 
by  Fusarium oxysporum  f sp  cubense  (Foc) is the most devastating and causes 
100 % yield loss in many cultivars of banana. Foc is known to exist as four 
important races (race 1, 2, 3 and 4) of which race 1 and 4 are of serious con-
cern as they attack the commercially acceptable banana cultivars across the 
globe. A review on transgenic banana for Fusarium wilt resistance highlights 
the application of genetic engineering for imparting resistance against 
Fusarium wilt and discusses various strategies that have been employed 
involving PR-related genes (Ace-AMP1 gene and defensin gene), antimicro-
bial genes, anti-apoptosis gene, RNAi-mediated approach and host-induced 
gene silencing (HIGS) that confer certain level of tolerance towards pathogen 
infection. Further, the cisgenic approach utilizing R genes and native cell 
death genes from Musa sp. have also proven promising. The understanding of 
host pathogen interaction in terms of defense and signalling related pathways 
and the study of pathogenecity mechanism which help in identifying critical 
genes for targeting pathogen are discussed. 

 Overexpression of antimicrobial peptides, like defensin, antimicrobial 
peptide MSI-99, magainin, endochitinase gene (TnEn-42) and chitinases stil-
bene synthase, have been found benefi cial in producing fungal resistant crops. 
The resulted transgenic banana plants were phenotypically normal. RNA 
interference (RNAi) is another emerging strategy for control of pathogens, 
through silencing of a vital gene associated with pathogens. The chapter on 
the development of Sigatoka resistance using transgenic means discusses the 
merits of such an approach. 

 Several R genes and AMPs like lysozymes, magainins, cecropins, attacins, 
thionins and defensins have been identifi ed to control bacterial pathogens. 
Transgenic bananas expressing either sweet pepper  Pfl p  or  Hrap  gene have 
been developed and are under evaluation for resistance to Xanthomonas wilt 
disease in fi eld trials in Uganda .  The chapter on transgenics for bacterial wilt 
resistance discusses in detail the recent developments in the area and the 
management practices adopted and through cultural practices to check the 
spread of diseases. 

 Viruses are great limiting factors for banana production. Banana bunchy 
top caused by  Banana bunchy top virus  (BBTV) is one of the most 
devastating diseases of bananas in Hawaii and many areas of Asia, Africa and 
the Pacifi c. Several groups have investigated this possibility and utilized post-
transcriptional gene silencing (PTGS) or RNA interference (RNAi) 
approaches to generate BBTV resistance in several cultivars. Recent efforts 
and approaches to develop BBTV-resistant transgenic banana is reviewed in 
the chapter on viral resistance. Future potentials of using transgenic banana 
as alternatives for the management of banana virus diseases are also dis-
cussed. Another strategy that utilizes a process termed “virus- activated cell 
death” has been developed by James Dale at the Queensland University of 
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Technology (QUT) in Australia. Transgenic plants using this strategy have 
been developed and are under evaluation. Different strategies used for devel-
oping virus resistance are discussed in this chapter. 

 A chapter on molecular farming provides an overview of different plant- 
derived products currently in the market or are in different stages of develop-
ment including phases of clinical trials. Special emphasis has been given on 
banana being used as an expression host, advantages and limitations of using 
banana in plant molecular farming and the different approaches which can be 
utilized to overcome those limitations. Iron defi ciency anemia (IDA) is a 
global problem, affecting women and children of the lower strata of society. 
Banana is considered as a potential fruit crop to become “micronutrient- 
enriched”. Fortifi cation of banana is more advantageous over other plants 
owing to its ploidy, parthenocarpic fruit development, its reach to the masses 
at large and availability throughout the year. Studies on the physiology of iron 
uptake in plants, translocation, storage and redistribution in plants and recent 
advances made in the understanding of the mechanisms of iron uptake in 
humans, homeostasis and transgenic approaches for increasing the iron con-
tent in bananas are described in a chapter on biofortifi cation for iron defi -
ciency anemia. 

 Vitamin A is an essential micronutrient required for several physiological 
functions. Hence, the biofortifi cation of banana to develop a rich source of 
pro-vitamin A through genetic engineering tool could be an ideal approach. 
Retinyl esters and pre-vitamin A are the two dietary sources for the body. 
Retinyl esters are obtained from the meat and dairy products, whereas PVA is 
obtained from plant sources in the form of carotenoids. Only certain forms of 
carotenoids such as α-carotene, β-carotene and β-cryptoxanthin known as 
PVA are converted to vitamin A in the body. Genome engineering tools used 
to enhance the PVA content and lycopene are discussed in the chapter on pro-
vitamin A-enriched banana for tackling malnutrition. 

 Overall, the present book gives a comprehensive information and discus-
sion on banana genome, its improvement through classical breeding and 
genetic engineering. We are highly obliged to the experts who contributed to 
this book. We acknowledge continuous support from Indian Council of 
Agricultural Research, New Delhi, through project on “Network Project on 
Transgenic in Crops” for more than a decade to our banana research work. 
The expertise gained through these projects have made us to embark on edit-
ing this book. Finally, we hope the readers will enjoy reading this book and it 
would be useful to get comprehensive information on banana.  

  Bangalore, Karnataka, India     Sukhada     Mohandas    
 May 2, 2016     Kundapura     V.     Ravishankar     
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      History, Origin, Domestication, 
and Evolution                     

     A.     Rekha    

    Abstract  

  Banana, a popular and ancient fruit, has a complex state of evolution in 
plant systematics. Being one of the highly evolved crops, it has attracted 
many researchers to study various aspects of its origin, evolution, and 
domestication. In the present chapter, an account of history of domestica-
tion, spread of the species to various continents, and studies on ethnobo-
tanical and linguistic evidence of crop origin and distribution has been 
presented. Further, their taxonomic status as evidenced by various research 
works, including numerical taxonomy, cytological studies, and molecular 
markers to understand the involvement of genomes other than  M. acumi-
nata  and  M. balbisiana  in the evolution of the cultivated bananas, is given.  

  Keywords  

  Musa   •   Taxonomy   •   Evolution   •   Domestication   •   History   •   Origin  

1.1       Introduction 

  Banana and plantains   are the important sources 
of starch for the millions of people in the devel-
oping world; it is a major commercially culti-
vated fruit crop of India which is as old as the 
Indian civilization. Bananas are also considered 
as the poor man’s apple and said to be the fruit of 
heaven (Amalraj et al.  1993 ). It appears to be one 
of the earliest fruit crops cultivated by mankind at 

the beginning of civilization. In India and Africa, 
bananas are very predominant and popular 
among people, and they are liked by both poor 
and rich alike. Unlike other fruits, banana is 
available throughout the year, and it is the cheap-
est among all other fruits in the country. In any 
Indian household, it is an inevitable necessity for 
all social and cultural occasions as it is consid-
ered as a symbol of good omen, fertility, and 
prosperity. Bananas are put into a variety of uses 
in India, especially in South India. Almost every 
part of the plant is used in some way or another; 
hence it is popularly known as “Kalpatharu.” The 
fruit is easily digestible, a good food for people 
suffering from gastritis and other stomach ail-

        A.   Rekha      (*) 
  Division of Fruit Crops ,  ICAR-IIHR , 
  Hessaraghatta ,  Bengaluru   560089 ,  India   
 e-mail: arekha@iihr.res.in  
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ments (Rao  1984 ). Apart from its fruit which is 
eaten either raw as a vegetable or cooked, the 
leaves are used as plates. The male fl ower bud 
and the central axis of the pseudostem are used as 
vegetable. The juice of the central axis is said to 
be useful in kidney stone treatment, and the leaf 
sheaths fi nd their use in fi ber and paper industry 
some Eumusa cultivars are listed in Table  1.1 .

1.2        History and  Domestication      

 There is a clear reference to banana in Sanskrit 
literature like the “Ramayana,” Kautilya’s 
“Arthashastra,” and the Tamil classic 
“Shilappadikaram” (Krishnamurthi and 
V.S.Seshadri  1958 ). Descriptions of bananas are 
given in Greek writings on 327 BC in Indus 

   Table 1.1     Eumusa cultivars     

 Genomic group  Name  Country 

 AA  Pisang Mas, Pisang Lilin, Pisang Keladi, 
Pisang Boyan, Pisang Kapas 

 Malaysia, Indonesia 

 Lady Finger  Hawaii 

 Klue Khai, Kulai Lai, Kulai Hom, Kulai Sa  Thailand 

 Kadali, Matti, Anaikomban, Namari, Sanna 
Chen Kadali 

 India 

 Bata-Bata, Lakatan, Pogpogan, Amas  Philippines 

 Banana Ouro  Brazil 

 AAA  Pisang Ambon, Pisang Serendah, Pisnag Thai, 
Pisang Tualang, Pisang Masak Hijau 

 Malaysia, Indonesia 

 Bluefi elds, Chinese, Hamakua, Red  Hawaii 

 Kulai Nak, Kulai Nang Nuan, Kulai Nam, 
Kulai Khom, Kulai Hom Thong 

 Thailand 

 Harichal, Jahaji, Pacha Vazhai, Basrai, Lal 
Kela 

 India 

 Bangan, Inabaca, Manang  Philippines 

 Nanicao, Mestica  Brazil 

 AB  Ney Poovan, Safed Velchi, Kunnan, Vannetu 
Kunnan 

 India 

 Lady Finger  Hawaii 

 AAB  Pisang Raja, Pisang Tandok, Pisang Rasthali, 
Pisang Kelat 

 Malaysia, Indonesia 

 Brazilian, Apple, Dwarf Plantain, Eslesno, 
Father Leonore 

 Hawaii 

 Klue Nagar Chang  Thailand 

 Rasthali, Rajapuri, Virupakshi, Nendran, 
Thiruvananthapuram 

 India 

 Tundoc, Letondal, Ternate, Canara  Philippines 

 Banana Pacova  Brazil 

 ABB  Pisang Awak, Pisang Kelat Siam, Pisan Abu, 
Pisang Batu 

 Malaysia, Indonesia 

 Largo, Ice Cream, Chamaluco  Hawaii 

 Klue Namawa, Klue Maliong, Klue Hak Muk, 
Klue Ong 

 Thailand 

 Peyan, Monthan, Boothi Bale, Nalla Bontha 
Batheesa, Kach Kola 

 India 

 Pitogo, Garango, Bisco, Inabaniko, Pelipita, 
Sabang Iloco 

 Philippines 

  Source: Stover and Simmonds ( 1987 )  
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Valley, during the expedition of Alexander the 
Great in India (Reynolds  1927 ; Kervegant  1935 ). 
Most botanists believe that bananas were intro-
duced from India to the Middle East and across 
North America by Arabs. The Portuguese along 
with the Spanish were instrumental in the world-
wide spread of bananas and plantains especially 
to America (Price  1995 ). These evidences sug-
gest the early existence of banana in India. The 
wild   Musa     acuminata  occurs in Assam, Burma, 
Siam, Indo-China, the Malayan peninsula and 
archipelago, and the Philippines. The center of 
diversity of  M. acuminata  lies in the Malayan 
area where four out of fi ve subspecies were found 
and is thus considered as the primary center of 
origin of cultivated bananas. Historical evidences 
show that the Arabs have introduced the banana 
from India to Palestine and Egypt, perhaps in the 
seventh century AD. It soon became popular in 
those areas and later spread to the east coast of 
Africa at a very early date and subsequently 
throughout the African continent. Bananas were 
reported to have been introduced in Central 
America in 1516 AD, where it spread rapidly and 
attained commercial signifi cance. The spread of 
bananas to the West Indian Islands was through 
Christian missionaries, and wherever banana 
reached, it assumed economic importance due to 
its greater adaptability and commercial value. 

 Bananas are the source of starch for a sizable 
population in the tropics and subtropics for mil-
lions of years. The studies involving archaeology, 
genetics, and linguistics have provided an under-
standing regarding the history of banana  domes-
tication   (Perrier et al.  2011 ). Historically,   Musa    
species and genotypes have been created by 
migration of human populations and interaction 
between the groups which helped in the exchange 
of genotypes. These interactions created the 
introduction of species and helped in further gen-
eration of natural hybrids, which are parthenocar-
pic diploids or triploids. Some of these hybrid 
cultivars were widely adopted and dispersed 
either by preference or by chance. A group of 
triploids, maybe because of the environmental 
adaptability and triploid nature, might have been 
dispersed by clonal propagation across vast areas. 
In addition, the dispersal of bananas through 

humid tropics and subtropical regions, across the 
Indian Ocean, proves interlinkages, predomi-
nantly local, social networks extending from 
New Guinea to West Africa; these networks may 
be about 2500 years old. 

 There are some hints that the banana cultiva-
tion was prevalent in Harappan civilization 
(2500–1900 BC). Such studies would provide 
exciting proofs about the prehistorical dispersal 
of banana in Southeast Asia. However, the other 
evidences, especially that of historical and lin-
guistics, suggested that the main introduction of 
edible bananas was about 2000 years later. This 
paved way to hypothesis that the “Kot Diji” 
  Musa   -like phytoliths might have been in cultiva-
tion for fi ber or as ornamental plants. However, 
evolution of local names in relation to different 
  Musa    genome groups (AAA, ABB, and AAB), 
involving starchy or sweet varieties, is not well 
understood. New linguistic and ethnobotanical 
data from India is lacking, to fi ll the gap in the 
understanding of   Musa    names. 

 It appears that there is close similarity between 
the proposed history and botanical classifi cation 
with observed history and linguistic terminolo-
gies. As far as bananas in cultures are concerned, 
introduction of bananas in Africa and the ancient 
terms in Papuan languages strongly suggest a 
pre-Austronesian dispersal across the islands of 
Southeast Asia. The linguistic evidence is a proof 
to archaeobotanical record, which helped in 
approximately tracing the dispersal of bananas 
from New Guinea. 

  Musa  spp.  domestication      was a highly com-
plex process; it has taken over thousands of years 
and involved multiple steps, separated by time 
and place (Carreel et al.  2002 ; De Langhe and de 
Maret  1999 ). Banana also has a unique testimony 
to the early, long-term, and deep impacts of peo-
ple in rainforests. The long-term management 
and manipulation of specifi c plant resources 
within rainforests might have infl uenced the evo-
lution of these plants. The archaeobotanical evi-
dence of  Musa  bananas in areas other than the 
natural ecological regions of the genus, like 
Africa, indicates the fact that there would have 
been introduction, adoption, and dispersal by the 
people during very early or later years (Neumann 
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and Hildebrand  2009 ; Vrydaghs and De Langhe 
 2003 ; De Langhe et al.  2009 ; Vrydaghs et al. 
 2003 ). Dispersal of bananas from New Guinea to 
Eastern Indonesia during mid-Holocene was 
inferred by studies of Denham and Donohue 
( 2009 ), Donohue and Denham ( 2009 ), and 
Kennedy ( 2009 ).  Ensete , the closely related 
genus of  Musa , would have contributed in the 
evolution of the cultivars in the initial stages of 
banana  domestication   which needs further under-
standing. The domestication of Ethiopian  Ensete 
ventricosum  (Welw.) Cheesman, as a source of 
diverse products and as a staple source of starch, 
is well documented (Brandt et al.  1997 ; 
Purseglove  1975 ). There may also be a possibil-
ity that a parallel selection for starch production 
in the corm and pseudostem of Malaysian  Musa  
species would have occurred. The classic exam-
ple is selection for enhanced starch storage in the 
rhizome of a New Caledonian  Musa  plant, which 
is described as having a “glaucous, violet stem 
and a turnip-like rhizome when cooked, it resem-
bled a yam in taste” (Simmonds  1959 ). The culti-
vation of  M. textilis  and  M. balbisiana  for fi ber 
indicates that seedy fruit is not necessarily an 
indication of “wildness.” While parthenocarpy is 
the key to the edibility of fruit, its reproduction 
and transmission depended upon vegetative prop-
agation (Simmonds  1962 ; Daniells et al.  2001 ). 

 The evolution of  seedless edible bananas      from 
seeded wild species is complex. Recent research 
on genetic studies revealed that the process 
involved a long hybridization period including 
different taxa (Perrier et al.  2009 ). This could 
happen with human interventions who took a 
major role in carrying different taxa to new zones 
helping in hybridizations. It has been proved by 
the ancient events where human interventions 
were observed. The mode of dispersal was veri-
fi ed by phytoliths from archeological sites. 

 Process of evolution involved thousands of 
 Musa  species with high genetic diversity which 
indicates that it may be having multiple origins. 
Knowledge on functional structural genomics 
and genes; reproductive physiology; comparative 
genomics with rice,  Arabidopsis , and other model 
species; and cytogenetics has helped in 

 understanding the  Musa  diversity (Heslop-
Harrison and Schwarzacher  2007 ). 

 The complicate genome constitution and 
ploidy of banana accessions were determined by 
the plant and fruit morphological studies since the 
1940s; methods of numerical taxonomy were 
adapted which gave better understanding 
(Simmonds and Weatherup  1990a ,  b ; Ortiz  1997 ; 
Ortiz et al.  1998 ; Pollefeys et al.  2004 ). Flow 
cytometric analysis (Doležel et al.  1999 ; Doležel 
and Bartos  2005 ) provided accurate and rapid sur-
veys at the juvenile stage of the plants to know the 
ploidy status of the collections and new hybrids. 
Chromosome preparations with in situ hybridiza-
tion techniques using DNA probes which can dis-
tinctly label the A and B genomes have shown 
that the full sets of  x  = 11  chromosomes   of A 
genome are present (Osuji et al.  1997 ), and most 
cultivars have 11 chromosomes with complete 
genomes. The classic example is the work of 
d’Hont et al. ( 2000 ) who used in situ hybridiza-
tion technique to show that the variety “Pelipita” 
(2 n  = 3 x  = 33) included 8 A genome chromo-
somes and 25 B genome chromosomes instead of 
11 A and 22 B genome chromosomes which is 
normally expected in the case of ABB type, 
whereas two other AAB plantain types consisting 
of 33 chromosomes had more than 11 B genome 
chromosomes. Their studies also confi rmed the 
presence of complete “S” and “T” genomes, from 
 Musa schizocarpa  and  M. textilis , respectively. 
All these studies indicate probability of back-
crossing, or chromosome elimination would have 
occurred during the process of evolution of some 
varieties. Molecular analyses have proved the 
existence of chromosome markers from  Musa  
species other than the A and B genome. The dip-
loid variety “Wompa” had AS genome, whereas 
other genotypes were found to be consisting of 
AAT and ABBT genome composition.

    Cultivar Pelipita (ABB genomic group): 2n = 3x 
= 33 chromosomes 
   Expected – 11A chromosomes + 22 B 

chromosomes  
  Observed – 8 A chromosomes + 25 B 

chromosomes     
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   Other plantain group cultivars (AAB genomic 
group) 
   Expected – 22A chromosomes + 11B 

chromosomes  
  Observed – 22 A chromosomes + &gt; 11 B 

chromosomes and chromosomes of S and 
T genomes (i.e.,  M. schizocarpa  and  M. 
textilis )        

1.3     Taxonomy 

 The bananas are indigenous to warm, humid 
areas of South Asia, and they are giant herbs of 
monocotyledons, under the order Zingiberales as 
classifi ed by Huchinson, but was classifi ed under 
the order Scitamineae by Bentham and Hooker in 
 Genera Plantarum. Musa  is placed under the 
family Musaceae, consisting of two genera  Musa  
and  Ensete . The genus  Musa  is further divided 
into four sections, two of which contain species 
with chromosome number of 2n = 20; they are 
Callimusa and Australimusa. The other two sec-
tions Eumusa and Rhodochlymus have a basic 
chromosome number of 2n = 22. The 

Rhodochlymus and Callimusa consist of plants 
with ornamental importance which do not pro-
duce edible fruits, whereas Australimusa con-
tains  M. textilis  from which Manila hemp is 
produced (Figs.  1.1  and  1.2 ).

    Earlier edible bananas were placed under  M. 
paradisiaca  L. for plantain and  M. sapientum  L. 
for banana by Linnaeus, which were later consid-
ered to be hybrids of two main species  M. acumi-
nata  and  M. balbisiana  based on 15 important 
morphological characters (Dodds and Simmonds 
 1948 ). All banana and plantain cultivars evolved 
from the section Eumusa and its group of species. 
This is the biggest section in the genus and geo-
graphically widespread. The section contains 11 
species which was divided into two subsections 
Eumusa (1) and Eumusa (2) by Simmonds and 
Weatherup ( 1990a ,  b ) based on numerical taxon-
omy. Shepherd and Ferreira ( 1982 ) identifi ed cul-
tivars which may be the result of hybridization 
involving  M. schizocarpa  among  Musa  germ-
plasm collections of Papua New Guinea. A 
Philippine clone was found to be the result of an 
early hybridization between  M. balbisiana  and 
 M. textilis  and landraces consisting of three 

  Fig. 1.1    Distribution of subspecies of   Musa acuminata    in Southeast Asia (Source Perrier et al.  2011 . From PROMUSA 
website)       
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genomes,  acuminata ,  balbisiana , and  textilis , 
which was in Papua New Guinea (Carreel et al. 
 1994 ). These evidences prove the complexity of 
origin of banana cultivars and their taxonomy. 

 The edibility of fruits of diploid  M. acuminata  
(AA) originated as a result of two mutation 
events, involving induction of female sterility 
and parthenocarpy. Triploid AAA cultivars were 
derived from these diploids which might be the 
result of crosses between edible diploids and 
wild  M. acuminata  subspecies, which resulted in 
a wide variation among AAA cultivars. These 
triploids are highly vigorous and have larger 
fruits, which replaced the AA diploids of Asian 
countries. The diploid and triploid  acuminata  
cultivars were carried by people to the regions 
where  balbisiana  was found which might have 
resulted in natural hybridization and formation of 
new hybrid progenies with the different genome 

composition like AB, AAB, and ABB. It was 
thought that subsequent dispersal of these edible 
bananas from Asia was brought about again by 
human interventions. Secondary diversifi cation 
within the groups of cultivated bananas is the 
result of somatic mutations. There are allo- and 
autopolyploids in banana. 

 Eumusa and Rhodochlymus are found in 
Assam (India) and Thailand area, whereas 
Callimusa and Rhodochlymus groups are seen in 
Borneo and its surrounding islands and Indonesia. 
Australimusa is largely found in Malayan islands. 
The subspecies of  Musa acuminata  are largely 
found in Assam, Indo-China, Malayan islands, 
and Papua New Guinea which is also the primary 
center of cultivated AA types.  M. balbisiana  
occurred in Ceylon, India, Burma, Siam, and 
Malayan islands where the A × B hybrids have 
evolved.  

Order-Zingiberales (Old:Scitamineae)

Family-Musaceae

Genera-Musa (n=10/11) & Ensete (n=9) 

Australimusa Callimusa Rhodoclamys Eumusa
2n=20 2n=20 2n=222n=22

M.acuminata (AA,30-40 Spp & sub Spp) , M.balbisiana (BB)

Cultivars with genomic groups-AA, AAA, AB,AAB,ABB
& synthetic tetraploids- AAAA, AAAB, ABBB,AABB

(Fruit, Fiber)(Ornamental)(Ornamental)(Fiber)

  Fig. 1.2    Classifi cation of  Musaceae   (Simmonds  1962 )       
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1.4     Molecular Evidences 
of Evolution 

 The  Musa  genome sequence provided an invalu-
able source for studies on plant gene and genome 
evolution studies (D’Hont et al.  2012 ). It also 
gave new insight in studies related to evolution of 
monocotyledons and their relations with each 
other. Characters specifi c to the family Poaceae 
could be highlighted, which helped in analyzing 
the emergence of this family. Identifi cation of 
several deeply conserved regions within mono-
cotyledons and between monocotyledons and 
eudicotyledons was possible with the available 
 Musa  genome sequence. This paved a way for 
detecting novel motifs with a functional gene 
regulation which provides valuable information 
on conserved genes. It was observed that there 
could have been three steps of polyploidization in 
the  Musa  lineage, followed by gene loss (dele-
tion) and chromosome rearrangements (translo-
cations or inversions); such changes might have 
resulted in little synteny conservation between 
lineages retaining some gene or group of genes; 
thus, the groups would have had an opportunity 
for independent diversifi cation. 

 Several molecular methods were adapted to 
analyze diversity and evolution; in the early 
1980s, analysis of isozyme and anthocyanins 
confi rmed that  Musa  germplasm was genetically 
diverse (Jarret and Litz  1986 ; Horry and Jay 
 1988 ). As soon as DNA markers along with PCR- 
based techniques were available, several markers 
like RFLP, AFLP, RAPD, IARP, and SSR micro-
satellite markers are being used to analyze diver-
sity across different countries and research 
groups with their germplasm collections. 

 De Jesus et al., in  2013 , used fl ow cytometry 
and PCR-RFLP to characterize the Brazilian 
accessions. They studied 221 accessions by fl ow 
cytometry and confi rmed the correct ploidy for 
212 (95.9 %); however, genomic constitution 
could not be identifi ed with fl ow cytometry, 
whereas the genomic constitution of 209 (94.6 %) 
accessions could be confi rmed by digestion of 
the ITS region. Neighbor-joining cluster analysis 
from SSR binary data helped in detection of two 

major groups, which was distinguished by the 
presence or absence of the B genome, and sub-
groups were found to be as per the genomic com-
position and commercial classifi cation of the 
cultivars. 

 Controlled reciprocal crosses were made 
among  Musa  species by Faure et al. ( 1994 ) to 
demonstrate maternal/cytoplasmic transmission 
of chloroplast DNA but showed an unusual phe-
nomenon of paternal transmission of mitochon-
drial DNA in  Musa acuminata . The study was 
further confi rmed by Carreel et al. ( 2002 ) who 
analyzed the origins of more than 300  Musa  geno-
types and concluded that most cultivars show 
mitochondrial genome linkage to two subspecies 
of  M. acuminata ,  M. acuminata  ssp.  banksii  and 
 M. acuminata  ssp.  errans . It was found that some 
cultivars of AB, AAB, and ABB need not be sim-
ple allopolyploids, but most cultivars have differ-
ent proportions of A and B genome chromosomes 
and/or possess different doses of recombinant 
chromosomes. All the research results published 
so far involving studies on cytoplasmic and 
nuclear DNA and at chromosomal, as well as pro-
tein, levels proved this concept. The hypothesis 
that hybrid banana cultivars would have evolved 
through backcrossing of interspecifi c hybrids 
with parental species, which would have led to 
formation of a complex spectra of genotypes/cul-
tivars, seems to be true. De Langhe et al. ( 2010 ) 
debated that AAB accessions could have arisen as 
a result of either AB × AA or AA × AB cross, as 
contribution of A or B genome in this group does 
not agree with simple allopolyploid genome for-
mulae of Simmonds and Shepherd ( 1955 ). 
Deviations were observed in the required total 
score of 35–37 based on morphological character-
ization, in “Pome” and “Silk” group cultivars. 
This was further strengthened by the study of 
Carreel et al. ( 2002 ) where inheritance of organ-
elle (chloroplast and mitochondria) DNA was 
used. They also described the probable evolution 
of interspecifi c hybrids through (BB × AA) × AA 
or (AA × BB) × AA cross combinations to get 
BAA- or AAB-type cultivars where the cultivars 
have “B-type” or “A-type” cytoplasm and hence 
dosage of A or B genome varies.  

1 History, Origin, Domestication, and Evolution



10

1.5     Conclusions 

 Banana is one of the fruits available throughout 
the year in tropical and subtropical humid regions 
of the world. It is the most diffi cult crop to the 
researchers as the evolution of the present-day 
cultivars is still a mystery. Various researchers 
have studied the evidences through ethonobotani-
cal and linguistic observations to derive its place 
of origin and spread. Further evidences are 
required to know the origin and speciation with 
reference to an ample number of cultivars avail-
able at present with special reference to Indian 
varieties. The cytological and molecular studies 
involving mitochondrial and chloroplast-specifi c 
markers have indicated the complexity of the 
evolution of banana cultivars. It appears that fur-
ther research is necessary to understand the cor-
rect genomic status of the many cultivars.     
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      Banana Breeding                     

     Rema     Menon    

    Abstract  

  The fi rst attempt at breeding bananas through hybridization, in the 1920s 
was triggered by the devastation of the export banana ‘Gros Michel’ by 
 Fusarium  wilt. Conventional breeding despite being hindered by several 
plant based constraints has been responsible for the production of a whole 
range of hybrids resistant to diseases and pests. The approach commonly 
adopted aims at developing new tetraploid varieties by crossing triploids 
with wild or improved diploid clones with resistance, or secondary trip-
loids derived from crosses between the developed tetraploids and the dip-
loid clones. The limitations of the 3x/2x strategy are low gametic fertility 
of the triploid variety to be improved. This has led to the development of 
an alternate pathway, which targeted the development of triploid hybrids 
directly from crosses involving diploid and doubled diploid varieties. The 
method exploited the male and female fertility status of doubled diploids 
which otherwise are sterile at the diploid level. Following the 3x/2x 
method, hybrids with yield advantage and resistance to biotic stresses 
developed by major breeding programmes have been adopted in many 
countries, which was facilitated by the International  Musa  Testing 
Programme. The new insight gained in  Musa  genetic diversity through 
molecular tools provided key inputs, useful for the selection of parental 
combinations. Development of molecular markers linked to major traits is 
expected to speed up the improvement process. Mutation breeding is 
offering a unique, alternative approach for the improvement of banana has 
also been employed to develop new cultivars.  
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2.1       Introduction 

 Bananas originated in South East Asia and are one 
of the most widely cultivated crops in over 130 
countries throughout the tropical and subtropical 
regions of the world. The  annual world produc-
tion   of banana is around 103 million metric tons 
from an area of 5.14 million ha (FAO  2014 ). 
Bananas and plantains are popular and cheap mul-
tipurpose crops by virtue of their ability to grow 
under a wide range of environments, producing 
fruits year-round and nutritional and have thera-
peutic values. A valuable source of nutrition for 
more than 400 million people in the tropics, 
bananas are rated as the developing world’s fourth 
most important crop after rice, wheat and maize. 
In the tropics, where most of the population 
depends on carbohydrate foods as dietary staples, 
plantains and bananas along with root crops play 
a signifi cant role as additional source of dietary 
energy and protein. The fact that  global produc-
tion   of bananas and plantains increased by 70 % in 
the last 40 years representing the fastest growth 
among starchy staples in developing countries 
testifi es their potential in strengthening food secu-
rity and the alleviation of poverty in rural areas 
where 75 % of the population is concentrated. 

  Bananas and plantains   are highly remunera-
tive and play a pivotal role in the livelihood secu-
rity of farmers. Around 85 % of global banana 
production is managed by small-scale farmers 
and most of it is being consumed locally. The 
livelihood of these farmers depends on the avail-
ability of a wide range of cultivars that are 
adapted to local environmental conditions. The 
existing diversity is mainly composed of farmer- 
selected cultivars. The vast gene pool provides 
immense possibility to use the material in 
response to environmental changes and continu-
ous emergence of biotic threats. Increasing popu-
lation pressure and consequent increase in the 
demand for food on the one hand and depletion 
of arable land on the other have placed new 
emphasis on conventional plant breeding. 
Conventional or classical plant breeding has been 
responsible for improvement in numerous culti-
vated plant species in the twentieth century 
(Johnson  2000 ). An important component of 
classical breeding is the extensive testing of the 

material in various environments in comparison 
with existing cultivars. Banana production is 
hampered by a wide range of pests and diseases 
(Jones  2000 ), and introducing host plant resis-
tance is the most economical and sustainable way 
to manage them (Lorensen et al.  2010 ). A consid-
erable progress has been made in the introgres-
sion of resistance to many of these biotic stresses 
and hybrids evolved (Tomekpe et al.  2004 ; 
Lorensen et al.  2010 ).  

2.2      Taxonomy   

 The family Musaceae comprises of two genera, 
 Ensete  Haran and  Musa  L. The genus  Musa  has 
four sections, namely,  Callimusa  and 
 Australimusa  which have a basic chromosome 
number of 10 and  Eumusa  and  Rhodochlamys  
having the chromosome number 11.  Callimusa  
has many non-domesticated members with a lot 
of ornamental value. Multiplication is fast with 
their rhizomatous stems and has erect infl ores-
cence with bright-coloured bracts.  Australimusa  
has fi ve to six species, but the most important are 
fi bre-yielding  Musa textilis  and fruit-yielding 
 Musa fe ’ i . The distribution of  M. textilis  is mostly 
in S.E. Asia with reports of occurrence even in 
Indo-Burma border, while Fe’i bananas have a 
commercial distribution in the Pacifi c Islands. 
 Rhodochlamys  consists of members which are 
ornamental in nature. They are distinguished by 
their slender stature and erect infl orescence with 
brightly coloured bracts. They are female fertile 
and cross freely with  Eumusa  members with F1 
generation exhibiting a dominance of 
  Rhodochlamys    traits. 

  Eumusa  is the only source of present-day edi-
ble bananas except for Fe’i bananas of 
  Australimusa .   They are characterized by robust 
pseudostem; horizontal, angular or pendulous 
bunches; and in most cases parthenocarpic fruits. 
All edible bananas are believed to have origi-
nated from two species,  Musa acuminata  desig-
nated by A genome and  Musa balbisiana  
designated as B genome. The relative  contribution 
of each genome has resulted in various combina-
tions, viz. AA, AAA, AB, AAB, ABB, BB, BBB, 
ABBB, etc. (Stover and Simmonds  1987 ).  
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2.3     Origin, Distribution 
and Diversity in Bananas 
and Plantains 

 Virtually all banana varieties of today have 
evolved from intra- and interspecifi c hybridiza-
tion of the two diploid (2 n  = 2 x  = 22) wild species 
  Musa acuminata    Colla and  Musa balbisiana  
Colla. These diploid  Musa  species have seeded 
fruit with a little starch and a small amount of 
pulp and of no value as a crop. Evolution of edi-
bility in the  Eumusa  series of cultivars started 
with wild  Musa acuminata  subspecies which are 
predominant in South East Asia. The appearance 
of vegetative  parthenocarpy   and female  sterility   
in wild  acuminata  facilitated the production of 
seedless diploid  Musa acuminata . Another key 
event was hybridization with  Musa balbisiana , a 
hardier species. Both  Musa acuminata  and  Musa 
balbisiana  are diploids and represented, respec-
tively, as AAw and BBw. Further, triploids 
evolved through fertilization of viable diploid 
cells formed due to breakdown of meiosis at the 
second division with haploid pollen (Simmonds 
 1962 ; Jones  2000 ). 

 India harbours a rich diversity of wild   balbisi-
ana    types and few subspecies of  acuminata . Even 
though the present-day bananas are the result of 
natural introgression between the two diploid 
wild species, the presence of  M. schizocarpa  and 
 M. textilis  represented by S and T genomes in 
cultivated and wild types has opened new ave-
nues to the understanding of the evolution theory 
(Jones  2000 ). Molecular analyses have also con-
fi rmed the presence of S and T genomes (D’Hont 
et al.  2000 ). 

 Of 11 wild species of  Musa  reported across the 
globe, six are present in India.  M. acuminata and 
M. balbisiana , the progenitors of cultivated banana, 
are widely distributed in the banana- growing 
regions, viz. South Indian states, north- eastern 
states and Andaman and Nicobar Islands.  M. itine-
rens ,  M. nagensium ,  M. sikkimensis  and  M. chees-
mani  are the other wild species, mainly concentrated 
in the north-eastern region (Simmonds  1962 ). 

 Of the eight subspecies under  Musa acumi-
nata  reported from Asian countries, only three 
have been reported in India –  banksii ,  burmanica  
and  burmannicoides . 

  Musa balbisiana  originated in the drier parts 
of India and is widely distributed from this region 
to the Philippines and New Guinea, but is absent 
in Central Malaysia. It is hardier, drought and 
disease tolerant than  M. acuminata . No subspe-
cies are recognized. 

 Banana has been subjected to a rigorous 
course of evolution to transform itself from seedy 
non-pulpy wild progenitors to present-day par-
thenocarpic edible and high-yielding banana 
(Simmonds  1962 ). The four major factors, viz. 
 parthenocarpy  ,  sterility  , polyploidy and vegeta-
tive propagation for perpetuation of useful traits, 
have contributed alone or in combination to the 
evolution of present-day bananas. Apart from the 
nuclear genome, the signifi cance of plastid and 
mitochondrial genomes contributing to important 
agronomic traits has been suggested. Studies in 
this direction by Faure et al. ( 1994 ) not only dem-
onstrated maternal transmission of chloroplast 
DNA but also showed the occurrence of paternal 
transmission of mitochondrial DNA in  Musa 
acuminata . Carreel et al. ( 2002 ) concluded, based 
on genetic analyses of 300  Musa  genotypes, that 
most cultivars are linked through their mitochon-
drial genomes to  banksii  and  errans , two subspe-
cies of  Musa acuminata . 

 Most cultivated bananas and plantains are 
highly female sterile and cannot reproduce sexu-
ally. Clonal propagation is only possible and sur-
vival in nature and geographical dispersal cannot 
happen without human intervention. Consequently, 
secondary diversifi cation in areas devoid of wild 
 Musa  plants has been attributed to somatic muta-
tions of introduced materials (Purseglove  1975 ). 

 Diversity in the   Eumusa    series of edible 
banana is made up of varieties with AA, AB, 
AAA, AAB, ABB, AAAA and ABBB genomes. 
There are over a thousand types of bananas in 
existence, subdivided into 50 groups of varieties. 
The most important bananas are categorized, 
commonly as the AAA dessert bananas, the AAA 
highland cooking bananas and beer bananas of 
East Africa, the AAB plantains and the ABB 
cooking bananas (Simmonds  1962 ; Jones  2000 ). 

 The  taxonomic method   followed to determine 
the genome of banana cultivars based on mor-
phological characters (pseudostem colour, shape 
of petiolar canal and bract features) gives a good 

2 Banana Breeding



16

estimate of the genetic composition and ploidy of 
cultivars (Simmonds and Shepherd  1955 ). 
Numerical taxonomy has refi ned the approach 
(Ortiz et al.  1998 ). Flow cytometry provides 
accurate estimates without growing mature plants 
(Dolezel and Bartos  2005 ). A good correlation 
with results of molecular method is also obtained. 
Clones/cultivars within each genomic group are 
identifi ed based on additional morphological 
characters. Many clones have given rise to mor-
photypes that differ in fruit and bunch morphol-
ogy, pigmentation and height. The same clone/
cultivar can have different names in different 
locations and synonyms, adding to taxonomic 
complexity (Menon  2000a ; Uma et al.  2005a ). 
For a better identifi cation and classifi cation of a 
cultivar or a landrace, a basic knowledge about 
their evolution, taxonomic status and description 
of traits is essential. For this purpose, the banana 
descriptor published (IPGRI/INIBAP/CIRAD 
 1996 ) is utilized for distinguishing the important 
traits. 

  Cultivars and landraces   within a genome are 
referred to as ‘group ‘and ‘subgroups’. Wild 
accessions are denoted as ‘types’. Diploids AA 
or AB are characterized by their more slender 
pseudostems and more upright leaves. Triploid 
cultivars are classifi ed under three genomic 
groups, viz. AAA, AAB and ABB. Triploids are 
bigger, sturdier plants than diploids with 
increased fruit size. Tetraploid cultivars are few 
in number and belong to the AAAA, AABB, 
AAAB and ABBB genomic groups. They pos-
sess robust pseudostem and leaves that tend to 
droop. Tetraploids have formed from fertilization 
of triploid egg cells by haploid pollen (Jones 
 2000 ). 

  Fruit development   in banana is characterized 
by vegetative  parthenocarpy  , the development of 
pulp without pollination. In the case of wild 
seeded bananas, pollination precedes normal 
fruit development without which fruits remain 
unfi lled and shrivelled. A normally mature fruit 
contains a mass of hard black seeds surrounded 
by a scanty sweetish pulp which develops from 
the ovary walls and septa. If ovaries of seeded 
bananas are protected against pollination, they do 
not develop. In contrast, edible bananas are veg-

etatively parthenocarpic, i.e. development of pulp 
without pollination. The ovules which shrivel 
early can be seen embedded in the edible pulp. 
The physiology of parthenocarpic development 
in banana is apparently mediated by an autono-
mous production of auxin in the mature ovary 
(Purseglove  1975 ; Stover and Simmonds  1987 ). 
Seeds vary with respect to size, shape and colour. 
The size varies from 4 to 20 mm and shape can be 
spherical, triangular or ovoid. Brown to pitch 
black-coloured seed coat may be warty or 
smooth. 

2.3.1     Major Cultivar Groups 

2.3.1.1     Cavendish Subgroup 
  Cavendish cultivars   may have originated in the 
South China-Vietnam area and Malaysian region. 
They are high yielding than all other natural 
clones (Robinson  1996 ). The varieties in the 
Cavendish subgroup are separated mainly by dif-
ferences in height and bunch and fi nger charac-
teristics. There is a gradation in height from the 
shortest (Dwarf Cavendish) to the tallest. The 
Cavendish subgroup is responsible for 30 % of 
the world’s production of banana fruit. Stover 
and Simmonds ( 1987 ) recognized four major 
clone sets distinguished on height: ‘Dwarf 
Cavendish’ types are the shortest in stature; 
‘Grand Nain’ types are medium dwarfs; and 
intermediate in height are between ‘Giant 
Cavendish’ and ‘Dwarf Cavendish’ groups. 
‘Giant Cavendish’ types are taller and ‘Pisang 
Masak Hijau’ types, the tallest. Apart from plant 
height, clones in the Cavendish subgroup also 
differ in other morphological characters such as 
petiole length, bract persistence, bunch grade and 
pseudostem colour.  

2.3.1.2     Plantain Subgroup 
 The  plantain subgroup   is very important as plan-
tain cultivars provide food for millions of people 
in the West and Central Africa and Latin America- 
Caribbean regions. Cultivars are also found in 
East Africa and South and South East Asia. A 
total of 23 % of the world’s production of banana 
fruit comes from plantain. The term plantain has 
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been used in the past to describe all cooking 
banana types, but now it refers only to clones 
belonging specifi cally to the plantain subgroup 
within the AAB genomic group of banana where 
fruit remains starchy at ripeness. They are char-
acterized by the orange yellow colour of the com-
pound tepal in the fl ower and of pulp at ripeness. 
Fruits are long and slender, angular, pointed and 
unpalatable when raw (Stover and Simmonds 
 1987 ). 

 Cultivars in the plantain subgroup are placed 
in four main clone sets, which are distinguished 
on bunch and infl orescence characteristics 
(Tezenas du Montcel and Davos  1978 ). ‘French’ 
plantain types have many hands with compara-
tively small fi ngers and an infl orescence axis cov-
ered with persistent hermaphrodite and male 
fl owers. The large male bud is also persistent. 
‘Horn’ plantain types have few hands of very 
large fi ngers, no hermaphrodite fl owers and no 
male axis. ‘French Horn’ and ‘False Horn’ plan-
tain types are intermediate classifi cation catego-
ries between ‘French’ and ‘Horn’ plantains. The 
male bud is absent at maturity in both of these 
types, but there are many hermaphrodite fl owers 
on ‘French Horn’ cultivars and a few on ‘False 
Horn’. 

 Though South India is believed to be the cen-
tre of origin of French plantain group (Simmonds 
 1966 ), wide diversity has been reported from 
Central Africa (De Langhe  1964 ). Nendran, the 
French plantain cultivar, is the predominant vari-
ety in India and is represented by several clones 
recognizable through variation in plant stature, 
pseudostem colour, bunch morphology and 
development of the male phase (Jacob  1952 ). 
Menon et al. ( 2002b ) collected, characterized and 
catalogued the variability of Nendran in South 
India and based on morphological characteriza-
tion recognized ten morphotypes. A key was 
developed for their identifi cation.  

2.3.1.3      Mysore Subgroup      
 Mysore is grown on a large scale in South Asia. 
However, outside India and Sri Lanka, it is only 
occasionally encountered. Exceptions are Trinidad, 
where it is used to shade cocoa, and Western 
Samoa. ‘Poovan’ is a popular cultivar of this group 

grown all over the India in a perennial cropping 
system and is the leading commercial cultivar of 
southern and north-eastern states and easily avail-
able all through the year. It is known by different 
names viz. Mysore Poovan, Palayankodan,  
Champa, Alpan, Karpurachakkarakeli in India 
(Singh et al.  2001 ). It is a large and extremely vig-
orous cultivar, easily recognized by its pinkish-pur-
ple midribs and large cylindrical bunches of tightly 
packed short, plump bottlenecked fruits which 
ripen to an attractive bright yellow, and the fl esh is 
agreeably sweet acid (Stover and Simmonds  1987 ).  

2.3.1.4      Silk Subgroup      
 Silk is a very popular dessert cultivar in South 
and South East Asia, East Africa and Latin 
American-Caribbean regions characterized by 
fruit with a sweet-acid taste (Stover and 
Simmonds  1987 ). 

 The ripe fruits are thin skinned and fall of eas-
ily from the bunches (highly deciduous) weigh-
ing 15–18 kg and it takes 13–15 months to come 
to harvest. Hard lumps in fruits occur, especially 
when grown in acidic soils.  Fusarium  wilt is a 
major threat to this cultivar resulting in restricted 
cultivation. It is tolerant to leaf spot.  

2.3.1.5     Pome Subgroup 
 Cultivars in the  Pome subgroup      are important 
dessert banana types in India and Brazil, where 
their subacid fl avour is much appreciated. The 
taste is also popular in Australia and Hawaii 
(Stover and Simmonds ( 1987 )). However, culti-
vars are generally not very productive. The Pome 
subgroup has several cultivars and mutants. In 
general the bunch is semi-horizontal and fruits 
are slightly angular and the peel is thick (Stover 
and Simmonds  1987 ).  

2.3.1.6     Pisang Awak Subgroup 
  Pisang Awak      is a widely disseminated, high- 
yielding, cooking/dessert cultivar group, which is 
also used as a beer banana in East Africa. It is 
very common in Thailand, Vietnam and else-
where in the Indo-China region. This triploid 
group has high inherent  fertility   which yields 
seedless edible fruits if un-pollinated, but bears 
seeds when pollinated by pollen from fertile dip-
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loids growing in the neighbourhood or by wild 
bananas. This group is represented by many cul-
tivars in India, viz. ‘Karpooravalli’, ‘Pey 
Kunnan’, ‘Vella Palayankodan’, ‘Dakshinsagar’ 
and ‘Paloor’ (Uma and Sathiamoorthy  2007 ).   

2.3.2     Conservation of Genetic 
Resources 

 Banana improvement programmes depend on the 
full range of diversity and therefore warrant 
effective conservation and documentation of 
existing cultivars and wild relatives. Banana bio-
diversity is conserved as full-size plants in fi eld 
gene banks (Amalraj et al.  1993 ; Menon et al. 
 2000a ; Uma et al.  2005a ) or as in vitro plantlets 
(Van den Houwe et al.  1995 ) or cryopreserved 
(Panis et al.  2007 ). The diversity of  Musa  germ-
plasm is conserved in about 60 national collec-
tions. An in vitro collection comprising 1,200 
 Musa  accessions are held at the global banana 
collection managed by Bioversity International 
and hosted by the Belgian university KU Leuven 
at the International Transit Centre (ITC). 
Characterization and evaluation data from 22 col-
lections are available in the  Musa Germplasm 
Information System   (MGIS) (Channeliere et al. 
 2011 ). Widespread diseases such as banana 
bunchy top virus, banana bract mosaic virus, 
weevil borers, Sigatoka leaf spot and  Fusarium  
wilt are serious threats to germplasm, small-scale 
production systems and fi eld repositories. Several 
of these uncommon or rare homestead/backyard 
clones are on the verge of extinction. The various 
species of  Musa  that occur wild in the forests 
(Western Ghats and north-eastern region) also 
face a threat from deforestation, wild animals and 
shifting cultivation. Hence there is an urgent need 
to conserve the threatened wild species and rare 
genetic resources for their utilization in the 
future. In vitro conservation methods are rou-
tinely applied for banana germplasm conserva-
tion and exchange at the NBPGR, New Delhi 
(Agrawal et al.  2007 ). Field collections are main-
tained at NRCB, Trichy and some State 
Agricultural Universities. Germplasm conserva-
tion activity is fi nancially supported by Indian 

Council of Agricultural Research through the All 
India Coordinated Research Project on Tropical 
Fruits.  

2.3.3      Breeding Targets   

 Major threats to banana and plantain production 
include fungal, bacterial and viral pathogen, sev-
eral insect pests and a complex of plant parasitic 
nematodes (Table  2.1 ). Among fungal diseases , 
black leaf streak disease (BLSD  ) or black 
Sigatoka caused by  Mycosphaerella fi jiensis  is 
the most important in the world. Sigatoka leaf 
spot or yellow Sigatoka caused by  M. musicola  is 
a related disease causing similar damage. 
  Fusarium    wilt caused by the fungus  Fusarium 
oxysporum  f.sp.  cubense  is widely regarded as 
the most destructive plant disease in the recorded 
history (Moore et al.  1995 ). Being soilborne, it is 
also described as a disease that refuses to go 
away (Ploetz and Churchill  2011 ). The disease 
was responsible for the destruction of Gros 
Michel-based export trade and its replacement by 
the resistant Cavendish (AAA) group cultivars. 
Tropical race 4 attacking Cavendish is an 
extremely virulent form of the pathogen reported 
more recently (Hwang and Ko  2004 ). Since fun-
gicidal sprays or cultural practices cannot contain 
the disease, long-term option of developing resis-
tant varieties to replace susceptible one is sug-
gested (Hwang and Ko  2004 ). Viruses also 
constitute major production constraints besides 
being an impediment to germplasm enhancement 
and movement (Jones  2000 ). Four major viruses 
encountered in banana include  banana bunchy 
top virus (BBTV  ), banana bract mosaic virus 
(BBMV),  cucumber mosaic virus (CMV  ) and 
 banana streak virus (BSV).   BSV-related 
sequences are integrated within the nuclear 
genome and can cause a viral infection (Harper 
et al.  1999 ).

   Among insect pests,  banana corm weevil   
( Cosmopolites sordidus ) has attracted worldwide 
attention resistance to this pest that has been a 
breeding target. Banana stem weevil ( Odoiporus 
longicollis ) is a devastating pest of plantains in 
India (Padmanabhan and Sathiamoorthy  2007 ). 
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Plant parasitic nematodes are also a major con-
straint to  Musa  production (Stover and Simmonds 
 1987 ) and include  Radopholus similis , 
 Meloidogyne incognita ,  Pratylenchus coffeae  
and  Helicotylenchus multicinctus . 

 The development of cultivars with high yield 
and resistance/tolerance to these production con-
straints is the primary focus of the banana 
improvement programme. The overall strategy 
has been to incorporate resistance to  Fusarium  
wilt, Sigatoka and other pests in existing cultivars 
rather than aiming for genetic materials that are 
drastically different. Even though initial focus 
was on breeding for resistance to Sigatoka leaf 
spot, objectives have gradually widened to 
include resistance to nematodes and several other 
pests as well as modifying plant architecture, 
growth habit and fruit quality (Tomekpe et al. 
 2004 ).  

2.3.4     Breeding  Challenges in  Musa    

  Musa  is a  polyploid crop   with ploidy ranging 
from diploid (2 n  = 2 x  = 22) to tetraploids (2 n  = 4 x  
= 44). Most cultivated bananas are triploids (2 n  = 
3 x  = 33) and sterile harbouring various combina-
tions of either one, two or three A, B, S or T 

genomes. New banana cultivars are exceptionally 
cumbersome to develop. Selection for desirable 
characters is time consuming and it may take up 
to 12 years to develop a new cultivar.  Musa  breed-
ing is based mainly on the phenotypic mass recur-
rent selection. The high levels of heterozygosity 
make identifi cation of ideal parental material dif-
fi cult, and very large populations are required for 
the selection of individual clones with good agro-
nomic traits. This is virtually impossible to attain 
due to the low seed set in crosses. Generally, few 
seeds are obtained (an average of 1–1.5) and 
acquiring large numbers of seeds is a labour-
intensive and tedious process (Ortiz and Vuylsteke 
 1995a ; Ssebuliba et al.  2006 ,  2009 ). The genes for 
resistance to diseases and pests are introgressed 
from wild diploid species which also carry many 
undesirable traits, e.g. low yield and non- parthe-
nocarpy  . The process of eliminating the unwanted 
traits requires several backcrosses that lengthen 
the breeding process (Rowe and Rosales  1992 ). 
The multigenic nature and low heritability of 
some traits also slow down the breeding process. 
 Musa  breeding is also problematic due to the nar-
row genetic diversity of the germplasm (Pillay 
et al.  2004 ) and the lack of information about wild 
species that carry useful agronomic traits. Only a 
few wild diploids have been used as male parents 

   Table 2.1    Major diseases and pests of  banana/plantain     

 I.  Diseases  

 i.  Fungal diseases  

 Sigatoka leaf spot   Mycosphaerella musicola  

 Black leaf streak   Mycosphaerella fi jiensis  

 Eumusae leaf spot   Mycosphaerella eumusae  

 Panama wilt   Fusarium oxysporum  f.sp.  cubense  

 ii.  Bacterial diseases  

 Rhizome rot   Erwinia  sp. 

 iii.  Viral diseases  

 Banana bunchy top virus  BBTV 

 Banana bract mosaic virus  BBMV 

 Cucumber mosaic virus  CMV 

 Banana streak virus  BSV 

 II.  Insect pests and nematodes  

 Rhizome weevil   Cosmopolites sordidus  

 Pseudostem weevil   Odoiporus longicollis  

 Banana aphid   Pentalonia nigronervosa  

 Nematodes   Radopholus similis ,  Meloidogyne incognita ,  Pratylenchus  sp. 
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in majority of the breeding programmes. As culti-
vated banana is propagated asexually, its genetic 
base is narrow, as diversity dependent on somatic 
mutation. Limited genetic variation has resulted 
in a crop lacking resistance to fungal, bacterial 
and viral pathogens and numerous pests (Miller 
et al.  2011 ).  

2.3.5     History of   Musa  Breeding   

 The destruction of the export banana ‘Gros 
Michel’ by  Fusarium  wilt led to the development 
of the fi rst banana breeding programme at the 
 Imperial College of Tropical Agriculture (ICTA  ) 
in Trinidad in 1922 and later in Jamaica in 1924 
(Jones  2000 ). These programmes aimed at pro-
ducing ‘Gros Michel’ resistant to  Fusarium  wilt. 
Subsequently with the appearance of Sigatoka 
leaf spot in accessions, resistance to leaf spot was 
also included as a breeding objective. Two 
 Fusarium  wilt-resistant tetraploids developed 
initially were ‘Bodles Altafort’ from a cross 
between ‘Gros Michel’ × ‘Pisang Lilin’ and 
2390-2 derived from ‘Highgate’, a dwarf mutant 
of ‘Gros Michel’ and ‘Pisang Lilin’. The estab-
lishment of a breeding programme by the United 
Fruits Company in 1959 was driven by the need 
to breed resistant dessert bananas. The pro-
gramme was brought under FHIA (Fundación 
Hondureña de Investigación Agricola), Honduras, 
in 1984. FHIA has developed a wide range of 
hybrids (Table  2.2 ) presently being grown in sev-
eral countries. CIRAD (Centre de Coopération 
International en Recherche Agronomique pour le 
Développement), France, concentrated on the 
creation of new triploid dessert banana utilizing 
existing diversity in diploid dessert varieties 
(Bakry et al.  1997 ). Plantain breeding has been 
the main focus of breeding efforts of IITA 
(International Institute of Tropical Agriculture), 
Ibadan, in Nigeria, Cameroon and Uganda and 
more recently including improvement of East 
African highland bananas (Lorensen et al.  2010 ). 
Plantain breeding formed the major objective of 
CARBAP (Centre de Recherches Régionales sur 

Bananiers et Plantains), Cameroon, and has the 
largest collection of plantains in the world 
(Tomekpe et al.  2004 ). EMBRAPA (Empresa 
Brasileira de Pesquisa Agropecuária), Brazil, 
worked on Pome and Silk subgroups important in 
Brazil.  Sterility   conferred by triploidy limits the 
use of hybridization in banana improvement and 
constitutes a challenge to conventional breeding 
methods. In spite of the inherent diffi culties, sig-
nifi cant progress has been achieved over the last 
two decades (Tomekpe et al.  2004 ).

2.3.6        Breeding Methods 

2.3.6.1      Diploid Breeding      
 Diploids comprising wild, semiwild or partheno-
carpic accessions are characterized by high  fertil-
ity   and considerable genetic diversity and are rich 
sources of resistance/tolerance to diseases and 
pests. They serve as good parents and are ideal 
material for genetic and cytogenetic studies 
(Tomekpe et al.  2004 ). The development of agro-
nomically superior disease-resistant diploids was 
identifi ed as a priority area in banana and plan-
tain breeding (Rowe and Rosales  1994 ). They 
outlined the diploid breeding efforts at FHIA. A 
breakthrough in this direction was the develop-
ment of SH-2095, the fi rst diploid hybrid selected 
during the fi rst 10 years of the programme and 
which formed the basis of subsequent diploids 
selected from segregating populations. SH-3142 
is another diploid hybrid resistant to burrowing 
nematode through extensive pollination of 
‘Pisang Jaribuaya’ which is a natural AA diploid 
resistant to burrowing nematodes. In contrast to 
the sterile ‘Pisang Jaribuaya’, the hybrid was 
both male and female fertile and integrated in 
breeding schemes. Its resistance to  Fusarium  wilt 
was exploited in the development of FHIA-01 
tetraploid hybrid. The subsequent series of 
crosses focused on the development of an 
improved diploid with multiple resistance for 
which SH-3723 formed the parental line. A wide 
range of improved diploids evolved have been 
integrated in breeding schemes.
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   At IITA, evaluation of several subspecies of 
wild  acuminata  ( banksii ,  burmannica , 
  malaccensis ,  microcarpa ) led to the observation 
that disease slowing model of partial resistance 

was durable than a gene for gene hypersensitive 
reaction (van den Planck  1982 ; Foure et al.  2000 ). 
Two resistant improved diploid parents, 
TMB2X51051 and TMB2X91283 (AA), were 

   Table 2.2    Characteristics of hybrids developed by  FHIA     

 Hybrid  Genealogy  Characteristics 

 FHIA- 01 (AAAB)  ‘Prata Anã’ (AAB) × SH-3142 (AA)  Resistance to black sigatoka, races 1 
and 4 of  Fusarium  wilt and nematode 
( Radopholus similis ), tolerance to 
low temperatures and unfavourable 
conditions of raining and soil 
fertility, strong plants with good 
architecture, large bunches and fruits 
with good texture and taste 

 FHIA-02 (AAAA)  ‘Williams’ (AAA) × SH-3393 (AA)  High resistance to black Sigatoka, 
present the same plant height of 
‘Valery’, however the bunch 
characteristics are inferior to this 
cultivar 

 FHIA-03 (AABB)  SH-3386 (ABB) × diploid SH-3320 (AA)  Generated from the clone Gaddatu 
ABB, it is more rustic and productive 
than the Bluggoes. Present low 
stature and bunches that reach to 
50 kg and resistance to moko disease 
and drought 

 FHIA-15 (AAAB)  Descendent of Maqueño Highgate hybrid 
(AAA) (mutant of ‘Gros Michel’), Prata 
Anã hybrid (AAB) 

 Resistance to race 1 of the  Fusarium  
presents tolerance to black Sigatoka. 
Good characteristics of bunch, 
resistance to race 1 of  Fusarium  wilt 
and more tolerant to black Sigatoka 
than the Grande Naine, however its 
plants are higher than that cultivar, 
mainly in the second cycle. High 
production, resistant to yellow and 
black Sigatokas and fruits present 
good taste 

 FHIA-17 (AAAA) 

 FHIA-18 (AAAB) 

 FHIA-21 (AAAB)  French plantain hybrid (AAB)  Resistance to black Sigatoka and 
produce larger bunches than to the 
other False Horn cultivars 

 FHIA-23 (AAAA)  Highgate hybrid (AAA)(mutant of ‘Gros 
Michel’) 

 Good characteristics of bunch, 
resistance to race 1 of  Fusarium  wilt 
and more tolerant to black Sigatoka 
than the Grande Naine, however its 
plants are higher than that cultivar, 
mainly in the second cycle 

 AVP-67 (AAAB)  Crosses involving plantain French type 
(AAB) and Maqueño (ABB) 

 Good characteristics to use unripe or 
ripe, resistant to race 1 Panama 
disease and tolerance to black 
Sigatoka 

 SH-3640  Prata Anã (AAB) × SH-3393  High production and resistance to 
black Sigatoka, partial resistance to 
yellow Sigatoka and ripe fruits 
present very good taste 

  Rowe and Rosales ( 1994 )  

2 Banana Breeding



22

developed from crosses with resistant sources 
which were also resistant to  R. similis  (Tenkouano 
et al.  2003 ). Seven high-yielding diploid hybrid 
selections developed and resistant to black 
Sigatoka and nematodes were utilized in recur-
rent diploid breeding and in 4x 2x crosses 
(Tenkouano and Swennen  2004 ). 

 Vuylsteke et al. ( 1993 ) observed that plantain- 
derived F1 population comprise 80 % diploids 
and the proportion was infl uenced by the plantain 
cultivars. The plantain-derived diploids desig-
nated as TMP2x have been considered signifi cant 
in germplasm enhancement at the 2× level and as 
a source of plantain alleles (Vuylsteke and Ortiz 
 1993 ). Since the plantain-derived diploids pos-
sessed 50 % plantain genes in their genome, the 
probability of recovering progeny with plantain- 
like characteristics was more than those derived 
from Calcutta 4 as pollen donor. Many plantain- 
derived diploids resistant to leaf spot and with a 
fruit quality similar to that of plantains have been 
evolved. 

 M53 is an improved diploid developed with 
resistance to leaf spot caused by  Mycosphaerella  
and to  Fusarium  wilt. Numerous monospecifi c 
AA and interspecifi c AB diploid hybrids have 
been evolved by the National Research Centre for 
Banana and Tamil Nadu Agricultural University, 
India (Tomekpe et al.  2004 ).  

2.3.6.2     The 3x/2x Strategy 
 The 3x/2x strategy has been widely applied to 
create  tetraploid hybrids   resistant to diseases and 
with good agronomic value by pollinating sus-
ceptible triploids with male fertile diploids that 
are resistant. Low  fertility   of triploid cultivars 
results in only small populations and necessitates 
a considerably higher number of crosses. The 
hybrid tetraploids have male and female fertility 
inherited from the fertile diploid and set seed on 
pollination which has a bearing on the quality. 
Therefore the primary tetraploids produced by 
this method were considered as intermediate 
products and subsequently crossed with diploids 
to obtain triploids close to the original triploid 
cultivars. 

 Tomekpe et al. ( 2004 ) pointed out that the 
genetic gain obtained by nuclear restitution in the 

fi rst stage (production of tetraploids) is reduced 
by the recombination which occurs during meio-
sis of the tetraploid in the second stage. Thus the 
choice of the diploid used in the F1 and F2 stage 
has a direct bearing on the reconstitution of sec-
ondary triploid hybrids. The AAAB hybrids 
resulting from crosses between AAB and AA 
express symptoms of BSV due to activation of 
viral sequences integrated in the B genome of 
these cultivars (Tenkouano and Swennen  2004 ). 

 Based on this strategy FHIA, IITA and 
EMBRAPA could select good quality secondary 
triploid hybrids. CARBAP has applied this 
method to generate sizeable population of sec-
ondary triploids from primary tetraploids derived 
from dwarf plantains (Tomekpe et al.  2004 ). 

2.3.6.2.1    Breeding Work at FHIA 
 The  FHIA programme   is the oldest and aimed at 
the development of dwarf dessert banana, plan-
tain and cooking banana hybrids with resistance 
to black Sigatoka, burrowing nematodes and race 
4 of  Fusarium  wilt. Though the breeding work 
was initiated with the use of ‘Highgate’ (dwarf 
mutant of ‘Gros Michel’) as a seed fertile triploid 
to produce tetraploid hybrids, ‘Dwarf Prata’ 
(AAB Pome) turned out to be a useful triploid 
line for breeding dessert banana (Rowe  1990 ). 
The discovery that French plantain (AAB plan-
tain) can produce tetraploid progenies with 
improved bunch features provided opportunities 
to breed disease-resistant plantains (Rowe  1987 ). 
‘Gaddatu’ (ABB Gubao) proved to be a suitable 
parental line for developing cooking bananas 
(Rowe and Rosales  1994 ). The breeding efforts 
resulted in the development of three outstanding 
hybrids. 

 The development of the  tetraploid   (AAAB) 
hybrid FHIA-01 was possible by crossing the 
burrowing nematode-resistant SH-3142 diploid 
(AA) with ‘Dwarf Prata’. This is considered a 
signifi cant achievement of the FHIA programme 
(Rowe and Rosales  1994 ). The hybrid is resistant 
to race 4 of  Fusarium  wilt and could be grown 
without taking control for black Sigatoka. Its 
suitability to marginal growing conditions, good 
fi nger size and better green life in comparison to 
Cavendish are the reported advantages. FHIA-0 1 
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was offi cially released as Goldfi nger in Australia 
during 1995 (Daniells et al.  1995 ). Among sev-
eral plantain hybrids selected by the FHIA pro-
gramme, FHIA-21 derived from AVP-67 (French 
plantain) and SH-3142 has been the most promis-
ing. It has plantain-type shape and pulp colour 
and fl avour (Rowe and Rosales  1994 ). When 
compared with local plantain, FHIA-21 produced 
bigger bunches and is resistant to black Sigatoka. 
FHIA-03 is a semidwarf hybrid (ABBB) based 
on the cultivar ‘Gaddatu’. It is more hardy and 
productive than the widely grown cooking banana 
‘Bluggoe’. Resistance to black Sigatoka and tol-
erance to drought and poor soils are its other 
advantages. 

 Following reports by Simmonds ( 1962 ), 
Stover and Buddenhagen ( 1986 ) and Stover and 
Simmonds ( 1987 ) that Cavendish cultivars are 
female sterile, improvement of this group of des-
sert bananas through conventional breeding 
received very little attention till 2002. But subse-
quent seed set was observed in the wild  Musa 
acuminata  ssp.  malaccensis  when pollinated 
with ‘Valery’ pollen. Several dwarf diploids 
obtained were integrated in later crosses. Another 
milestone was the development of a tetraploid 
plant derived from a cross of ‘Williams’ as female 
parent and the improved diploid SH-3142 as 
male parent that was named FHIA-02. These 
inputs formed the basis for the development of a 
Cavendish replacement resistant to BLS and/or 
Foc TR4 through conventional breeding, and sev-
eral resistant triploid hybrids could be selected 
(Moran  2013 ).  

2.3.6.2.2    Breeding Work at  IITA   
  Low reproductive fertility  , triploidy and slow 
propagation were the factors limiting breeding 
progress in plantains. For imparting resistance to 
black Sigatoka, screening of germplasm to iden-
tify available sources of resistance and female fer-
tile plantain cultivars formed the breeding 
priorities at IITA. Several French and False Horn 
plantain cultivars were identifi ed as partially 
female fertile based on production of viable seed 
after pollinating with wild diploid banana ‘Calcutta 
4’. ‘Bobby Tannap’ and ‘Obino l’Ewai’ were the 
two plantains used as female parents. Seed set was 

infl uenced by the cultivar used as a female parent 
and seasonal variations. Higher temperature com-
bined with high solar radiation and low relative 
humidity improved the seed set (Ortiz and 
Vuylsteke  1995b ). Tetraploid progenies derived 
from plantain × Calcutta 4 and showing partial 
resistance to black Sigatoka were further improved 
by crossing with other resistant diploids. Also 
plantain-derived diploids were crossed with resis-
tant diploids to broaden the genetic base of resis-
tant population (Ortiz and Vuylsteke  1994a ). 

 The wild  Musa acuminata  ssp.  burmannicoi-
des  clone Calcutta 4 used as male parent was 
highly resistant to black Sigatoka (Swennen and 
Vuylsteke  1990 ), and its resistance was highly 
heritable, while its poor bunch characteristics 
were not (Table  2.3 ). Secondary triploids were 
successfully generated through crosses between 
tetraploid hybrids and diploid  Musa  accessions to 
restore female/male  sterility   and thereby avoid 
seed set in the hybrids. ‘PITA-14’ (AAAB) is a 
superior secondary triploid hybrid identifi ed in 
the plantain improvement programme. 

 The progenies of 3x/2x crosses comprised 
diploids, triploids and tetraploids. Ploidy was 
ascertained based on morphological characteris-
tics, stomatal size/density and chromosome 
counts. Flow cytometry had the advantage of 
being faster than cytological techniques. Ortiz 
and Vuylsteke ( 1994 ) observed that the forma-
tion of 2n eggs by  second division restitution 
(SDR  ) enabled the occurrence of segregation and 
recombination of 3x plantain genome allowing 
the recovery of variability from crosses with 
plantains. This was contrary to the earlier 
assumption that 3x female genome is fi xed and 
recombination occurs only in 2x male parent 
because of which plantain improvement would 
be limited to diploid breeding (Rowe  1984 ; 
Simmonds 1986). 

 East African highland bananas (AAA) 
endemic to East African highlands with a narrow 
genetic base comprise over 80 triploid clones pri-
marily used for cooking and beer production. 
Screening for female fertility using the wild 
Calcutta 4 showed that 50 % of the land races are 
female fertile with potential for genetic improve-
ment through conventional breeding. It was con-
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cluded that by creating population through 
breeding, genetic diversity of the group could be 
increased by enabling new allelic recombination 
(Pillay et al.  2004 ).  

2.3.6.2.3     Breeding Work at CARBAP 
and EMBRAPA 

 The  tetraploid plantain hybrid   CRPB-39 is the 
outcome of the breeding efforts at CARBAP, 
Cameroon. It was developed by crossing local 
plantain variety ‘French Clair’ and the synthetic 

diploid M53. The hybrid is agronomically supe-
rior to ‘French Clair’ and displays resistance to 
BSLD (Cohan et al.  2003 ). 

 The Brazilian breeding programme at 
EMBRAPA has bred many clones with resistance 
to  Fusarium  wilt (Shepherd et al. 1994). These 
include PA 03-22 (AAAB), PV 03-44 (AAAB) 
and PC12 05 (AAAB) that are derived from 
‘Prata Anã’, ‘Pacovan’ and ‘Prata’, respectively. 
These clones are resistant to race 1 and are being 
tested in many countries   

   Table 2.3    Phenotypic traits and types of  gene action in  Musa      

 Apical dominance  One major recessive gene in plantains  Ortiz and Vuylsteke ( 1994a ) 

 Male and female fertility  Recessive genes interacting with 
cytoplasm sensitive 

 Ortiz ( 1995 ) 

 Dwarfi sm in type French plantains  One major recessive gene for short 
false internodes with modifi ers 
affecting plant height 

 Ortiz and Vuylsteke( 1995b ) 

 Bunch orientation  Three loci with threshold effect of 
dominant genes 

 Ortiz ( 1995 ) 

 Fruit parthenocarpy  Three independent complementary 
dominant genes. One segregating locus 
in plantain hybrids and Calcutta 4 

 Ortiz ( 1995 ) 

 Persistence of male bracts  Two loci with complementary 
dominant genes, which are 
independent of the genes for 
persistence of hermaphrodite fl owers in 
plantains 

 Ortiz ( 1995 ) 

 Persistence of hermaphrodite fl owers 
and male bracts 

 Two independent loci with 
complementary and dominant genes in 
bananas and plantain-banana hybrids 

 Ortiz ( 1995 ) 

 Red pigmentation in leaves  Modifi er gene interaction due to 
recessive suppressor 

 Ortiz ( 1995 ) 

 Pollen presence with 2n 
chromosomes 

 Ortiz ( 1997 ) 
 Dominant genes 

 Bacterial wilt (moko disease) 
resistance 

 Several recessive genes  Vakilii ( 1965b ) and Rowe and 
Richardson ( 1975 ) 

  Fusarium  wilt resistance  One major dominant gene for race 1. 
Polygenic system for race 4 

 Vakilii ( 1965a ) and Rowe ( 1991 ) 

 Burrowing nematode resistance  One or more dominant genes  Rowe ( 1991 ) 

 Yellow Sigatoka resistance  Recessive genes in  M. acuminata  ssp. 
 burmanica , dominant gene in  M. 
acuminata  ssp.  malaccensis  

 Shepherd ( 1990 ) 

 Black Sigatoka resistance  Rowe ( 1984 ) 

 Multiple gene with dosage effects in 
 M. acuminata  ssp.,  Microcarpa  ssp. 
 errans  

 Vakilii ( 1968 ) 

 One major recessive gene and two 
additive minor genes with dosage 
effect in plantain-banana hybrids 

 Ortiz and Vuylsteke ( 1994b ) 
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2.3.6.3     4x/2x Strategy 
 The 4x/2x strategy consists of fi rst producing a 
tetraploid parent by chromosome doubling of an 
ancestral diploid or an improved diploid using 
colchicine followed by hybridization of a diploid 
parent with the tetraploid for producing triploid 
hybrids. In the course of evolution of banana cul-
tivars, natural triploid cultivars arose from ances-
tral diploids through the accidental production of 
unreduced gametes in one of the diploid parents 
by hybridization (Simmonds  1962 ). Therefore 
this strategy imitates the natural process of evolu-
tion. The meiotic error that resulted in unreduced 
gamete is replaced by chromosome doubling of 
one of the parents (Bakry et al.  1997 ; Stover and 
Buddenhagen  1986 ; Vakili  1967 ). The  sterility   of 
the triploid hybrid obtained by this method ham-
pered its improvement by conventional methods 
(Tomekpe et al.  2004 ). The 4x/2x method as such 
does not improve existing varieties, but creates 
new improved varieties and overcomes the limi-
tations of the triploid x diploid crosses limited by 
the low gametic fertility of the triploid parents 
and its failure to produce desired end products. 

 This method explores to identify good specifi c 
combining abilities between diploids and dou-
bled diploids as donors of diplogametes and aims 
to maximize heterosis in the triploid progenies. 
The criteria for selecting natural or improved dip-
loid varieties include the type of banana to be 
developed (cooking or dessert), their agronomic 
characteristics, their behaviour with respect to 
diseases and pests and their male and female fer-
tility at diploid and tetraploid level. Detailed 
information about the available genetic resources 
and relationships between ancestral and culti-
vated varieties are taken into account to facilitate 
need-based selection of parental lines (Jenny 
et al.  2013 ). 

2.3.6.3.1    Breeding Work at CIRAD 
 Applying this strategy, at  CIRAD     , progress has 
been made in the development of AAA dessert 
bananas, and promising hybrids evolved have 
been released for large-scale evaluation to banana 
growers in the French West Indies and in the 
Caribbean (Horry  2011 ). This new triploid strat-
egy was validated by the subsequent develop-

ment of AAB/ABB banana hybrids (Jenny et al. 
 2013 ). The major inputs from the study include 
the following: (i) Differences are noticed in the 
gametic fertility of the doubled diploids. (ii) 
Some of the AA diploids used in the development 
of AAA hybrids were fertile at both diploid and 
tetraploid levels, while others were completely 
sterile at the tetraploid level. (iii) All interspecifi c 
AB clones used, though sterile at the diploid 
level, displayed male and female fertility at the 
tetraploid level. The high fertility of the doubled 
AB also resulted in large population size. 
Parthenocarpic (edible) fruit development in the 
hybrids despite their wild parentage and the posi-
tive heterosis effect exhibited within the proge-
nies evaluated are some of the valuable 
information. Triploidy of the hybrids from 
crosses involving Kunnan 4X was established 
using fl ow cytometry (Dolezel and Bartos  2005 ). 
The promising hybrid selections include the 
AAB ‘2006-22/III9’ ( M. acuminata  ssp.  malac-
censis , × Kunnan 4X) with a Mysore morphol-
ogy, good bunch weight and a taste similar to Silk 
subgroup, the sweet-acid AAB banana hybrid 
‘2005/25-L9’ (Kunnan 4X × ‘IDN110/
AAcvRose’) with very high yield potential. 
Among ABB hybrids, two hybrid selections 
include the Pisang Awak-like ‘2008/12-I6’ 
(Kunnan 4X ×  balbisiana  ‘CMR’) and another 
one derived from a cross involving Kunnan 4X 
and ‘Pisang Klutuk’. The resistance to Sigatoka 
leaf spot shown by the hybrids under fi eld condi-
tions suggested that the resistance is transmitted 
in a dominant way by the diploid-resistant parent. 
Further, in view of their pedigree, the authors 
concluded that the ABB hybrids could also serve 
as alternatives to Pisang Awak clones or other 
ABB natural clones in traditional cropping sys-
tems where banana production is constrained by 
 Fusarium  wilt (Jenny et al.  2013 ).     

2.3.6.4     Breeding Work in India 

2.3.6.4.1      Tamil Nadu Agricultural 
University (TNAU  ) 

 The breeding programme at Central Banana 
Research Station, Aduthurai, during 1949 was 
the earliest among the banana improvement 
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efforts in India and later continued at Tamil Nadu 
Agricultural University, Coimbatore. In an 
attempt to improve Kallar Ladan, a Pome culti-
var, an AB hybrid from the cross Kallar Ladan × 
 Musa balbisiana  clone Sawai (BB) was crossed 
with the diploid Kadali (AA) to develop an AAB 
hybrid. This was later released for commercial 
cultivation as Co1 (Azhakiamanavalan et al. 
 1985 ). The hybrid closely resembles Virupakshi 
(AAB), popular Pome banana in the hills of 
Tamil Nadu. The plants of Co1 are medium tall 
(2.7 m). The bunch weighs 10.5 kg on an average 
with 7 hands and 80–85 fruits. The crop duration 
is 14–15 months. 

 Krishnamurthy et al. ( 2004 ) reported wide 
variation in the extent of seed germination and 
 parthenocarpy   in hybrid progenies from crosses 
involving diploids and triploids. Many potential 
synthetic diploids have been generated with 
resistance/tolerance to Sigatoka leaf spot, 
 Fusarium  wilt and nematodes. Breeding strate-
gies have been reoriented at the Department of 
Fruit Crops, by integrating the bred synthetic dip-
loids in hybridization of commercial cultivars 
like Rasthali, Poovan and Karpooravalli. Few 
hybrid progenies using Karpooravalli as female 
parent are promising in terms of yield and resis-
tant reaction against  Radopholus similis  and 
Sigatoka leaf spot (Kumar and 
Soorianathasundaram  2007 ). The potential dip-
loids and hybrids developed were crossed with 
commercial triploids to develop primary tetra-
ploids and improved diploids. The susceptible 
check cultivar used was ‘Rasthali’ (AAB), while 
the resistant reference cultivar used was ‘Pisang 
Lilin’ (AA). The reactions of 19 new synthetic 
banana phase II hybrids to  M. incognita  were 
studied under fi eld conditions as well as in con-
trolled inoculation tests in pots. Hybrid H 531 
(‘Poovan’ × ‘Pisang Lilin’) was found to be resis-
tant, and six hybrids, H-02-34, H-03-05, H-03- 
13, H-04-12, H-04-24 and NPH-02-01, were 
found to be tolerant to the root-knot nematode, 
 M. incognita .  

2.3.6.4.2     Kerala Agricultural University 
( KAU     ) 

 Kerala endowed with a warm humid tropical cli-
mate is home to a wide spectrum of edible 

bananas which include ‘Nendran’(AAB), 
‘Poovan’(AAB), ‘Rasthali’(AAB), 
‘Chenkadali’(AAA), ‘Neypoovan’(AB), 
‘Karpooravalli’(ABB) and ‘Monthan’ (ABB). 
Their cultivation is constrained by susceptibility 
to various diseases and pests, such as Sigatoka 
leaf spot,  Fusarium  wilt, rhizome and stem wee-
vils, nematode and viral diseases. Conventional 
breeding directed at the development of resistant 
hybrids is in progress at the Banana Research 
Station (BRS), Kannara. Based on earlier breed-
ing initiatives, two dessert banana hybrids, 
BRS-1 from Agniswar (AAB) × Pisang Lilin 
(AA) and BRS-2 from Vannan (AAB) × Pisang 
Lilin (AA), have been developed and released for 
cultivation in Kerala. These hybrids are extremely 
resistant to Sigatoka, a trait inherited from the 
male parent (Menon et al.  2011 ).  BRS-1  has a 
short cropping cycle with faster ratoonability, 
completing four crop cycles in 2.5 years. Plants 
are medium statured producing 14–16 kg bunch. 
The fruits are straight and slightly angular turn-
ing to yellow on ripening. It also displayed 
 resistance to Sigatoka leaf spot,  Fusarium  wilt, 
nematodes and other insect pests.  BRS-2  is 
medium statured completing crop cycle in 10–11 
months. Average weight of bunch ranges from 15 
to 20 kg with short, stout, dark green fruits com-
pactly arranged and ripening to golden yellow 
colour. The hybrid has a striking resemblance to 
Poovan in plant and fruit characters. Fruits are 
slightly acidic and sweet. Like BRS-1, this hybrid 
has multiple resistance. 

 Current breeding strategies are focused on the 
improvement of ‘Nendran’, the commercial 
French plantain cultivar of the state, and envisage 
imparting higher productivity, dwarf stature and 
resistance to Sigatoka, weevil borers and nema-
todes utilizing wild/natural/bred diploids. The 
development of plantain hybrids resistant to 
black leaf streak through triploid/diploid crosses 
(3x/2x strategy) reported (Tomekpe et al.  2004 ) 
formed the basis. Female fertile clones of 
Nendran identifi ed in the gene bank were polli-
nated with the wild diploid,  Musa acuminata  ssp. 
 burmannicoides  ‘Calcutta 4’, highly resistant to 
Sigatoka. Low seed set and germination ham-
pered the recovery of hybrids for evaluation. One 
hybrid progeny resulting from the cross 
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‘Nendran’ clone ‘Chengalikodan’ × ‘Calcutta 4’ 
with close resemblance to the female parent 
recorded a plant height of 360 cm, pseudostem 
girth of 62 cm and 12 leaves at shooting. It regis-
tered a bunch weight of 13 kg with 8 hands and 
90 fruits. Unlike its susceptible female parent, the 
hybrid displayed very high resistance to Sigatoka, 
imparted by the male parent. Being male and 
female fertile, the hybrid is being backcrossed 
with ‘Nendran’ and crossed with selected dip-
loids. Embryo culture is being standardized to 
improve the recovery of hybrid progeny (Menon 
et al.  2011 ). 

 Development of fertile,  agronomically supe-
rior diploids   also formed a breeding objective. 
Based on the evaluation of AA diploids for 
growth and yield characteristics (Menon et al. 
 2002a ), ‘Matti’, ‘Pisang Jaribuaya’ and ‘Tongat’ 
were selected as female parents. Pisang Lilin and 
 Musa acuminata  ssp.  burmanicoides  clone 
‘Calcutta 4’ were identifi ed as pollen fertile, 
potential sources of resistance to Sigatoka leaf 
spot. These varieties registered an infection index 
of zero for Sigatoka leaf spot, besides recording 
pollen fertility of 73–90 %. Of the ten different 
cross-combinations tried, seed set was observed 
in ‘Matti’ × ‘Pisang Lilin’, ‘Matti’ × ‘Calcutta 4’, 
‘Tongat’ × ‘Pisang Lilin’ and ‘Pisang Jaribuaya’ 
× ‘Calcutta 4’. The number of seeds varied from 
10 to 95. Seeds germinated faster in a mist cham-
ber and seed germination ranged from 42 to 60 %. 
Out of the 150 hybrid seedling progenies initially 
evaluated, 15 hybrids from the four crosses were 
selected. Progenies of ‘Matti’ × ‘Calcutta 4’ were 
all seeded except one which was selected. All the 
progeny showed resistance to Sigatoka leaf spot. 
All the ‘Matti’ × ‘Pisang Lilin’ hybrid progenies 
were parthenocarpic and recorded higher bunch 
weight (8.3–11.0 kg) than the parents. Plant no. 6 
which registered a bunch weight of 11.0 kg had a 
good bunch and fruit characteristics and pollen 
fertility of 70 % besides leaf spot resistance 
inherited from the pollen parent. The female par-
ent ‘Matti’ is partially susceptible to leaf spot 
(Menon et al.  2011 ).  

2.3.6.4.3      National Research Centre 
for Banana (NRCB  ) 

 Breeding work at  NRCB   focuses on the improve-
ment of Pisang Awak (ABB) group which in spite 
of its utility as a dual purpose cultivar is suscep-
tible to  Fusarium  wilt and bacterial rot. Thirty- 
four Pisang Awak accessions were evaluated for 
their ability to produce hybrid seeds and tested 
for embryo viability and embryo regeneration 
followed by evaluation of progenies. Only 13 
accessions (38 %) were found to be excellent 
female parents with seed production ranging 
from 4 to 459 seeds/bunch. Progenies are under 
evaluation (Uma et al.  2011b ). Evaluation of 
Pisang Awak accessions resulted in the selection 
of promising ones. From the evaluation of Pisang 
Awak accession, a promising selection Udayam 
was released by NRCB and Trichy during 2005. 
The average bunch weight is 37 kg having a 
potential up to 45–50 kg which is 40 % higher 
than local Karpooravalli. Crop duration is 13 
months and gives high yield in ratoons also. Its 
cylindrical bunches with well-spaced hands are 
suitable for long-distance transport. The fruits are 
high in sugar with 31 0 B with good blend of acid-
ity and sweetness making it suitable for process-
ing into value-added products like fi gs, banana 
juice, wine, etc. It performs well in Tamil Nadu, 
Kerala, Andhra Pradesh, Karnataka, Bihar and 
Tripura. The variety has fi eld tolerance to 
Sigatoka leaf spot and nematode infestation. 

 Uma et al. ( 2011a ) evaluated 15 diploids for 
their fertility status, breeding behaviour and com-
patibility and came up with information on per 
cent seed set, germination time and success rate 
in 79 combinations. Anaikomban with good seed 
set and highest germination capacity proved to be 
a good female parent for gene pyramiding 
programme.  

2.3.6.4.4      Banana Breeding at Indian Institute 
of Horticultural Research ( IIHR  ) 

 At ICAR-Indian  Institute of Horticultural 
Research (IIHR  ), Bengaluru basic work related 
to banana breeding was carried out. An analysis 
of cross-compatibility in banana varieties 
revealed that selection of female parents with a 
high tendency to seed set, pollen fertile male par-
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ents and triploidy may result in successful cross- 
combinations (Rekha and Prasad  2001 ). Barriers 
were observed in seed set and germination which 
affected the breeding programmes and develop-
ment of hybrids (Rekha et al.  2007 ). 

 For the development of molecular markers 
linked to  Fusarium  wilt resistance, a population 
of F 1  hybrids involving highly contrasting acces-
sions of the AA genomic group that is tolerant 
(wild  Musa acuminata  ssp.  burmanicoides  
Calcutta 4) and highly susceptible (cv. Kadali) 
were generated. The population is useful in func-
tional genomic studies as segregation is observed 
for various morphological characteristics (Rekha 
et al.  2011a ,  b ). A population of AA × BB (wild 
 M. acuminata  ×  M. balbisiana ) showed segrega-
tion for pseudostem colour, bunch orientation, 
male fl ower colour (Rekha et.al.  2009 ) and water 
stress-related traits like stomata and wax content. 
Mapping populations developed with the highly 
contrasting types of  M. balbisiana , i.e. BB × BB 
cross-combination is available for the develop-
ment of the BB linkage map. 

 In an attempt to produce intergeneric hybrid 
between  Ensete  ×  M. balbisiana , it was observed 
that apomictic seed set in  Ensete  was also con-
fi rmed by molecular studies (Ravishankar et al. 
 2011 ).     

2.4     Molecular Markers in  Musa  
Breeding 

 Diverse  molecular marker methods      have been 
employed to characterize  Musa  germplasm. 
Earlier studies involving isozymes and anthocy-
anin analyses threw light on genetically diverse 
nature of  Mus a germplasm (Jarret and Litz  1986 ; 
Horry and Jay  1988 ). The use of non-DNA-based 
biochemical markers is reported to give faster 
and accurate estimates without the requirement 
for advanced laboratory facilities (Heslop- 
Harrison and Schwarzacher  2007 ).  Musa  germ-
plasm including wild species and cultivars has 
been extensively characterized utilizing various 
classes of DNA markers (Tenkouano et al.  1999 ) 
which include RFLP, AFLP (Ude et al.  2002 ), 
PCR-RFLP (Nwakanma et al.  2003 ), microsatel-

lites (Teo et al.  2005 ; Ravishankar et al.  2013 ; 
Saraswathi et al.  2011 ) and random amplifi ed 
polymorphic DNA (RAPD) (Jones et al.  1997 ). 
Of the different methods applied to study inter-
relationships between  Musa  accessions and to 
group diverse germplasm, PCR-based techniques 
can effi ciently detect levels of polymorphism. 
Simple sequence repeats (SSRs) which provide 
codominant chromosome-specifi c markers have 
been used extensively in studies to assess genetic 
relations between accessions (Heslop-Harrison 
and Schwardacher  2007 ; Buhariwalla et al.  2005 ; 
Ravishankar et al.  2012 ). Inter-retroelement 
amplifi ed polymorphisms (IRAP) (Nair et al. 
 2005 ) and Diversity Arrays Technology (DArT) 
markers (Channeliere et al.  2011 ) are also rou-
tinely used. 

 One of the most important applications of 
molecular biology in plant breeding is the use of 
molecular markers linked to important traits. 
Identifi cation of such markers would facilitate 
gene introgression and marker-assisted selection. 
The use of molecular markers facilitates indirect 
selection of improved cultivars, speeding up the 
selection process than direct screening under 
greenhouses or fi eld conditions (Ortiz  1995 ). A 
limited number of markers associated with dis-
eases have been identifi ed.  Methylation-sensitive 
amplifi cation polymorphism (MSAP  ) markers 
were found associated with resistance to 
 Mycosphaerella fi jiensis  toxin (black Sigatoka) 
(Gimenez et al.  2006 ) and could be used as 
molecular indicators of tolerance to  M. fi jiensis  
toxins and resistance to black Sigatoka. Lin et al. 
( 2010 ) developed a highly sensitive molecular 
method to detect  Fusarium oxysporum  f.sp. 
 cubense  (foc) race 4 isolates in Taiwan. 

 A putative RAPD marker for Sigatoka resis-
tance has been identifi ed at the  National Research 
Centre for Banana (NRCB  ), India. The marker 
has been cloned, sequenced and converted into a 
sequence-characterized amplifi ed region (SCAR) 
marker and is being validated using contrasting 
parents for the expression of Sigatoka ( M. musi-
cola ) disease resistance and their progenies. 
Parallel studies have led to the identifi cation of a 
putative random amplifi ed polymorphic DNA 
(RAPD) marker for nematode resistance (S. Uma, 
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pers. comm.). Tenkouano and Swennen ( 2004 ) 
reported a putative AFLP marker for fruit  parthe-
nocarpy   (distinguishing between low and high 
pulp content) and seedlessness. An RAPD marker 
has been identifi ed for salt tolerance among 
clones of cv. ‘Dwarf Cavendish’ that were 
obtained through induced mutagenesis (Miri 
et al.  2009 ).  

2.5     Evaluation of Improved 
Hybrids 

 Seven secondary  triploid hybrids   (PITA PITA 
21–26 and BITA 7) from IITA selected for supe-
rior agronomic and fruit processing attributes 
were distributed to farmers in Nigeria. Similarly 
a wide range of hybrids have been deployed in 
farmers’ fi eld in other West African countries. 
The improved hybrids are two to fi ve times more 
productive than local plantains without Sigatoka 
control measures (Tenkouano and Swennen 
 2004 ). 

 The  International  Musa  Testing Programme 
(IMTP  ) started in 1989 represented a worldwide 
collaborative effort coordinated by International 
Network for the Improvement of Banana and 
Plantain (INIBAP) now known as Bioversity 
International to evaluate elite  Musa  hybrids as 
well as promising germplasm accessions. A total 
of 25 hybrids were evaluated in diverse locations 
all over the world in phases I, II and III in com-
parison to reference cultivars and local check 
(Molina et al.  2007 ). 

 Since 1994 exotic germplasm comprising nat-
ural cultivars, wild species and improved hybrids 
from world  Musa  collection held at INIBAP 
Transit Centre (ITC), Leuven, Belgium, are avail-
able for evaluation in India. The accessions in the 
form of proliferating in vitro cultures initially 
quarantined at National Bureau of Plant Genetic 
Resources (NBPGR, New Delhi) and conserved 
in its in vitro gene bank (Agrawal et al.  2007 ) are 
supplied to NRCB and various centres of All 
India Coordinated Research Project on Tropical 
Fruits where need-based evaluations are carried 
out. The exotic accessions are now conserved in 
fi eld gene banks in India. Based on fi eld evalua-

tion, a number of natural cultivars have been 
selected for adoption in Kerala (Menon  2000a ; 
Menon et al.  2005 ). 

 The performance of exotic hybrids was evalu-
ated in the International  Musa  Testing Programme 
phase II and phase III along with reference clones 
in AICRP centres with NRC for banana as the 
coordinating centre. During phase II among four 
hybrids evaluated, SH-3436-9(AAAA) and 
FHIA-23(AAAA) recorded higher bunch yield 
and displayed tolerance to Sigatoka leaf spot 
(Menon et al.  2002c ). In phase III evaluations, 
nine hybrids were evaluated. All the hybrids fell 
under medium to tall category in respect of plant 
stature and displayed higher bunch weight than 
reference cultivars ranging from 16 kg in FHIA- 
18 to 36.5 kg in FHIA-25. The hybrids also 
exhibited partial to very high resistance to 
Sigatoka leaf spot. SH-3640, TMBX 5295-1, 
FHAI-03, FHIA-17, FHIA-25 and FHIA-21 and 
CRPB-39 were selected for further evaluations. 
At BRS, Kannara, three of these hybrids, viz. 
SH-3640, TMBX 5295-1 and FHIA-03 and 
FHIA-21, have been advanced to on farm evalua-
tions in selected farmers’ plot (Menon et al. 
 2005 ). Based on studies at NRCB, Trichy’s three 
hybrids, FHIA-01, FHIA-03 and FHIA-23, have 
been multiplied and supplied to farmers for test-
ing. FHIA-01 was more suitable for processing 
with high sugar-acid ratio and low polyphenol 
oxidation of the pulp which results in pulp brown-
ing. FHIA-03 had acceptability as cooking 
banana (Uma et al.  2005b ).  

2.6     Mutation Breeding 

 Most of the accepted banana and plantain culti-
vars being vegetatively propagated and generally 
sterile triploids bearing parthenocarpic fruits and 
genetic improvement through conventional 
breeding are met with diffi culties. Mutation 
breeding offers a unique alternative approach for 
the improvement of such vegetatively propagated 
crops and can change one or more characters of a 
popular cultivar without altering the genetic 
make-up. Mutation breeding methods have been 
reviewed by Krikorian and Cronauer ( 1984 ). 
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Mutagenesis combined with in vitro selection is 
an appropriate tool for enhancing induction, 
selection and recovery of desirable mutants 
(Suprasanna and Rao  1997 ).  Mutation breeding   
by selection among somaclonal variants is a 
major approach for banana improvement in 
Taiwan, and somaclonal variants with resistance 
to  Fusarium  wilt, shorter plant stature, early 
fl owering or higher bunch weight were selected 
(Tang and Hwang  1994 ). Mutation breeding 
gives better results in diploids than triploids 
because of the reduced genomic size and also 
induced mutations being generally recessives. In 
heterozygous triploids on the other hand, the 
probability of obtaining homozygous recessives 
is limited and thereby the manifestation of 
improved traits (Roux et al.  1994 ). Roux et al. 
( 2004 ) has described two commercially released 
lines derived from gamma-ray-induced muta-
tions. Novaria derived from Grand Naine of 
Cavendish group was released in 1995. It fl ow-
ered 10 weeks earlier than the original parental 
clone. The Thai variety Klue Hom Thong had 
large bunch size, cylindrical shape and larger 
fruits. Further, the components of a successful 
in vitro mutagenesis programme involve the 
establishment of effi cient in vitro regeneration 
procedure, optimization of mutagenic treatments 
of cultures and fi nally screening of treated popu-
lations for desired variations. Experiments on 
in vitro induction of mutations using gamma irra-
diation in six elite banana cultivars followed by 
fi eld evaluation resulted in the isolation of 
mutants (Bapat et al.  2007 ). Isolation of induced 
mutations is also limited by the fact that chimera 
formation usually occurs after mutagenic treat-
ment of a multicellular apex, while a specifi c 
mutation is a single cellular event. To overcome 
these shortcomings, methods of treatment of 
plant structures of single- cell origin or proce-
dures that result in induction of large mutated 
sectors in multicellular structures are suggested. 

 In vitro  mutation breeding   utilizing gamma 
rays and EMS to create variability is being 
attempted at TNAU, Coimbatore, with Robusta, 
Rasthali, Nendran, Poovan, Karpooravalli, red 
banana and Monthan (Kumar and 

Soorianathasundaram  2007 ). Four mutants in 
Robusta have been advanced to V4M1 genera-
tions with bunch yield of more than 28.0 kg under 
fi eld conditions, while in Rasthali no useful 
mutants could be isolated. Induction of tetra-
ploidy in potential diploids like Sannachenkadali 
(AA), Anaikomban (AA), Kunnan (AB) and 
Thattillakunnan (AB) has been taken up in vitro 
utilizing antimitotic agents, viz. colchicine 
(C22H25NO6) and Oryzalin (3,5-dinitro-N4,N4- 
dipropylsulfanilamide). A total of 24 tetraploids 
obtained are presently under evaluation and being 
integrated in breeding schedule. At NRCB and 
Trichy, improvement of Rasthali (AAB Silk 
group) through induced mutagenesis is being 
attempted. A total of 54 mutants were tested for 
their genetic fi delity using molecular markers 
and polymorphism ranged from 30.2 to 50%. The 
mutants were also 19–21 % different from non- 
mutated Rasthali plants.  

2.7     Conclusion 

 Genetic improvement of banana offers an eco-
logically sustainable solution for pest and disease 
management. Focused efforts by major banana 
breeding programmes have been responsible for 
the development of a number of hybrids. The 
requirement of improved hybrids to confi rm to 
standards in terms of taste, colour and quality to 
be accepted by consumers has been a major chal-
lenge all over the world. The improved yields and 
the possibility of growing the hybrids without 
plant protection measures have changed the per-
ception leading to increased adoption by farmers 
in many countries. With increasing pest and dis-
ease pressure, evidence of climate change and the 
current emphasis placed on the role of banana on 
human nutrition and health, breeding strategies 
warrant reorientation to meet new demands. 
Broadening the genetic base of varieties with 
more resistant sources, understanding the scien-
tifi c basis of abiotic stress resistance and applica-
tion of molecular tools would generate new 
avenues for genetic improvement of banana 
through conventional approaches.     
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      Genes and Markers: Application 
in Banana Crop Improvement                     
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    Abstract  

  Banana is one of the most economically important horticultural crops. Its 
improvement is a big challenge to breeders due to complex genomic nature 
and lack of advanced knowledge of its genetics. In the recent years, banana 
scientists around the globe have made considerable progress in its improve-
ment through gene identifi cation and subsequently its transformation into 
cultivars and have developed trait-linked markers to speed up the selection 
process in the cross-breeding program. Two genomes of the diploid banana 
 Musa acuminata  (A genome) and  Musa balbisiana  (B genome) have been 
sequenced and made publicly available. This facilitated the identifi cation of 
agronomically important trait-linked genes and studies on their function, 
mode of inheritance, evolution and development of gene-linked markers, the 
landmark of the gene on the chromosome. Identifi cation and characterization 
of important genes is the key to any breeding program. In bananas, several 
genes associated with disease resistance and fruit quality have been isolated, 
and their molecular characterization reported. Several molecular markers 
have been developed, including RAPD, ISSR, AFLP, DArT, and SSR, for the 
genomic group identifi cation, estimation of genetic stability of somaclonal 
variation, disease-resistant cultivar identifi cation, etc,. This chapter summa-
rizes the progress of the application of agronomically important gene and 
molecular markers in banana breeding programs around the world.  

  Keywords  

  Genetic markers   •   Diversity   •    Musa   

3.1       Introduction 

 Banana is one of the commercially important 
crops that belongs to the  family Musaceae   and 
essential for food security in many tropical and 
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subtropical countries (D’Hont et al.  2012 ). Due 
to its nutritional value, it has become one of the 
vital foodstuffs in our daily life (Biswas et al. 
 2015 ). As a consequence, the banana-producing 
area has increased, the processing industry has 
strengthened, and globally banana trade has 
expanded. A special emphasis has now been 
given to its improvements in many countries 
according to the consumer demand. In recent 
years, several research groups around the globe 
have initiated banana improvement projects using 
conventional and advance breeding technology 
such as cross-breeding, marker-assisted selec-
tion, transgenic breeding, biotechnological 
approach (micropropagation, somaclonal varia-
tion, protoplast culture), radiation breeding, etc. 
There are lots of obstacles in banana breeding 
due to its complex taxonomy, ploidy nature, low 
level of seed fertility and seed viability, and 
genome complexity. Recently, two genomes of 
banana have been sequenced which has facili-
tated the understanding of its genomics. A deep 
insight into banana genetics provides an enor-
mous opportunity to elucidate the function of 
genes of interest and also to detect variable (or 
polymorphic) regions in the genome that are 
associated with agronomic traits (Liu  1997 ). 
Therefore, the genome sequence information of 
banana is the valuable resource to identify genes 
of interest and develop markers for the tagging of 
important agronomical traits. Banana scientists 
around the world are concentrating their view on 
genomics of banana to pull out pieces of vital 
information for the development of a marker and 
to identify genes responsible for disease, stress, 
yield, quality of fruits, etc. 

 In this chapter, we illustrate the present sce-
nario in banana breeding programs as well as 
banana research around the world and also try to 
address how to overcome the diffi culties in 
banana breeding.  

3.2     Gene 

  Gene   is the basic molecular unit of heredity that 
contains a series of nucleotides in which instruc-
tions are contained for the synthesis of RNA that 

translates into protein. Understanding its gene 
structure, function, evolution, and mode of inher-
itance is the key for improvement of any crop 
species. Crop improvement generally involves 
the insertion of important genes from cultivated 
or wild species to a cultivar. Most of the wild 
banana cultivars rich with disease-resistant, 
stress-tolerant, and pest- and nematode-resistant 
genes carry many other undesirable traits such as 
low yield, seedy fruits, nonedible fruits, etc., 
while edible banana cultivars carry only good 
fruit qualities. Therefore, important traits such as 
disease resistance need to be transferred to the 
cultivars for its improvement. There are two dif-
ferent strategies commonly used in banana crop 
improvements viz., conventional cross-breeding 
and transgenic breeding approach. 

3.2.1     Identifi cation 
and Characterization 
of Agronomical Important 
Genes in Banana 

 Genes are the functional parts of the  genome   and 
are directly linked to the agronomical traits of the 
crops. Identifi cation and functional characteriza-
tion of agronomically important genes is really a 
big challenge. It is essential to know the informa-
tion on its molecular structure, position on the 
genome, evolution, segregation patterns, etc., for 
understanding how genes control traits. Recently, 
two banana genomes (A and B genomes) have 
been sequenced that speeds up the identifi cation 
of important genes for subsequent application in 
the improvement of traits of the banana. 
Annotation of these genomes identifi ed 36542 
and 36638 protein-coding gene models in A and 
B genomes, respectively (D’Hont et al.  2012 ; 
Davey et al.  2013 ). This  protein-coding gene 
model   data set is the valuable resource for further 
identifi cation and characterization of agronomi-
cally important genes in banana. In banana, 
disease- resistant genes are considered to be more 
important agronomical traits because several dis-
eases such as black sigatoka,  Fusarium  wilt and 
bunchy top greatly hamper banana production 
around the world. Furthermore, most of the culti-
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vated bananas are highly susceptible to the dis-
ease and they are vegetatively propagated. So, 
there is a high possibility of destruction of banana 
plantation in any particular region once the dis-
ease breaks out. Banana breeders have hence 
given more importance to disease resistance 
breeding. Several disease-resistant genes have 
been identifi ed and characterized in banana; 
among them, NBS-RGCs,  Pto -RGCs, and NPR1 
are notable. Zhao et al. ( 2009 ) isolated and char-
acterized  NPR1 -like gene from a local banana 
cultivar Dongguan Dajiao ( Musa  spp. ABB); this 
cultivar is well known to be resistant to  Fusarium 
oxysporum  f.sp.  cubense  (FOC) race 4. In this 
study, the author noted that this gene is induced 
by exogenous application of salicylic acid in cv. 
Dongguan Dajiao but not in cv. Fenjiao which is 
an FOC race 4 susceptible variety (Zhao et al. 
 2009 ). Therefore, this gene has a signifi cant role 
in the combat FOC race 4 in banana, and it might 
be a promising candidate for a resistant variety 
breeding in banana through a transgenic 
approach. Carotenoids’ biosynthesis gene ( PSY ) 
was isolated from the banana cv. Asupina and cv. 
Cavendish for understanding the mechanism of 
 pro-vitamin A carotenoid (pVAC  ) accumulation 
in banana cultivars. This study showed that 
banana  PSY  gene is encoded by two paralogs 
( PSY1  and  PSY2 ) where in  PSY2  is highly 
expressed in fruit pulp than in the leaf. The enzy-
matic activity of Asupina PSYs is double to that 
of Cavendish PSYs; that is why Asupina and 
Cavendish accumulate different levels of fruit 
pVAC content (Mlalazi et al.  2012 ). Consequently, 
 A - PSY2a  is a good candidate for the genetic 
improvement of fruit pVAC content in bananas. 
In addition, gene discovery in banana is in prog-
ress using cDNA library sequencing and func-
tional annotation.  

3.2.2     Introduce or Transfer 
Important Genes 
for Improvement of Banana 

 In order to  introduce/transfer   new genes (or 
traits) into cultivars from their wild relatives of 
banana, two different strategies have been widely 

used, conventional breeding and transgenic 
breeding. Improvement of commercial variety of 
banana with important agronomic traits through 
cross-breeding approach is ineffi cient due to its 
triploidy and sterility. So, transgenic breeding 
approach overcomes the limitation of commer-
cial banana variety improvement. A well- 
characterized gene could be cloned from the wild 
species of banana or other plant species and 
transferred to commercial cultivars. Furthermore, 
this approach is signifi cantly effective only for 
the traits controlled by a single gene. Genetic 
transformation and transgenic regeneration 
method are well established for the banana plant. 
But to date, there is no signifi cant progress of 
transgenic breeding in banana compared to other 
crop plants. In order to improve black sigatoka 
disease resistance in banana, several genes from 
different organisms (gene  ThEn -42 from 
 Trichoderma harzianum ,  StSy  from grape,  Cu , 
 Zn - SOD  from tomato) have been cloned and 
transferred to banana. After a 4-year fi eld trial, 
some of the transgenic lines showed improved 
tolerance to black sigatoka disease (Vishnevetsky 
et al.  2011 ). The replication initiation protein- 
encoded gene ( Rep ) was transferred to the banana 
to develop a banana bunchy top virus-resistant 
cultivar (Tsao  2008 ). A plant gene that encoded 
the protein called cystatin is effective against 
nematodes. This gene which has been transferred 
to the Cavendish banana improved its tolerance 
to the nematode (Atkinson et al.  2004 ). Genes 
 pfl p  and  hrap  were cloned from sweet potato and 
transferred to banana cultivars.  In vitro  assays 
showed that the transgenic lines were completely 
resistant to banana  Xanthomonas  wilt disease 
(Tripathi et al.  2009 ). A gene  AMP1   encoding 
antimicrobial peptide was cloned from onion 
seeds and transformed in banana cultivar Rasthali 
(AAB, Silk gp). In this study, embryogenic cells 
of cv. “Rasthali” were transformed with 
 Agrobacterium  strain LB4404 harboring binary 
vector pCAMBIA2301 containing gene  Ace - 
AMP1. Transgenic plants were then tested with 
their performance against  Fusarium oxysporum  
f.sp.  cubense  race1 (Foc), and results suggest that 
 Ace -AMP1 gene is able to improve resistance of 
banana against Fusarium wilt disease (Mohandas 
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et al.  2013 ) under glass house conditions. To 
facilitate the improvement in nutritional content 
of banana with vitamin A, vitamin E, or iron, an 
Austrian scientist transferred vitamin A, vitamin 
E, or iron accumulation genes in banana cv. 
“Nakinyika,” “Mpologoma,” “Nakasabira,” and 
“Sukalindizi” (Pillay et al.  2012b ).   

3.3     Genetic Markers 

 A  genetic marker   is a visible phenotype or bio-
chemical compound or gene or a segment of 
DNA that can be used to identify individuals or 
species. Genetic markers are inherited and segre-
gated in Mendelian manner. Based on the princi-
ple or methodology, genetic markers are of three 
types: morphological markers, biochemical 
markers, and molecular markers. These genetic 
markers further classifi ed into several subgroups 
according to the technology and principle. 

3.3.1     Overview of Different Marker 
Technology Applied in Banana 
Research 

3.3.1.1     Morphological Markers 
 A  morphological marker   is the visible, prominent 
phenotype that can be used to distinguish one or 
more individuals from a population. Agronomical 
traits such as plant height, leaf architecture, seed 
coat color, fl ower color, fruit fl avor, leaf aroma, 
etc., are used as morphological markers to select 
individual in plant breeding. In banana leaf, 
architecture and texture are commonly used as 
morphological markers. For example, the leaf 
arrangement of diploid banana genotypes is 
upright (around 45° angle), triploid genotype is 
horizontal, and tetraploid genotype is downward. 
Parthenocarpy is one of the most important agro-
nomic traits of banana. Most of the edible banana 
cultivars are parthenocarpic, they don’t produce 
seeds, and they are triploids. Consequently, this 
trait was also used to identify breeding materials 
in the banana breeding program. In 1955, 

Simmonds and Shepherd discovered banana 
hybrid identifi cation system using 15 prominent 
traits, that are highly polymorphic between  M. 
acuminata  and  M. balbisiana  (Simmonds and 
Shepherd  1955 ). Among these, 13 traits were 
related to the reproductive organ, such as pedun-
cle of infl orescence, pedicels of fl ower, male 
fl ower color, free tepal, stigma color, and arrange-
ment of ovules, and the other seven were related 
to the bract of the male bud (shape, apex, shoul-
der, curling, color, color fading, and scars), while 
the other two were pseudostem color and petiolar 
canal of the leaves. Based on these phenotypic 
scoring systems, the  M. acuminata  ×  M. balbisi-
ana  hybrids could be characterized into different 
ploidy levels (diploid, triploid, and tetraploid) 
and fi ve genetic groups (AA, AB, AAA, AAB, 
and ABB). Most of the morphological markers 
are polygenic and highly infl uenced by the envi-
ronment. That is why the utility of morphological 
markers in plant breeding is limited. However, 
this type of marker is still used in banana breed-
ing, only where other markers’ assay facilities are 
not available.  

3.3.1.2     Biochemical Markers 
  Biochemical markers   are the molecules or the 
products of genes such as proteins/enzymes 
which are polymorphic in their structure as well 
as their amino acid composition. For example, 
isozymes are encoded by the homologous gene 
located in the different loci in the genome, while 
allozymes are allelic variants of the same gene. 
 Allozymes   and  isozymes   move at different 
speeds through a gel because they differ from 
each other in size, structure, and charge. So, 
allelic variation can be detected among the 
 individual in a population by using this type of 
markers. Bonner et al. ( 1974 ) fi rst used  peroxi-
dase isoenzyme   to distinguish banana clones and 
species. Unfortunately, they failed to distinguish 
banana clones and species. Thereafter, Rivera 
( 1983 ) successfully distinguished ABB/BBB 
(Saba) and ABB (Bluggoe) genomic group using 
peroxidase and polyphenoloxiydase. After that 
several researchers around the globe used bio-
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chemical markers to characterize banana clones, 
hybrids, and species, and it was popular until the 
molecular markers were employed in banana 
(Rivera  1983 ; Jarret and Litz  1986a ,  b ; Bhat et al. 
 1992a ,  b ; Mandal et al.  2001 ; Megia et al.  2001 ; 
Dhanya et al.  2006 ). The biochemical markers 
are sensitive to the environment and have a repro-
ducibility problem.  

3.3.1.3     Molecular Markers 
 A  molecular marker   is a fragment of DNA that is 
located in a particular region of the genome and 
variable between two individuals. In the past 
decade, advances have been made in the molecu-
lar marker technology, and several marker tech-
nologies have been invented by a molecular 
biologist. The use of these marker technologies 
for crop improvement is now a routine work. 
Based on the principle of molecular marker tech-
nology, it can be categorized into several sub-
groups. The most useful and popular marker 
technologies that are commonly used in the 
banana crop improvement program are discussed 
herewith. 

3.3.1.3.1     Restriction Fragment Length 
Polymorphism (RFLP  ) 

  RFLP   marker is non-PCR-based molecular 
marker technique. The variation among the geno-
types obtained from this technique is based on 
restriction site variation of the studied individu-
als. Restriction site is frequent in the genome, 
and it is variable between two individuals because 
the presence of restriction enzyme cleavage site 
in the genome of two different individuals may 
not be the same. The presence of restriction site 
variation between two sister individuals might be 
due to mutation, crossing over, genome duplica-
tion, insertion, or deletion of the DNA fragments. 
Restriction fragment length polymorphism 
(RFLP) is a robust, codominant in nature, highly 
reproducible, and able to characterize heterozy-
gote and homozygote condition of the individual. 
RFLP markers successfully applied in banana 
genetics and breeding are useful in estimating 
variation in the chloroplast genome of the banana 

(Gawel and Jarret  1991 ; Baurens et al.  1997 ), 
phylogenetic relationship of the banana and its 
relatives (Gawel et al.  1992 ; Jarret et al.  1992 ; 
Wong et al.  2001 ), mapping (Miller et al. 2008), 
etc,. RFLP markers are often used in combination 
with other types of markers, such as RAPD, SSR, 
etc., in banana breeding (Bhat et al.  1995 ), 
although RFLP markers are not suitable for large- 
scale utilization in the breeding program because 
of their complicated assay technique, their expen-
sive nature, and their requirement of sophisti-
cated equipments.  

3.3.1.3.2     Variable Number of Tandem 
Repeats (VNTR  ) 

 The  VNTR marker   also known as non-PCR- 
based marker technology is used in plant genetics 
and breeding research. This technique involves 
restriction digestion followed by the hybridiza-
tion with the probe containing minisatellite 
sequences. In principle, the VNTR marker is the 
fragment of the genome composed of tandem 
repeat units of a 10–50-base motif (known as 
minisatellite) and fl anked by the conserved DNA 
restriction site. Many reports showed that tandem 
repeats are highly abundant and randomly dis-
tributed throughout the plant genome (Biswas 
et al.  2015 ; Manzo-Sánchez  2008 ). Therefore 
tandem repeat containing fragments of the 
genome could be the vital source for develop-
ment of a large number of VNTR markers. This 
marker is highly polymorphic and reproducible, 
but its assay technique is complex and costly. So 
this marker is not popular with banana research-
ers. Several VNTR markers have been developed 
in  Musa  as reported by Crouch et al. ( 1998 , 
 1999 a) and Kaemmer et al. ( 1997 ), and used in 
genotyping and characterization of  Musa  breed-
ing populations. Recent advances in the genome 
sequence technology and availability of the 
whole genome sequence of  Musa  spp. provided 
the opportunity to develop  Musa  genome-specifi c 
VNTR marker. This marker can be useful in 
banana research for DNA fi ngerprinting, identifi -
cation of varieties, cultivars, and individuals, and 
also at population-level study.  
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3.3.1.3.3     Random Amplifi ed 
Polymorphic DNA (RAPD  ) 

 This marker is well known for its simple assay 
system. But a major drawback of this marker is 
reproducibility. Evidences showed that different 
laboratories achieved different results when 
tested under identical PCR parameters and condi-
tions (Pillay et al.  2012a ). The common uses of 
RAPD marker in banana research are to:

   Detect diverse genotypes (Kaemmer et al.  1992 ; 
Howell et al.  1994 ; Bhat and Jarret  1995 ; Uma 
et al.  2006 ; Jain et al.  2007 ).  

  Identify duplicate accessions from the  in vitro  
and  ex vitro  germplasm collection (Ray et al. 
 2006 ).  

  Identify somaclonal variation (Dhanapal et al. 
 2014 ).  

  Differentiate  Musa  genomic group (Howell et al. 
 1994 ; Rekha et al.  2001 ), genetic diversity 
study, etc. (Bhat and Jarret  1995 ).    

 The fi rst  RAPD marker   was applied for fi nger-
printing of wild and cultivated species of banana 
in 1992 (Kaemmer et al.  1992 ). A and B genome- 
specifi c RAPD marker has been identifi ed for 
 Musa , and it is very useful to estimate genomic 
composition of banana cultivars (Pillay et al. 
 2000 ; Oselebe et al.  2006 ; Pillay et al.  2006 ). 
Uma et al. ( 2006 ) applied 80 RAPD primers to 
estimate intraspecifi c variation and relation of 
Indian wild  Musa balbisiana  Colla collection. In 
this study, only 4 primes produced 31 polymor-
phic bands, and all the 16 accessions were clus-
tered into four as against seven clusters obtained 
through morphotaxonomic characterization. 
Some of the accessions failed to group in the 
same cluster as revealed by morphotaxonomy 
data. This result can be further improved using 
more RAPD markers and also using other types 
of markers such as ISSR, ITS, AFLP, etc. In 
recent years, RAPD has been used with other 
markers for the  Musa  genetics and breeding 
study (Howell et al.  1994 ; Lamare and Rao 
 2015 ). Bhat et al. ( 1995 ) reported that RAPD 
primer OPC-15 (5′-GACGGATCAG-3′) had the 
potential for distinguishing 55 of the cultivars by 

producing 24 bands but failed to characterize the 
clones of Gros Michel and Venkel.  

3.3.1.3.4     Intersimple Sequence Repeats 
(ISSR  ) 

 ISSR is a PCR-based marker technique, and its 
assay system is similar to RAPD. This technique 
does not require any prior knowledge of genome 
sequences of the organism. Like RAPD, a versa-
tile set of primers is used in the ISSR assay. 
Furthermore this marker technique is simple, 
fast, and cost effective. The main drawbacks of 
this technology are the dominant nature of the 
marker, that the homology of the bands is uncer-
tain, and that they do not allow the identifi cation 
of heterozygous from homozygous dominance. 
This marker involves amplifi cation of the DNA 
fragments nearby at an amplifi able distance 
between two identical microsatellite repeat 
regions oriented in reverse orders (Spooner et al. 
 2005 ). ISSR has been widely used for varietal 
identifi cation, genetic diversity analysis, genetic 
stability of the tissue culture-derived clone, etc. 
The use of ISSR in banana research has not 
received wide attention so far. Several studies 
using ISSR marker in banana research were 
mainly limited in small-scale germplasm charac-
terization (Venkatachalam et al.  2007 ; HaiFei 
et al.  2010 ; Poerba and Ahmad  2010 ; QianJie 
et al.  2010 ; Khatri et al.  2011 ; Yao et al.  2012 ; 
Dhanapal et al.  2014 ; Lamare and Rao  2015 ) and 
in genetic fi delity testing of cultivated banana 
(Rout et al.  2009 ; Dhanapal et al.  2014 ). 
Choudhary et al. ( 2014 ) used 40 ISSRs with 60 
RAPD markers to estimate molecular variability 
of 12 plantain ecotypes and found that ISSR is a 
better tool than RAPD for assessment of genetic 
diversity in plantain ecotypes. Another study 
reported the use of ISSR with RAPD to test 
genetic stability of three micropropagated banana 
( Musa  spp.) cultivars and found that ISSR 
detected more polymorphism than RAPD (Ray 
et al.  2006 ). Similarly, ISSR were used for fi nd-
ing genetic uniformity of micropropagated 
banana plantlets (Rout et al.  2009 ),   in vitro  muta-
genesis, and variance (Khatri et al.  2011 ). ISSRs 
were also employed to evaluate the genetic diver-

M.K. Biswas and G. Yi



41

sity and classifi cation of 27 wild banana acces-
sions collected in Guangxi, China (Qin et al. 
 2011 ). Padmesh et al. ( 2012 ) explored the pattern 
of genetic variation of 32 wild  M. acuminata  
Colla collected from the Southwestern Ghats in 
the peninsula of India using ISSR markers.  

3.3.1.3.5     Internal Transcribed Spacers 
(ITS)   

 The  nuclear ribosomal genes (rDNA  ) encoded 
three rRNA subunits, viz., 18S, 5.8S, and 
26S. These subunits are present in the genome as 
clusters of tandemly repeated units of 250–20,000 
copies (Rogers and Bendich  1987 ). rDNA is tran-
scribed as a single unit along with the two spac-
ers known as the internal transcribed spacers 
(ITS) that separate the 5.8S subunit from the 18S 
and the 26S subunits. The sequences of these ITS 
regions are variable among closely related clones 
or species. Therefore, this variation could be used 
as a marker, and it is a powerful tool for assessing 
phylogenetic relationships at the lower taxo-
nomic levels. ITS markers are used for genetic 
diversity, population structure and clone identifi -
cation. In  Musa , ITS marker was used to distin-
guish A and B genomes. Nwakanma et al. ( 2003 ) 
amplifi ed ITS region of seven  M. acuminata  (A 
genome) and fi ve  M. balbisiana  (B genome) 
accessions. The result revealed that all the acces-
sions produced 700-bp fragments; subsequently 
this fragment was digested with ten different 
restriction enzymes ( Alu I,  Cfo I,  Dde I,  Hae III, 
 Hin fI,  Hpa II,  Msp I,  Rsa I,  Sau 3AI, and  Taq I). 
Only  Rsa I produced a consistent polymorphic 
banding pattern between  M. acuminata  and  M. 
balbisiana . The  Rsa I produces four fragments 
(350 bp, 180 bp, 120 bp, and 50 bp) in the  M. 
balbisiana  accessions and three fragments (530 
bp, 120 bp, and 50 bp) in  M. acuminata  acces-
sions. The fragment of 530 bp was unique to the 
A genome, while two fragments of 350 bp and 
180 bp were specifi c to the B genome. Further 56 
accessions from different genomic combinations 
of  Musa  spp. (viz., AA, AAA, AAB, AB, and 
ABB) were amplifi ed with ITS primer and subse-
quently digested with  Rsa I. Results showed that 
only a 530-bp fragment was present in A genome- 
containing individuals but absent in B genome- 

containing individuals. On the other hand, a B 
genome-containing individual produced 350-bp 
and 180-bp fragments that were absent in A 
genome-containing individuals. This fi nding was 
a breakthrough for characterization of  Musa  spp. 
according to their genomic combination using 
the ITS marker.  

3.3.1.3.6     Inter-retrotransposon 
Amplifi ed Polymorphism (IRAP  ) 

 IRAP is a PCR-based dominant marker. This 
marker detects retrotransposon (RT) insertion- 
based polymorphism among the individuals. RTs 
are abundant in the plant genome, and they com-
pose over 50 % of the total nuclear genome. RT 
elements act as a mutagenic agent by insertion or 
deletion in the genome thereby making them a 
good source of genomic variation (Heslop- 
Harrison  2000 ); thus RT can be used as a genetic 
marker for various purposes in plant genetics 
research. It has been used in fi ngerprinting, 
genetic diversity, and population structure studies 
in plants (Biswas et al.  2010a ,  b ; Khadivi-Khub 
et al.  2015 ; Singh et al.  2015 ). IRAP markers are 
also used in  Musa  for classifying the genome 
constitution (Nair et al.  2005 ; Teo et al.  2005 ; 
Häkkinen et al.  2007 ; Pachuau et al.  2014 ), 
genetic diversity (Saraswathi et al.  2011 ), and 
identifi cation of wild  Musa  spp. (Häkkinen et al. 
 2007 ; Häkkinen and Teo  2008 ). 

 Ty3-gypsy-like LTR sequence of banana 
( Musa acuminata  monkey retrotransposon, AF 
143332) was used to design IRAP primer, and it 
was used to identify the B genome in the banana 
cultivars. Nair et al. ( 2005 ) used this marker to 
classify 36 banana cultivars and observed multi-
ple polymorphic bands. Among these bands, a 
specifi c band of 350 bp was observed in all the 
cultivars with the B genome. In ABB genomes, 
the band intensity was highly observed in AAB 
genomes. But there was an exceptional result 
found in the cultivar “Manoranjitham” (AAA), in 
which B-specifi c band was present with similar 
intensity observed in ABB (“Kosta bontha”). The 
author suggested that “Manoranjitham” was mis-
identifi ed. Teo et al. ( 2005 ) applied IRAP 
 methods to generate molecular markers for esti-
mation of diversity, genome constitution, and 
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relationships of Malaysian banana cultivars. 
IRAP is used with an RAPD marker to study 
intragroup diversity among Cavendish (AAA) 
clones of banana (Saraswathi et al.  2011 ). Singh 
et al. ( 2015 ) used IRAP and morphological mark-
ers to characterize  Musa  germplasm from 
Northeast India.  

3.3.1.3.7     Amplifi ed Fragment Length 
Polymorphism (AFLP  ) 

  AFLP   is a PCR-based multilocus marker tech-
nology employed in many plant studies relating 
to genetic identity, phylogenetic relation, parent-
age identifi cation of clones and cultivars, etc. It is 
a robust, highly reproducible, and dominant 
marker, but in a segregating population, AFLP 
can be detected as codominant. The AFLP marker 
is capable of generating 80–500-bp fragments 
from different genomic sites at the same time; 
therefore this marker detects high polymor-
phisms in different genomic regions simultane-
ously. There are many advantages of AFLP 
compared with other markers such as RAPD, 
RFLP, SSR, etc. AFLP has become particularly 
useful in the study of plant taxa, where genomic 
information is not available. 

 Thirty-nine accessions from four main sec-
tions of the genus  Musa  were evaluated using 
eight AFLP markers (Ude et al.  2002a ). A wide 
range of variability was observed among the spe-
cies within the sections of the genus  Musa . This 
study proved that AFLP is a very useful tool in 
determining taxonomic relationships in the genus 
 Musa  and potentially useful to resolve some of 
the complicated taxonomic questions in the 
genus  Musa . According to morphological data, 
Simmonds and Weatherup ( 1990 ) place  M. 
peekeli ssp. peekeli  as a close relative of  M. 
peekeli ssp. angustigemma , while Argent ( 1976 ) 
suggests that  M. angustigemma  should rank 
under  M. peekeli  as a subspecies. AFLP data sug-
gest that  M. peekeli ssp. angustigemma  is clearly 
distinct from  M. peekeli ssp. peekeli , and there-
fore the specifi c rank of  M. angustigemma  should 
be retained. 

 Several studies suggested that the AFLP 
marker is effective for genetic diversity analysis 
in  Musa  and the level of polymorphism compara-

tively higher than other markers used in the  Musa  
diversity analysis (Crouch et al.  1999 ; Loh et al. 
 2000 ; Wong et al.  2001 ,  2002 ). The relationship 
of cultivated banana with  M. acuminata  and  M. 
balbisiana  is precisely classifi ed by AFLP mark-
ers (Wongniam et al.  2010 ). Youssef et al. ( 2011a ) 
reported that AFLP is able to discriminate A, B, 
S, and T genomes within  Musa  species. In order 
to detect genetic stability of somaclonal variation 
in somatic embryo-derived plants of two banana 
cultivars, namely, “Grand Naine” and “Williams” 
( Musa acuminata  Colla, AAA), AFLP marker 
technology was applied (Youssef et al.  2011b ). 
Thirty primer combinations were used to detect 
polymorphism among somaclonal variants, and 
the result showed that 1.4 % and 1.6 % bands 
were polymorphic in “Grand Naine” and 
“Williams,” respectively. In addition, 8 and 16 
bands were specifi c to the observed regenerated 
plants of “Grand Naine” and “Williams,” respec-
tively, which were absent in their parents, while 
ten and fi ve bands are completely absent in the 
regenerated plant of “Grand Naine” and 
“Williams,” respectively, which were exclusively 
present in their parents. AFLP markers were also 
used for the genetic analysis of  Musa  species in 
combination with other molecular markers 
(Opara et al.  2010 ; Youssef et al.  2011a ) and 
also to identify somaclonal variation (James et al. 
 2004 ; Vroh-Bi et al.  2011 ; Youssef et al.  2011b ).  

3.3.1.3.8     Simple Sequence Repeat (SSR  ) 
or Microsatellite Marker 

 An  SSR marker   is well known for its genome- 
wide distribution, codominant inheritance, repro-
ducibility, multiallelic nature, and easy assay 
technique. Recent progress in DNA sequencing 
technology has provided an opportunity to rou-
tinely develop large sets of SSR markers. 
Transferability of a genic SSR marker is higher 
than genomic SSRs. This feature helps to design 
anchor markers for comparative mapping studies. 
Since they are often more conserved, genic SSRs 
may provide an insuffi cient degree of polymor-
phism to discriminate between closely related 
germplasm. Therefore genomic SSRs may be 
valuable complements. In the recent past decade, 
SSR markers are extensively used in a wide range 
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of breeding applications. Several hundred EST- 
SSR markers were developed by in silico EST 
sequence mining of several  Musa  spp. (Li et al. 
 2012 ; Passos et al.  2012 ,  2013 ; Backiyarani et al. 
 2013 ; Ravishankar et al.  2015 ). SSR markers 
were developed from B genome of  Musa  
(Buhariwalla et al.  2005 ; Ravishankar et al. 
 2013 ); 226 were developed from  Musa  GSS (sur-
vey of the genomic sequence) data (Ravishankar 
et al.  2012 ), and 41 were from Calcutta 4 using 
BAC sequences (Miller et al.  2010 ). Most of 
these markers are not freely accessible; some are 
redundant with alternate IDs or names, while 
their physical positions and functional natures 
are unknown. Consequently, the use of these 
markers in  Musa  spp. improvement is limited. In 
the whole genome sequences of two banana vari-
eties, more than 0.1 million EST and several 
thousand GSS sequences were mined for SSR 
marker discovery, and 119,540 non-redundant 
SSR markers were developed (Biswas et al. 
 2015 ). Subsequently these markers were charac-
terized, classifi ed, and stored in a searchable 
database known as Musa marker database and it 
can be access through the following link http://
www.agrogene.ac.cn:8088/mumdb/mumdb_
home.html. A part of these markers was validated 
by wet lab assay and their potentiality was esti-
mated for a genetic diversity study in  Musa  
population.  

3.3.1.3.9    DArT 
 Diversity arrays technology ( DArT     ) is DNA/
DNA hybridization-based molecular marker 
technology, extensively used for a quick assess-
ment of the structure of germplasm collections. 
This is the cost-effective genotyping technology 
that can detect all types of DNA variation includ-
ing SNP, indel, CNV, and methylation. It also can 
detect simultaneously variation at numerous 
genomic loci without any sequence information 
of the organism. In recent years, this technology 
become popular and is regularly used in the crop 
improvement including  Musa  (Risterucci et al. 
 2009 ). A total of 836 DArT markers were devel-
oped and used for  Musa  spp. genotyping. Ten 
percent of these markers were A genome specifi c 
and able to target this genome portion in a related 

analysis, among diverse ploidy constitutions 
(Risterucci et al.  2009 ). Risterucci et al. ( 2009 ) in 
their study clearly demonstrated the usefulness of 
DArT markers for  Musa  spp. genotyping and 
genetic diversity analysis. They used four com-
plexity reduction methods of DArT for  Musa  spp. 
and tested their performance on 48  Musa  geno-
types and fi nally invented two methods that pro-
duced more polymorphic information content 
than others. Subsequently, selected methods were 
used for large-scale  Musa  spp. genotyping. Musa  
accessions, around 168 in number that were col-
lected from CIRAD (Neufchateau, Guadeloupe) 
and IITA (Ibadan, Nigeria) were used. All these 
accessions were derived from  M. acuminata  (A 
genome) and  M. balbisiana  (B genome). And the 
result reveals that DArT markers classify them 
according to their origin and genomic combina-
tions. Kilian ( 2007 ) developed 1,500 DArT 
markers using a wide array of  Musa  accessions, 
which were used for  Musa  framework map. 
Further these markers with additional 380 mark-
ers have been used to construct a map at CIRAD.  

3.3.1.3.10     Ecotilling   
  Ecotilling   is a new class of molecular marker 
technology that was developed as a high- 
throughput and low-cost platform for the SNPs 
discovery and small indels. This technology was 
fi rst used in  Arabidopsis  ecotypes and then 
adopted for many species including humans, 
switchgrass, poplar, melon, banana, etc. (Till 
et al.  2010 ). Since its discovery, ecotilling has 
been used for more than 20 plant species for 
genetic diversity, population structure, mapping, 
and QTL analysis. In principle, ecotilling is an 
enzymatic mismatch cleavage-based DNA 
hybridization technology. Around 700–1,600-bp 
genic regions are amplifi ed by PCR using fl uo-
rescent labeled gene-specifi c primers. 
Subsequently, samples are denatured and 
annealed; then heteroduplexed molecules are 
produced through the hybridization of polymor-
phic amplicons. Mismatched regions or double- 
stranded duplexes are then cleaved using crude 
extract of celery juice containing the single- 
strand specifi c nuclease CEL I. Cleaved products 
are then resolved in denaturing polyacrylamide 
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gel electrophoresis (PAGE) for observing band-
ing pattern. 

 In  Musa , ecotilling method was used for the 
discovery and characterization of nucleotide 
polymorphisms of diploid and polyploid acces-
sions. Over 800 novel alleles in 80 accessions 
were identifi ed as polymorphic using 14 gene- 
specifi c primers by Till et al. ( 2010 ). In this study, 
more than 6,000 polymorphisms were detected in 
over 800 alleles in 80  Musa  accessions. Further, 
sequencing-based validation was performed for 
the detection of SNPs variation among the acces-
sions. Consequently, sequencing and banding 
patterns reveal that ecotilling is the perfect plat-
form for discovery of polymorphisms in homolo-
gous gene targets in  Musa  accessions.    

3.3.2     Utility of Marker Technology 
in Banana Breeding 

3.3.2.1     Genotype Identifi cation 
 Genotype identifi cation is known as  genotyping  . 
It is one of the routine works for plant breeders 
prior to selection of breeding material. 
Environment has great impact on phenotypic 
expression on gene or traits. Selection of breed-
ing material based on the phenotypic traits from 
the population or germplasm collection main-
tained in a different environment may be mis-
leading. Therefore, genotyping is important in a 
breeding programme. Genotyping is a DNA- 
based technology commonly used to characterize 
or identify any living organism. It is also known 
as fi ngerprinting or DNA fi ngerprinting. This 
methodology is extensively used in plant breed-
ing for identifi cation of individuals in a popula-
tion, for discrimination between individuals in an 
inbred line, or for determination of genetic dis-
tance between genotypes in general. Different 
types of markers such as biochemical, RAPD, 
ISSR, RFLP, AFLP, SSR, etc., are commonly 
used for  Musa  spp. genotyping. In the early 
1980s, biochemical markers are used for  Musa  
spp. genotyping, for example, peroxidase and 
polyphenoloxidase used to identify “Saba” 
(ABB/BBB) and “Bluggoe” (ABB) types of 
banana (Rivera  1983 ). Dhanya et al. ( 2006 ) and 

Dhanya et al. ( 2006 ) used isozymes to identify 
banana cultivars resistant to  banana bract mosiac 
virus  (BBrMV). An RAPD marker has been 
developed for genotyping dwarf off-type 
Cavendish banana ( Musa  spp. AAA) cultivar. 
The primer OPJ-04 (5′-CCGAACACGG-3′) was 
found to amplify an approximately 1.5-kb band 
which is consistently present in all normal 
Cavendish cultivars but absent in dwarf Cavendish 
cultivars (Damasco et al.  1996 ). Bhat et al. ( 1995 ) 
and Bhat and Jarret ( 1995 ) used 60 RAPD mark-
ers for identifi cation of 57  Musa  cultivars; among 
these RAPD markers, 49 produced consistent 
results and were able to identify 55 cultivars but 
failed to characterize Gros Michel and Venkel 
clones. A total of 33 SSR markers were used to 
characterize 35 cultivated banana ( Musa  spp.) 
genotypes, including triploid cultivars and tetra-
ploid hybrids (Creste et al.  2003 ). Christelova 
et al. ( 2011 ) used 19 sets of fl uorescently labeled 
SSR primers for genotyping 70 diploid and 38 
triploid banana accessions.  

3.3.2.2     Germplasm Managements 
  Germplasm collection   and its systematic man-
agement are essential for quick access of a right 
individual for the breeding program. In general, 
genebank collection consists of multiple copies 
of same genotypes; these duplicates may occur 
for various regions, for example, documentation 
error, the sampling of multiple individuals from 
genetically homogeneous collections, exchange 
of identical accessions between genebanks, etc. 
(Spooner et al.  2005 ). The redundant accessions 
of the genebank have no signifi cant impact, but 
maintaining them in the genebank requires time, 
space, and resource. So the elimination of redun-
dant accessions from a large collection of gene-
bank is a big challenge. Correct classifi cation and 
identifi cation of unique accessions allows solv-
ing germplasm management problems. There is a 
high possibility of inclusion of redundant acces-
sions in the vegetative propagated crop plant 
genebank such as banana, because the germ-
plasms of this crop are collected based on its 
morphological traits and a similar clone is main-
tained in a different geographical region with a 
different name. Further, cultivars of the banana 
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are evolved through human selection. Therefore 
effi cient germplasm management is an important 
factor in banana breeding. In the last few decades, 
a signifi cant number of studies have been con-
ducted for the germplasm characterization of 
 Musa  spp. around the world using different kinds 
of molecular markers including RAPD, AFLP, 
SSR, etc. (Bhat and Jarret  1995 ; Creste et al. 
 2003 ; Christelová et al.  2011 ).  

3.3.2.3      Genome Composition 
Determination   

 Most of the banana cultivars are triploid and 
derived from interspecies hybridization between 
 M. acuminata  (A genome) and  M. balbisiana  (B 
genome), while other banana and plantain 
genomes are derived from the combination of A, 
B, T, and S species genomes. The knowledge of 
genomic combination of the cultivars or a clone 
of banana and plantain is essential for its improve-
ment. Several molecular markers have already 
been developed to identify genomic combination 
of banana and plantain cultivars. Three RAPD 
primers (A17, A18, D10) from OPERON 
Technologies (Alameda, CA, USA) were able to 
identify A and B genome of  Musa  spp. Primer 
A17 generated two fragments (600 bp, 100 bp) 
and primer D10 one fragment (320 bp) that was 
unique to  M. acuminata  (A genome), while 
primer A18 produced three fragments (200 bp, 
250 bp, 300 bp) in  M. balbisiana  (B genome). 
The fragments B18250 and B18300 were always 
present in genotypes with at least one B genome; 
on the other hand, fragment A18200 was present 
in clones with two B genomes. These three 
RAPD primers are extensively used for the deter-
mination of banana genomic composition (Jones 
 2000 ; Pillay et al.  2000 ). A PCR-RFLP-based 
ITS marker is also applicable for banana A and B 
genome identifi cation (Nwakanma et al.  2003 ). 
The ITS marker produced one fragment of 530 
bp that is A genome specifi c and two B genome- 
specifi c fragments of 350 bp and 180 bp. An 
interspecifi c hybrid of A and B genome possessed 
all three fragments.  

3.3.2.4     Genetic Diversity 
and Population Structure 
Estimation 

 Molecular marker technology is widely used for 
study genetic diversity, population structure, and 
phylogenetic relationships of the crop plants. 
Many studies have been attempted to estimate 
genetic diversity using different types of markers 
in banana and plantain wild and cultivar collec-
tions. For example, the genetic diversity of 100 
Indonesian  Musa  cultivars from the different 
genomic groups of Musa (AA, AAA, AAB, ABB, 
and BB) was estimated using isozymes of  malate 
dehydrogenase  ( MDH ),  peroxidase  ( PRX ), and 
 glutamate oxaloacetate transaminase  ( GOT ) 
(Megia et al.  2001 ). The result reveals that  MDH  
and  PRX  were more useful than  GOT  for genetic 
diversity study of Indonesian  Musa  cultivars. 

  AFLP marker technology   was applied to esti-
mate the genetic diversity of banana and plantain 
population collected from different geographical 
regions and also different cultivars and wild 
accessions (Ude et al.  2002a ,  b ; Wong et al.  2002 ; 
Wang et al.  2007 ; Opara et al.  2010 ; Wongniam 
et al.  2010 ; Youssef et al.  2011a ). Wong et al. 
( 2001 ) used an AFPL marker to assess the genetic 
diversity of 32 Malaysian wild bananas  Musa 
acuminata  Colla, and results showed that AFLP 
effi ciently classifi ed Malaysian wild bananas 
based on genetic distance. Ude et al. ( 2002b ) 
assessed the genetic diversity and phylogenetic 
relationships of  M. acuminata  and  M. balbisiana  
and their natural hybrids and noted that AFLP 
markers were able to produce enough informa-
tion about the genetic diversity of  M. balbisiana  
accessions to further classify them into two 
subgroups. 

 Seven SSR markers were used to estimate 
genetic diversity and population structure of six 
 M. ornate  populations (Burgos-Hernández et al. 
 2013 ). A low level of genetic diversity was 
observed in the  M. ornate  populations. This low 
diversity may occur due to recent fragmentation 
of events, which meant that there was not enough 
time gap between populations to detect differ-
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ences. It may also be the cause of self- pollination, 
clonal reproduction, bottleneck selection, or the 
decline in pollinator in population. This study 
was proposed to conserve and maintain all the 
remaining  M. ornate  population to maintain gene 
fl ow and increase the genetic diversity. The ex 
situ collection of 224  Musa  spp. at Embrapa, 
Brazil, was analyzed by 16 SSR markers for the 
estimation of genetic diversity and population 
structure. The fi ndings of this study showed that 
structure analysis might be useful in identifi ca-
tion of ancestry of recently developed tetraploid 
hybrids and triploid cultivars by breeding 
programs.  

3.3.2.5      Mapping and Marker-Assisted 
Breeding   

 Genome mapping sets up the roadmap of a 
genome that helps to locate important genes, 
manipulate them, identify the molecular environ-
ment of both coding and noncoding DNA 
sequences, etc. The advancements in the area of 
sequencing technology and molecular marker 
developments open the door for tagging agro-
nomically important traits via mapping and 
marker-assisted breeding. Although several link-
age maps have been developed in  Musa  spp., 
their quality and marker saturation remain poor; 
that is why their utility in banana breeding is still 
limited (Faure et al.  1993 ; Baurens et al.  1997 ; 
Vilarhinos  2004 ; Hippolyte et al.  2010 ). Faure 
et al. ( 1993 ) developed fi rst partial molecular 
linkage map based on 77 markers, in which a sig-
nifi cant number (36 %) of markers were deviated 
from Mendelian segregation. The second map 
was developed for  M. acuminata  cv “M53,” in 
which it exhibited 11 linkage groups with a sig-
nifi cant number of markers distorted from the 
Mendelian segregation ratio. The linkage map 
developed by Vilarhinos ( 2004 ) is composed of 
14 linkage groups; 59 % of markers are skewed 
from the Mendelian segregation ratio; the map-
ping population is derived from F1 and pseudo- 
testcross strategy used to construct the linkage 
group. The oversized linkage groups of this map 
may be the cause of distorted markers that are 
involved in the structural rearrangements of chro-
mosomes. The high-density linkage map was 

developed in  Musa  sp. using DArT and SSR 
markers (Hippolyte et al.  2010 ). In this study, two 
parental maps and one reference map were con-
structed. The female parent map consists of 11 
linkage groups with 261 markers (125 SSRs and 
136 DArTs). The map spanned 920 cM, with one 
marker per 3.8 cM.; 59 and 9 markers were com-
prised in the largest and smallest linkage group, 
respectively. The male parent map is obtained at 
LOD 5; a total of 359 markers consisted the 9 
linkage groups with a total map length of 1,081 
cM., in which one marker is distributed per 2.9 
cM., but the marker distribution in each linkage 
group was not uniform. Further a synthetic link-
age reference map was developed using 489 
markers (167 SSRs, 322 DArTs), among which 
132 were anchored markers. This map contains 
11 linkage groups covering 1,197 cM., at an aver-
age of 38 markers per linkage group and one 
marker per 2.8 cM. 

 Marker-assisted  breeding   is useful for identi-
fying markers linked to important traits; these 
markers can be used for the direct screening 
under greenhouse condition at early stage of 
growth. This approach reduces time, cost, and 
gaps in the breeding program that dramatically 
speeds up the selection process. There are a few 
markers identifi ed in  Musa  linked with some 
important agronomical trait that is related to dis-
ease resistance. Four methylation-sensitive 
amplifi cation polymorphism (MSAP) markers 
were identifi ed as linked markers for black siga-
toka disease-resistant gene of banana (Gimenez 
et al.  2006 ). There are some RAPD markers used 
for selecting black sigatoka disease-resistant, 
nematode-resistant, and salt-tolerant banana 
clones (Miri et al.  2009 ). A banana  SERK -related 
marker is associated with somatic embryogenic 
competence and disease-resistant response in 
 Musa sp . (Huang et al.  2010 ; Cunha et al.  2015 ).    

3.4     Conclusions 

 In the last few decades, gene discovery and 
marker technology have revolutionized plant 
breeding. Genes and their related functions were 
identifi ed; they were cloned and utilized in bred 
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crop improvement. Scientists around the globe 
are identifying agronomically important genes 
for banana varietal improvement. Molecular 
marker technology has made a great impact on 
banana breeding, including cultivar identifi ca-
tion, parent selection for cross-breeding, identi-
fying genomic group of wild species, germplasm 
management, characterizing somaclonal varia-
tion, etc.     
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    Abstract  

  Banana ( Musa  spp.) is the “queen of tropical fruits.” It is one of the major 
staple fruits in many countries. The banana improvement program is chal-
lenging due to its complex evolutionary events, human selection, and par-
thenocarpy.  Musa acuminata  and  Musa balbisiana  are the progenitor 
species for majority of the modern cultivated bananas. The only way to 
accelerate the banana breeding program is to understand its genome and 
employing marker-assisted selection. Recently sequencing of the 523 Mb 
genome of a  Musa acuminata  – DH-Pahang provided a great fi llip to the 
banana improvement program. Banana genome sequencing revealed the 
presence of around 36,000 protein coding regions, and transposable ele-
ments accounted for more than half of the genome. Earlier attempts of 
Bacterial artifi cial chromosome (BAC) sequencing of both these species 
showed a high degree of collinearity. In this chapter, we have summarized 
the current status of our understanding of the banana genome with respect 
to classical linkage mapping approach as well as modern next-generation 
sequencing approach.  

  Keywords  

  Banana genome   •   Next generation sequencing   •   Classical mapping   • 
  Marker assisted selection (MAS)   •   Whole genome sequencing   •   Global 
Musa Genomics Consortium  

4.1       Introduction 

 Bananas are major staple food and export prod-
ucts in many countries with ~145 million tons of 
 production   per year worldwide (FAO  2015 ). 
Bananas provide starch, vitamins, and minerals 
across some of the poorest parts of tropical and 
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subtropical regions, while dessert bananas are a 
major cash crop in many countries (Heslop- 
Harrison and Schwarzacher  2007 ). Back in the 
fi rst half of the twentieth century, an attempt was 
made to  characterize   the nuclear genome of  Musa  
at the chromosomal level (Cheesman  1932 ). This 
led the researchers to determine the   Musa  chro-
mosome numbers   which enabled the researchers 
to divide the genus into four sections –  Eumusa  
( x  = 11),  Rhodochlamys  ( x  = 11),  Callimusa  ( x  = 9 
or 10), and  Australimusa  ( x  = 10) (Cheesman 
 1947 ). Modern edible bananas are parthenocar-
pic sterile diploid seed (2 n  = 2 x  = 22) and also 
 allopolyploid clones   (3 x , 4 x ) derived from crosses 
between  M. acuminata  and  M. balbisiana , as 
well as autopolyploid (3 x , 4 x ) clones of  M. acu-
minata  (Dolezel et al.  2004 ). Till date more than 
a thousand banana  landraces   have been recog-
nized, and majority of which are derived from the 
progenitor species  Musa balbisiana  and  Musa 
acuminata  (Pollefeys et al.  2004 ; Ravishankar 
et al.  2015 ). In the 1940s–1960s, there was a 
worldwide outbreak of Panama disease which 
destroyed a principal sweet banana variety “Gros 
Michel.” The “Cavendish” subgroup was found 
to be resistant to the  Fusarium oxysporum  f. sp. 
 cubense  (Foc) Race 1; thus, it replaced the “Gros 
Michel”  variety     . The cultivated banana varieties 
are parthenocarpic and vegetatively propagated, 
and hence, there is a lack of genetic variation in 
cultivars. But in the intervening years, even the 
 Fusarium oxysporum  f. sp.  cubense  has evolved, 
and a new strain, “ Tropical Race 4  ,” has emerged 
to challenge the natural  Cavendish resistance   
(Price  1995 ; Hwang and Ko  2004 ). Another 
major threat to banana would be by 
  Mycosphaerella fi jiensis       which causes black 
sigatoka disease. Other than the biotic stress, 
banana is threatened by climate change and will 
be affected by abiotic stress like temperature and 
drought.   Musa balbisiana    harbors many traits for 
abiotic and biotic stress tolerance. Bananas and 
Plantains are important staple for food security; 
hence, its improvement and conservation pro-
gram must be on the high priority. Hence, there is 
an immediate need to develop alternative 
resources for the “Cavendish” subgroup and 
develop molecular resources for  Musa balbisiana  

to exploit its resistance characteristics to various 
stresses. 

 The technique of  fl ow cytometry      was 
employed to study banana chromosome in the 
year 1991 (Dolezel  1991 ), and our understanding 
of DNA content and ploidy levels in  Musa  spe-
cies has increased with this technique (Dolezel 
et al.  1994 ,  1997 ). The size of the  Musa  nuclear 
genome and its karyological stability were con-
fi rmed over the time (Lysak et al.  1999 ). The 
physical location of middle repetitive sequences 
in the  Musa  genome (ribosomal RNA genes, ret-
rotransposons, and integrated banana streak bad-
navirus sequences) was revealed by in situ 
hybridization experiments (D’Hont et al.  2000 ; 
Dolezelova et al.  1998 ; Balint-Kurti et al.  2000 ; 
Harper et al.  1999 ).  Cytogenetics      is the prelimi-
nary method of choice for studying gross chro-
mosome structure and its changes (Shepherd 
 1999 ). However, localization of sequences and its 
organization is important, and techniques such as 
Fluorescenece in situ hybridization (FISH) can-
not give us sequence-level information, though 
its resolution is satisfactory (Kahl et al.  2004 ). 

 Bananas are mostly  sterile and vegetatively 
propagated  ; hence, banana breeding is compli-
cated and time consuming. But the breeding pro-
cess can be accelerated with the help of 
developing technologies for marker-assisted 
selection ( MAS)      (Davey et al.  2011 ). But the 
dilemma for a banana researcher would be 
whether to depend on classical linkage analysis 
or to adapt to the emerging next-generation 
sequencing technologies. In this chapter, we 
examine the current status of banana genome 
research and discuss its utility for banana 
improvement.  

4.2     Classical Mapping  Approach      

 A molecular map is nothing but the orderly plac-
ing of markers with respect to its relative dis-
tances between them and assigning them to their 
 linkage groups (LGs)   (Jones et al.  1997 ).  Linkage 
maps   are constructed based on distance between 
points and its recombination frequencies. 
Linkage map is important as it provides 
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 information on the genomic organization of a 
species (Pillay and Tenkouano  2011 ). Modern 
cultivated bananas are typically seedless, and it is 
a product of two important evolutionary events 
followed by its domestication, i.e.,  parthenocarpy   
and  sterility   (Simmonds  1962 ). Hence, the edible 
bananas are propagated vegetatively, thus increas-
ing the complexity of its breeding to develop new 
varieties. The fi rst step in any  linkage map   analy-
sis is to obtain mapping population by crossing 
contrasting parents. 

 The fi rst  linkage map   of diploid   Musa acumi-
nata    was reported early in the year 1993 by Faure 
and his coworkers, and it was based on a cross 
between SF265 (AA) ×  Banksii  (AA) segregating 
for  parthenocarpy   (Faure et al.  1993 ). It was based 
on 28 Random Amplifi cation of Polymorphic 
DNA(RAPD) markers, 58 Restriction Fragment 
Length Polymorphism ( RFLPs  ), and 4 isozymes. 
A total of 90 loci were detected, 77 of which were 
placed in 15 linkage groups while 13 segregated 
independently (Faure et al.  1993 ). Segregation 
distortion of 36 % in all loci was observed, and the 
researchers explained that it is due to chromo-
somal structural rearrangement. 

 The second map was  reported      in the year 1997 
by Noyer et al. ( 1997 ) where the map was drawn 
from a selfed  M. acuminata  diploid “M53” popu-
lation. The map consisted of more than 300 
markers (one third was codominant,  RFLPs   and 
simple sequence repeats ( SSRs  ); two thirds were 
dominant markers, Amplifi ed fragment length 
polymorphism ( AFLPs  )) linked in 11 linkage 
groups. A large number of markers showed high 
distortion levels, and it could be due to  acumi-
nata  subspecies-specifi c translocations. The third 
map for  Musa acuminata  was reported in the year 
2004 which was based on 20 RFLPs, 81 AFLPs, 
and 19 SSRs distributed over 14  LGs   and cover-
ing 597 cM (Vilarinhos  2004 ). Out of the 120 
markers, 71 of them were skewed ( p  < 0.05). The 
oversized linkage groups comprising distorted 
markers were supposed to be involved in the 
structural rearrangements and could have been 
due to pseudo-linkages (Udall et al.  2005 ). 

 In the year 2009, an  F1-based linkage map      
was reported for  Musa acuminata  ssp.  malaccen-

sis , segregating for  Fusarium oxysporum  f. sp. 
 cubense  resistance. Here the two parental maps 
were reported based on AFLP, RAPD, and 
Sequence-tagged microsatellite site markers 
(STMS) markers. The two maps consisted of 172 
loci in 32  LGs   covering 1037.7 cM and 195 loci 
in 37  LGs   covering 1183.3 cM (Kayat et al. 
 2009 ). 

 The fi fth  Musa acuminata  map  consisted      of 
489 markers (167  SSRs  , 322  DArTs  ), anchoring 
11  LGs   covering 1197 cM (Hippolyte et al. 
 2010 ). This map was based on F1 progeny (180 
individuals) obtained from the cross between 
“Borneo” and “Pisang Lilin” which are geneti-
cally distinct accessions of  M. acuminata . This is 
a fi rst saturated map, proposed as a “reference 
 Musa  map.” The researchers also proposed two 
complete parental maps with interpretations of 
structural rearrangements localized on the link-
age groups. The structural heterozygosity in 
Pisang Lilin is hypothesized to result from a 
duplication, which is likely accompanied by an 
inversion on another chromosome. 

 The most recent and sixth  Musa acuminata  
map consisted of two maternal maps and a com-
bined paternal map with 231, 152, and 361 mark-
ers, respectively ( DArTs  ,  SSRs  , and  AS-PCRs  ) 
(Mbanjo et al.  2012 ). The fi rst mapping popula-
tion (P1; 81 individuals) was created by crossing 
TmB2 × 6142–1 (susceptible to  Radopholus 
similis ) (♀) and TmB2 × 8075–7 (resistant) (♂); 
TmB2 × 6142–1 originated from a cross between 
East African highland banana Nyamwihogora 
(AAA) and the wild banana Long Tavoy (AA) 
(susceptible to  Radopholus similis ), whereas 
TmB2 × 8075–7 was selected from a cross 
between the hybrid SH-3362 and the  M. acumi-
nata  ssp.  burmannica  Calcutta 4 (resistant to the 
nematode) (Dochez  2004 ; Dochez et al.  2009 ) 
(Table  4.1 )      .

   Till date there has been no report on  Musa bal-
bisiana  linkage map  , which is an urgent need, as 
it harbors many abiotic and biotic stress resis-
tance characteristics for future banana improve-
ment programs (Simmonds  1962 ; Thomas and 
Turner  2001 ; Robinson and Sauco  2010 ; D’Ocan 
et al.  2008 ).  
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4.3      Next-Generation Sequencing 
Approach 

 Before the emergence of next-generation 
sequencers ( NGS  ),   Musa  genomic nuclear DNA   
(1.8 Mb) from 13 Bacterial artifi cial chromosome 
(BAC) BAC clones showing the microsynteny 
between  Musa ,  Arabidopsis , and rice was 
reported. The 443 predicted genes revealed that 
 Zingiberales genes   share GC content and distri-
bution characteristics with eudicot and Poaceae 
genomes. The comparative study of  agronomi-
cally   important genomic regions of rice and 
banana revealed a very high level of collinearity 
between the two genomes. Many evolutionary 
events such as insertions and deletions have 
occurred ~4.6 Mya which have led to the diver-
gence of  Musa balbisiana  and  Musa acuminata  
(Lescot et al.  2008 ). This work also estimates that 
the  Musa  sp. has undergone polyploidization ~60 
Mya.  Amalgam      of these two genomic regions can 
give rise to new  Musa  sp .  with novel phenotypes 
exhibiting biotic and abiotic stress resistance. 
Comparison with rice revealed microsynteny 
regions that have persisted since the divergence 
of the commelinid orders Poales and Zingiberales 
at least 117 Mya (Janssen and Bremer  2004 ). The 
 Sanger sequencing      was introduced by Fred 

Sanger in the year 1977 and is considered as the 
fi rst-generation sequencing in the present 
“Genomic Era.” Till date Sanger sequencing pro-
duces longer and less error-prone reads, but it 
cannot be applied to genome-scale sequencing, 
since it is costly and time consuming. 

 This led to the emergence of second/next- 
generation sequencers ( SGS  /NGS)   . Next- 
generation sequencing is nothing but non-Sanger, 
based on high-throughput sequencing, yielding 
billions of  DNA/RNA strands   in parallel. The 
millions of short reads generated by NGS 
sequencers can be de novo assembled, or if the 
reference genome is available, it can be a refer-
ence assembled into longer contigs. Recently it 
has been widely used for whole genome sequenc-
ing ( WGS)     , whole genome re-sequencing 
( WGRS)     , and  transcriptome analysis      in banana. 

 Till the year 2012, banana researchers had 
very little genomic information on banana until 
D’Hont et al. reported the draft sequence of 
523 Mb genome of a doubled-haploid   Musa acu-
minata  – DH-Pahang   (D’Hont et al.  2012 ). This 
provided a crucial stepping stone in the banana 
improvement program. The 523 Mb  Musa  WGS   
data consisted of 27.5 million Roche/454 single 
reads and 2.1 million Sanger reads representing 
20.5X coverage, and fi nally 50X Illumina data 

   Table 4.1     Molecular marker-based linkage map      developed using segregating mapping population in banana   

 Genotypes used for 
obtaining mapping 
population 

 Population 
size  F 1 /F 2  

 Total number 
of markers 
used 

 Number of 
linkage 
groups 

 Type of 
markers 

 Genome 
coverage 
(cM) 

 Year of 
publication 

 SF265(AA) × 
 Banksii  (AA) 

 92  F 2   90  15  RFLP, 
RAPD, 
isozyme 

 606  Faure 
et al. 
( 1993 ) 

 Selfed  M53       89  F 1   >300  18   RFLPs  , 
 SSRs  , and 
 AFLPs   

 1200  Noyer 
et al. 
( 1997 ) 

  Musa acuminata  
“Calcutta 4” ×  Musa 
acuminata  
“Madang” 

 n/a  F2  120  14   RFLPs  , 
 AFLPs  , and 
 SSRs   

 597  Vilarinhos 
( 2004 ) 

  Musa acuminata  
“Borneo” ×  Musa 
acuminata  “Pisang 
Lilin”       

 180  F1  489  11   SSRs   and 
 DArTs   

 1197  Hippolyte 
et al. 
( 2010 ) 

 TmB2x 6142-1 × 
TmB2x 8075- 7      

 81  F1  744  15 -♀map 
16 -♂map 

  DArTs  , 
 SSRs  , and 
 AS-PCRs   

 1004  Mbanjo 
et al. 
( 2012 ) 
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was used to correct the fi nal assembly of length 
472.2 Mb (Table  4.2 ). The currently available 
 Musa acuminata  reference genome represents 
90 % of the original DH Pahang  genome  . They 
identifi ed 37 Micro RNA ( MIR ) families and 
36,542 protein-coding gene models in the  Musa  
genome. The transposable elements accounted 
for almost half of the  Musa  sequence.

   In the year 2013, fi rst draft genome was 
reported for  Musa balbisiana  diploid variety 
“Pisang Klutuk Wulung” (PKW) (B-genome)       
(Davey et al.  2013 ). The researchers employed 
 Illumina HiSeq 2000 II technology   to generate 
281 million, 100 bp paired-end Illumina reads, 
and they assembled the generated reads using the 
available reference genome ( A-genome)     . The 
expected  PKW genome   was ~440 Mb (Cizkova 
et al.  2013 ), and currently 78 % of the PKW 
genome has been sequenced (341.4 Mb). 39,914 
unique gene models have been identifi ed on the 
consensus genome. Further functional annotation 
of which identifi ed 3,276 Transposable elements 
(TEs), thus leaving a total of 36,638 protein- 
coding genes which were identical to the “DH 
Pahang.” Variant analysis revealed a total of 
20,657,389 Single nucleotide polymorphism 
(SNPs), of which 8,738,760 were homozygous 
and the remaining 10,130,236 heterozygous 
SNPs, thus representing the degree of heterozy-
gosity in PKW. The researchers also detected 
4,880,516  SNPs   in the coding regions of the 
genome. Further by microsatellite mining, 30,559 
 SSRs      were identifi ed which corresponded to a 
frequency of 5.7 SSRs/kb genome. Di-repeats 
dominated all the other types of SSRs (  http://
banana-genome.c i rad . f r / con ten t /musa - 
balbisiana- pisang-klutuk--    ). Most recent update 
on the banana genome is the release of the  Musa 
acuminata  genome v 2 wherein the  paired-end 

sequencing   and genotyping by sequencing ( GBS)      
of a segregating population were utilized to detect 
and correct scaffold misassemblies. The  Musa 
acuminata  genome v 2 was improvised compared 
to version 1 as there was reduction in the total 
 Musa  scaffolds from 7,513 to 1,532, with an N50 
3.0 Mb (26 scaffolds) which was 1.3 Mb previ-
ously. Unknown sites (N) were reduced from 
17.3 % to 10.0 %. Previously the assembly 
anchoring was 70 % which was increased to 
89.5 % in the latest version (Martin et al.  2016 ). A 
comparative study of transcriptome from  M. acu-
minata  and  M. balbisiana , the comparison of 
synonymous base substitutions (Ks) and non- 
synonymous base substitutions (Ka), was calcu-
lated using 77 randomly selected transcripts 
without a stop codon. Around 29 genes which 
contributed mainly to the divergence of these two 
 Musa  species were identifi ed. These genes are 
mostly involved in stress tolerance and fruit qual-
ity. The  effective number of codons (ENC)      and 
GC3   content in  M. balbisiana  was 57.34 and 
0.034 and that of  M. acuminata  was 48.72 and 
0.039, respectively. The patterns of codon usage 
in these genes, studied as the effective number of 
codons (Nc), showed differences, whereas the 
GC content in synonymous sites ( GC3  ) was simi-
lar in both  M. balbisiana  and  M. acuminata . Thus 
the codons were more randomly used in case of 
 M. balbisiana  compared to  M. acuminata . For 
GC content, both  M. balbisiana  and  M.  acuminata  
showed an intermediate distribution, between 
unimodal and bimodal types of distribution 
(Ravishankar et al.  2015 ). 

 Other than the  WGS   of banana, there have 
been numerous  RNA-Seq   studies reported to 
understand the different genes and its role in vari-
ous  stress adaptation      like low-temperature stress, 
 Fusarium oxysporum  resistance, and salt stress 

   Table 4.2    Raw sequencing data overview of   Musa acuminata  – DH Pahang     

 Number of reads  Number of bases  Coverage  Insert size (bp) 

 Sanger  2,049,457  1,537,092,750  2.94  10,000 

 Sanger (BAC ends)  90,542  67,839,000  0.13  110,000 

 Single Roche/454  27,495,411  8,952,303,336  17.12  NA 

 Illumina  553,276,222  26,557,258,656  50.78  500 

  D’Hont et al. ( 2012 ),   http://banana-genome.cirad.fr/musa_acuminata      
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(Molina et al.  2012 ; Yang et al.  2015 ; Li et al. 
 2012 ,  2013 ; Bai et al.  2013 ; Wang et al.  2015 ; 
Lee et al.  2015 ). These studies shed light on 
understanding the resistance mechanism adapted 
by banana. This information can be utilized by 
banana breeders, for mapping the resistant genes 
and further application in MAS. Though next- 
generation sequencing does give us a huge 
amount of data, however, it is not an independent 
domai n.  

4.4     Effi cient Approach: Old 
Roots with New Leaves 

 The success of WGS of DH-Pahang is because 
the researchers utilized both the advantages of 
classical linkage mapping and high-throughput 
technologies. The researchers anchored the scaf-
folds generated from NGS technology to  Pahang 
linkage groups   using 652 markers (SSR and 
DArT), hence representing an effi cient method to 
accurately assemble the banana genome (D’Hont 
et al.  2012 ) (Fig.  4.1 ). The latest release of  Musa 
acuminata  genome v 2 also improvised the previ-
ous release since it utilized the NGS approach of 
genotype by sequencing technology of the segre-
gating population, and further the data was used 
to correct the misassembled scaffolds, thus 
reducing its number, further increasing the N50 
values and decreasing the unknown “N” data in 
the assembly (Martin et al.  2016 ).

   Whereas the draft genome available for  Musa 
balbisiana  is obtained by reference assembly to 
the  Musa acuminata  genome since there is no 
 linkage map   available till date to arrange the scaf-
folds in accurate order (Davey et al.  2013 ), thus 
the assembly lacks the information on structural 
rearrangement differences seen among the 
 A-genome   and the  B-genome  . Hence, there is an 
urgent need to integrate the old technology of 
 linkage map   analysis with the modern NGS tech-
nology to develop accurate  Musa balbisiana  
genomic resources. One such approach would be 
developing  genic markers   using NGS technology 
and in turn utilizing it to construct a  linkage map  , 
further utilizing the developed  linkage map   for 
fi nal assembly of the whole genome sequence. 
The recent report on development of genic SSR 

markers using  transcriptomic approach   was 
reported in both  Musa balbisiana  and  Musa acu-
minata . The large number of  gene-based SSR 
markers   developed can facilitate molecular 
marker breeding strategies, development of a 
genetic  linkage map  , and QTL analysis 
(Ravishankar et al.  2015 ). 

 To bring all the expertise under one roof, a 
consortium was created. “The Global Musa 
Genomics Consortium” ( GMGC  )    is an interna-
tional network of scientists who are working 
toward improving banana breeding and manage-
ment by applying genomics tools. The consor-
tium currently brings together expertise from 
various institutions in different countries (  http://
musagenomics.org/    ). It keeps the banana 
researchers updated on the activities such as 
genetic diversity, genome sequencing, genetic 
mapping, proteomics, bioinformatics, and gene 
expression and also on all the publications. 

 It also offers genome tools having all the 
 banana databases and bioinformatics tools  . The 
consortium also consists of genomic resources, 
comprising of genomic DNA, BAC clones, and 
cDNA/gDNA. It is a product of the  Generation 
Challenge Programme (GCP)   consisting of 52 
 Musa  accessions taken from the CIRAD collec-
tion located in the French West Indies. Upon 
request, these DNA samples are distributed to the 
banana research community via the  Musa 
Genome Resource Centre (MGRC)   based at IEB, 
Olomouc, the Czech Republic, upon request. 

 The  GMGC      also provides a compilation of 
genetic and genomic data (e.g., BAC, EST, and 
markers) generated till date and have made it eas-
ily accessible for banana researchers. Other than 
the database, GMGC also offers many web-based 
softwares like TropGeneDB, Cmap, GBrowse, 
GnpAnnot, and ESTtik for easy access of the 
available data. It also offers pipeline for compar-
ative genomics via phylogenomic analysis 
through GreenPhyl tool.  

4.5     Conclusion 

 For a successful banana genome resource devel-
opment and crop improvement, we need to inte-
grate the old strategies into new technologies. 
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  Fig. 4.1    Graphical representation of  DH Pahang   scaffolds with reference to its genetic map (D’Hont et al.  2012 )       
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There is still scope of improvement in the  Musa 
acuminata  DH Pahang genome since the assem-
bly covers 90 % of the genome. Further utiliza-
tion of genomic information for identifying 
QTLs has to be carried out which will accelerate 
the banana breeding program. There is an urgent 
need for a high-density  linkage map   to be devel-
oped for  Musa balbisiana  as it harbors many 
biotic and abiotic stress-tolerant characteristics. 
Finally the generated genomic information has to 
be successfully utilized by the banana breeders to 
develop alternative resources for the “Cavendish” 
group and integration of B-genomic regions into 
cultivars for various stress resistance, nutrition, 
and vigor characteristics in the new banana 
varieties.     
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      Genomics of Biotic Stress 
Tolerance in Banana                     
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    Abstract  

  Biotic stresses are a severe threat to crop yield. A few pathogens and 
insects have succeeded in affecting the plants severely and ultimately lead-
ing to the vast economic loss. Various control measures such as the appli-
cation of pesticides, insecticides and chemical treatments and introgression 
of R genes and quantitative trait loci (QTLs) into cultivars have contrib-
uted to some extent to combat the loss occurring due to biotic stress. 
However, over the years, there is an emergence of new pathotypes/strains/
races of pathogens and insects. Hence, there is a continuous search and 
need to identify genomic regions and new genes that can contribute 
towards resistance against these pathogens. Recently, the availability of 
genomic resources for a wide range of crop species has helped us to 
improve our knowledge towards understanding the concepts on insect- 
plant or pathogen-plant interactions. In this chapter, we discuss the usage 
of genomic tools for major biotic stresses employed for banana and high-
light various aspects that are contributing towards an understanding of 
biotic stress tolerance.  

  Keywords  

  Banana disease   •   Biotic stresses   •   Genomics   •   Plant-pathogen interactions   
•   Pest  

5.1       Introduction to  Biotic Stress   

 In the  natural environment  , plants get exposed to 
various types of stresses simultaneously rather 
than a particular stress at a time. Interaction 
effects of multiple stresses are more severe to 
plants. Biotic stress is a challenge on plants 
through the damage by pathogen or herbivore 
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 attack      (Rejeb et al.  2014 ). These extreme  envi-
ronmental conditions   (stress factors) bring about 
functional changes in plants resulting in inhibited 
growth, reduced bioproduction, physiological 
acclimatisation and adaptation of species (Ots 
et al.  2011 ) (Fig.  5.1 )   . The interaction between 
the  host and the pathogen   will also lead to 
changes in the metabolism of the host plant, such 
as morphological modifi cations and eventually 
death of the infected tissues. Therefore, unravel-
ling the mechanisms involved in disease resis-
tance is important to understand the interactions 
between plants and pathogens and later to develop 
strategies to control (Sergeant and Renaut  2010 ).

   The major constraints on present and future 
production of bananas and plantains are diseases 
and pests. A  range of diseases   (black Sigatoka 
(BS),  Fusarium  wilt, bunchy top virus) and  pests   
(burrowing nematode, weevil borer, etc.) attack 

banana. Bananas are considered to be one of the 
top most important crops that are found to be 
least researched among all the other major food 
crops. This is mainly because of its long life 
cycle, sterility and parthenocarpy. These factors 
hindered banana breeding and made it diffi cult to 
tackle virulent diseases and pests. Few  pests   and 
 diseases   are highly destructive and easily spread 
making it impossible to eradicate. The occur-
rence and degree of severity of pest outbreaks 
and plant damage depend upon several factors: 
environmental conditions, banana 
varieties(genotype) and disease or pest. Outbreaks 
of banana disease are more commonly observed 
where banana plants are grown in a large areas 
rather than planted in small numbers and spa-
tially separated. 

 Moist environments favour  fungal and bacte-
rial diseases  , while dry weather favours many 

  Fig. 5.1     Plant disease triangle  . This fi gure depicts interactions of the three main components essential for any disease 
to develop. It describes about the conditions required by the three factors for a disease incidence to occur       
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types of  insect outbreaks   (e.g. mites). Sometimes, 
normal weather conditions also affect banana 
production such as  banana virus diseases   and 
 scab moths  . Based on banana varieties, disease 
infection also varies:  Fusarium  wilt destroying 
many commercial plantations and banana bunchy 
top virus ( BBTV  )    affecting the cavendish 
 subgroups. Based on specifi c disease and pests, 
several parasites of  Musa  species have been clas-
sifi ed that affect wide host ranges and cause 
signifi cant damage to  Musa  spp. which target 
ants and some sap-feeding insects (e.g. aphids). 
Therefore, they may be a concern for certain veg-
etables intercropping with   Musa    spp. (Fig.  5.2 ).

5.1.1       Introduction to  Genomics   
to Understand the   Mechanism 
and  Tolerance   

 The advancement of effi cient and upcoming 
techniques and methodologies for cloning and 
sequencing has lead to the development of new 
platforms to reveal about the overgrowing 
genomic data (Moore et al.  2002 ). 

 In short ‘genomics’ can be described as an 
approach to study the genome of an organism – 
the DNA and the organelles and the genes. The 
study of genomics will give us an understanding 
of the genome organisation and interaction 

  Fig. 5.2     Plant-pathogen interaction     : Plants exist in a 
world fi lled with bacteria, fungi, nematodes and possibly 
parasitic plants. They may be infected with viruses during 
feeding by insects or by other vectors (insects/pest, water, 
air, humans, etc.). Plant pathogens have made many adap-
tive mechanisms to enable themselves to invade plants 
and overcome plant defence mechanisms and colonise 

plant tissues for growth, survival and reproduction. 
Pathogens accomplish these activities mostly through 
secretions of chemical substances that affect certain com-
ponents or metabolic mechanisms of their hosts. 
Penetration and invasion are the two activities aided by 
the mechanical force exerted by certain pathogens on the 
cell walls of the plant       
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between the different elements within it. The 
results obtained from genomic study can be used 
to measure the diversity in different germplasms, 
to determine the relationships among these acces-
sions and linkage mapping and to determine 
large-scale genomic or chromosomal rearrange-
ments (Osuji et al.  1997 ,  1998 ). 

 Genomic analysis of plant-associated micro-
organisms also has become a major part of 
  plant- pathogen interaction   because it gives us an 
idea on the development and suppression of plant 
diseases. Analyses of microbial genomes will 
add on to the analyses done on plant genomes by 
providing new insights into the nature of plant- 
microbe interactions (Microbial Genomic 
Sequencing Perspectives of the American 
Phytopathological Society  2008 ) (Table  5.1 ). By 
genomic studies, we would get a clear picture on 
the disease susceptibility and resistance between 
plant hosts and pathogen and interaction with 
benefi cial microorganisms. Sequence data 
obtained from such studies is essential to improve 
our knowledge on infection and the interaction of 
pathogens and host gene products. This will 
further improve our understanding on how these 
organisms infect, reproduce and spread  .

5.2          Banana Diseases   

 The major biotic stresses affecting banana are 
fungi, insects, nematodes, viruses, bacteria and 
parasitic weeds that drastically decrease banana 
production (Dita et al.  2006 ). 

 Among the various diseases that affect banana, 
rhizome rot has become a serious problem in the 
banana  cultivation   which is caused by  Erwinia  
spp., in association with  Fusarium  spp. Under 
 infection  , the infected young plants show yellow-
ing of leaves and rotting of rhizome, whereas in 
older plants it appears as collapse of the infected 
plants from the middle portion to pseudostem. 
Several workers have reported the  symptoms   of 
the disease as rhizome rot of banana (Tomlinson 
et al.  1987 ; Robinson and Mannicom,  1991 ; Akiew 
 1998 ; Thwaites et al.  2000 ), soft rot of the pseud-
ostem (Chattopadhyay and Mukharjee,  1986 ; 
Pereira and Nunes  1988 ; Guzman and Sandoval 
 1996 ), watery rot of the pseudostem (Rivera and 
Garcia  1981 ), soft rot of banana (Chattopadhayay 
 1987 ), root rot of banana and plantain (Figueroa 
 1987 ) and vascular rot and wilt (Gomez-Caicedo 
et al.  2001 ). Bacterial wilts (Moko disease), 
Bugtok disease and blood disease are caused by 
members of the  Rhizoctonia solanacearum  spe-
cies complex (Fegan and Prior  2006 ). 

 However, the present chapter focuses on the 
major diseases that threaten banana  production  , 
which are:

    1.     Bacterial diseases : bacterial wilt   
   2.     Fungal diseases :  Fusarium  wilt, Sigatoka dis-

ease, anthracnose and crown rot   
   3.     Viral diseases : banana bunchy top virus and 

cucumber mosaic virus   
   4.     Insect pests : leaf and fruit beetle and weevils   
   5.     Nematodes : Migratory endoparasites and root 

lesion nematodes    

   Table 5.1    List of plant  pathogens   and respective disease-causing organisms with the genome  size     

 Sl. no.  Pathogen type  Banana disease  Organism  Genome size  Reference 

 1  Bacterial  Moko   Ralstonia solanacearum  
(phylotype II) 

 5.43 Mb  Xu et al. ( 2011 ) 

 2  Fungal  Sigatoka   Mycosphaerella fi jiensis   74.1 Mb  Kema ( 2013 ) 

 Panama disease 
( Fusarium  wilt) 

    Fusarium oxysporum f. 
sp. cubense      (race 1) 

 47.84 Mb  Guo et al. ( 2014 ) 

 Panama disease 
( Fusarium  wilt) 

    Fusarium oxysporum f. 
sp. cubense     (race 4) 

 53.12 Mb  Guo et al. ( 2014 ) 

 3  Viral  Bunchy top    Banana bunchy top 
virus     

 Genome components 
(DNA-R, U3, S, M, C 
and N) each of 
approximately 1.1 kbp 

 Kumar et al. ( 2011 ) 

 Streak    Banana streak virus      ~7.5 kb  Stainton et al. ( 2015 ) 

 4  Nematodes  Root knot     Meloidogyne incognita       86 Mb  Bird et al. ( 2009 ) 
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5.2.1         Bacterial Diseases      

 Banana bacterial wilt more often called as  banana 
 Xanthomonas  wilt (BXW)   is one of the most 
signifi cant diseases of banana caused by 
   Xanthomonas campestris  pv.  musacearum      ( Xcm )    
(Vurro et al.  2010 ). Currently it is viewed as the 
major threat to banana production especially in 
East and Central Africa. It infects all most all the 
banana varieties including cooking and dessert 
types (Ssekiwoko et al.  2006 ). The disease inci-
dence was fi rst reported on  Ensete , which is 
nearly related to banana in Ethiopia (Yirgou and 
Bradbury  1968 ) and subsequently on banana 
(Yirgou and Bradbury  1974 ). External to 
Ethiopia, it was fi rst discovered in Uganda in 
2001 (Tushemereirwe et al.  2004 ). The disease 
symptoms are characterised by a successive yel-
lowing and wilting of leaves, often resembling 
 Fusarium  wilt disease. However, the secretion of 
bacterial ooze from the excised tissue is the typi-
cal feature of banana bacterial wilt. Fruits tend to 
show premature and uneven ripening. Blackening 
and withering of male buds and the occurrence of 
yellow or brown streaks in the vascular bundles 
result in the complete wilting and rotting of 
infected plants. 

 The fi rst study on the systemicity of   Xcm    was 
done on the   fl ower-infected plants     to determine 
the effi ciency of   cutting the diseased stem at soil 
level     was suffi cient for the analysis instead of 
uprooting the entire mat (Ssekiwoko et al.  2006 , 
 2008 ). In contrast to this study, bacteria were 
detected in the rhizome of the   East African high-
land banana     ( EAHB  )    plants that were at the stage 
of shrivelled bracts, suggesting that in the case of 
an infected EAHB cultivar, removing only the 
infected plant would not be effi cient in preclud-
ing the disease from entering the rhizome (Nakato 
et al.  2014 ). Further, a study conducted in Central 
  Uganda    , confi rmed that none of the rhizomes of 
‘Kayinja’ and  EAHB   cultivar had bacteria 21 
days after inoculation, but that 7 days later 55 % 
rhizomes of the  EAHB   plants and 17 % of the 
‘Kayinja’ ones had bacteria. 

 Application of genomic tool has been exten-
sively used for screening and studying the genetic 
nature of the virulent and avirulent  Xanthomonas  

strains. Efforts for the development of molecular 
markers for the detection of   Xcm   , which helps to 
screen infected banana plants, are being attempted 
(Aritua et al.  2007 ; Lewis Ivey et al.  2010 ; 
Studholme et al.  2010 ; Adikini et al.  2011 ). 
Wasukira et al. ( 2012 ) have used whole-genome 
sequencing to examine genetic diversity between 
isolates of   Xcm   . Molecular markers were used to 
rebuild the phylogenetic relationships between 
 Xcm  isolates from different geographical loca-
tions within the known isolates of the pathogen in 
Africa. It was observed that the isolates diverged 
into two major sub-lineages which suggest at 
least two separate introductions of   Xcm    into the 
banana-producing regions around Lake Victoria. 

 However, only limited application of genom-
ics in the case of host banana studies with respect 
to   Xcm    has been reported. Studies have shown 
the effective control of  BXW   by transgenic 
approach. By utilising banana embryogenic cell 
suspensions, transgenic bananas carrying 
ferredoxin- like protein (Pfl p) gene were devel-
oped and characterised, of which 67 % of the 
lines were shown to be completely resistant 
against  X. oryzae  pv.  oryzae  (Namukwaya et al. 
 2012 ). Tripathi et al. ( 2014 ) have examined 25 
banana transgenic lines of the cultivar 
‘Gonjamanjaya’ (AAB) containing rice Xa21 
gene and found 12 lines showing resistance 
against  Xanthomonas  wilt.    

5.2.2       Fungal Diseases   

 Fungi, the most prevailing and destructive patho-
gens of banana, attack almost all parts of banana 
plant organs causing both  pre- and postharvest 
production losses  . 

 Presently about 40 fungal pathogens have 
been identifi ed that cause disease in banana 
(Jones  1999 ). The major foliar pathogens causing 
 Sigatoka disease      are  Mycosphaerella fi jiensis  
causing black leaf streak disease,  Mycosphaerella 
musicola  for Sigatoka leaf spot disease and 
 Mycosphaerella eumusae  for  eumusae  leaf spot. 

 The hemibiotrophic fungus   Mycosphaerella 
fi jiensis       is the causal agent of  black Sigatoka 
(BS)  , the most important devastating foliar 
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 disease of banana ( Musa  spp.). By nature it is a 
haploid, hemibiotrophic ascomycete belonging 
to class  Dothideomycetes , order  Capnodiales  and 
family  Mycosphaerellaceae . This causes reddish- 
brown streaks that form a water-soaked border 
and eventually merge to cause extensive leaf 
necrosis. The production loss due to this disease 
can be up to 35–100 % (Gasparotto et al.  2006 ) 
and is controlled generally using costly fungi-
cides (Arias et al.  2003 ). Presently, the genome 
was of this fungus was sequenced and made 
available on the Joint Genome Institute website 
(  http://www.jgi.doe.gov/webcite    ). The genome 
size is 74.1 Mb long and half of which is esti-
mated to be packed by repetitive element 
sequences. A study reported that the presence of 
transposable elements in the genome of  M. fi jien-
sis  has a role in the development of black Sigatoka 
(Santana et al.  2012 ). In silico identifi cation of 
glycosylphosphatidylinositol (GPI) protein  fam-
ily      in  M. fi jiensis  and analysis of two β-1,3- 
glucanosyltransferases that play a role in bringing 
about the pathogenesis were analysed for its 
expression at different stages of black Sigatoka 
disease by comparing expression data with black 
Sigatoka symptoms and fungal biomass inside 
leaves (Kantun-Moreno et al.  2013 ). 

 There is another study which reported on the 
analysis of compatible interaction of  M. fi jiensis  
and  Musa  spp. by employing suppression sub-
tractive hybridisation ( SSH)     , for which cDNA 
library was constructed to identify the transcripts 
that induced at late stages of infection in the host 
and the pathogen and also to study the genes that 
were involved in the synthesis of phenylpro-
panoids and pathogenesis-related proteins. It was 
observed and confi rmed that antifungal genes 
encoding PR proteins and GDSL-like lipase were 
induced 30 days after postinoculation (dpi), indi-
cating that the fungus is actively repressing plant 
defence. They also reported the presence of sin-
gle fungal gene that got induced at 37 dpi encod-
ing UDP-glucose pyrophosphorylase (enzyme 
involved in the biosynthesis of trehalose) (Portal 
et al.  2011 ). 

 Next-generation sequencing ( NGS)      of the 
transcriptome of  M. acuminata  to  M. musicola  

interaction was carried out to provide a useful 
information on genes that got expressed during 
plant immune responses in this pathosystem here. 
This study could gather information about 36,384 
and 35,269 unigene identifi ed for contrasting  M. 
acuminata  genotypes. Through this study, they 
could identify a total of 4068 genic simple 
sequence repeat ( SSR)      loci in Calcutta 4 and 
4095 in cavendish Grande Naine. They also 
reported 95 defence-related simple sequence 
repeats that were validated across  M. acuminata  
accessions. This data would help to identify 
candidate genes expressed during infection and 
to understand the host defence mechanisms 
(Passos et al.  2013 ). 

  Anthracnose      caused by  Colletotrichum musae  
is considered as the most important and widely 
distributed diseases of ripe banana fruit (Su et al. 
 2011 ). The severity of this disease increases 
when the banana fruits are wounded during han-
dling and transportation. Banana anthracnose 
starts as an inactive infection on green fruits in 
the fi eld. At the later stages, the successful pene-
tration of the fungus is restricted by accumula-
tion of phytoalexins as the fruits ripen (Jegger 
et al.  1995 ; Turner  1995 ; Peeran et al.  2014 ). 
Therefore, symptoms generally can be seen only 
in overripe fruits. Anthracnose becomes a serious 
problem when bananas are shipped as bunches 
for a long time and ripened under high tempera-
ture (Meredith  1960 a). Study reported on isola-
tion and identifi cation of  Colletotrichum  species 
associated with anthracnose on different banana 
cultivars using  RAPD marker analysis   revealed 
that the RAPD banding patterns of  C. musae  iso-
lates were highly similar but showed intraspecifi c 
variations (Zakaria et al.  2009 ). The management 
and control of this disease involves the applica-
tion of fungicides and use of resistant banana cul-
tivars (Abang et al.  2003 ). Therefore, gaining 
insights on the genetic diversity of the pathogen 
population would be useful to have effective pro-
grammes for screening banana cultivars for resis-
tance to anthracnose and to avoid development of 
fungicide resistance. 

   Fusarium  wilt (Panama disease)         is the most 
important disease of banana. This disease is 
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caused by fungus  Fusarium oxysporum  spp. 
 cubense  (E. F. Smith) (Snyd and Hansen Smith 
 1940 ). This fungus has been the cause of one of 
the most destructive epidemics in history as of 
1960; its race 1 had destroyed approx. 40,000 ha 
of commercial plantation. Until recently,  Foc  
tropical race 4 ( Foc  TR4) has been restricted to 
cavendish-producing Asian countries (Deng et al. 
 2015 ). In India and few other countries like 
Pakistan, Sri Lanka, Bangladesh, etc., only  Foc  
race 1 was widely reported. Now there are few 
reports stating that there is an immediate risk of 
 Foc  TR4 emergence in these countries (  www.
promedmail.org    ; 2015). The fungus makes its 
entry through the lateral roots and brings about 
the blockage of the host vascular system resulting 
in typical wilt symptoms. Initially, there were 
only few methods for controlling this disease 
which included physical and chemical measures, 
but now there are few effective methods being 
used, which include development of resistant cul-
tivars through molecular breeding and genomics 
knowledge, to combat this disease (Li et al. 
 2013a ,  b ). The genome size of  F. oxysporum  was 
estimated around 18–51 Mb in size (Roncero 
et al.  2003 ). In 2007, the genome sequence of Fol 
was completed at the Broad Institute, where the 
genome size was estimated to be 59.9 Mb 
(Michielse et al.  2009 ). The genome consisted of 
15 chromosomes with an estimated 17,735 genes. 
Pathogenicity studies in  F. oxysporum  initially 
involved methods such as in planta screening and 
microscopy of host-pathogen interactions (Gold 
et al.  2001a ; Aboul-Soud et al.  2004 ). Efforts are 
being made to have an idea about the mecha-
nisms operating during  Foc  infections (Wang 
et al.  2012 ) and further to gain knowledge on the 
genetics of resistance to  Fusarium oxysporum  f. 
sp.  cubense  tropical race 4 through transcriptome 
profi ling of banana roots (Li et al.  2012 ). 

 The  characterisation of tolerance   to   Fusarium 
oxysporum  f. sp.  cubense  infection      in banana 
identifi ed 68 nonredundant gene sequences using 
suppression subtractive hybridisation and gene 
expression analysis. These sequences were 
checked for homology to identify defence-related 
genes. They observed that the genes like PGIP2, 

peroxidase and catalase that would help in cell 
wall strengthening are expressed prominently 
(Swarupa et al.  2013 ). A study reported by Guo 
et al. ( 2014 ) gives a clear distinctions about the 
gene contents and transcriptional regulation 
between  Foc 1 and  Foc 4 infecting the banana 
‘Brazil’. As a part of the study, transcriptome 
analysis done revealed a major difference in 
transcriptional responses of  Foc 1 and  Foc 4 at 
48 h postinoculation in comparison with the 
vegetative growth stage. It was also observed 
that  virulence- associated genes      and signalling 
pathway genes got upregulated in  Foc 4 than 
in  Foc 1. 

 Rossmann et al. ( 2012 ) made an attempt to 
analyse  banana-associated microorganisms   and 
select the  fungal pathogens   responsible for yield 
losses. For this, they studied the structure and 
function of microbial communities collected 
from three different traditional farms by 
 cultivation- independent and cultivation- 
dependent methods   and analysed and observed 
that the microbial communities were signifi cant 
across the studied sites and treatments given. It 
was reported that a high number of indigenous 
antagonists towards identifi ed fungal pathogens 
were observed in the microhabitats, and also the 
bacterial antagonists were enriched in banana 
plants, while the fungal antagonists were less and 
mainly found in soil. 

  Transcriptome studies      have shown the involve-
ment of general pathways or genes like  ROS- 
scavenging genes   and several genes that are 
responsive to infection by other pathogenic 
microorganisms like PR genes, the genes involved 
in synthesis of phytoalexins and phenylpro-
panoids (PAL) and cell wall strengthening (Li 
et al.  2013a ,  b ). Six  I  loci in tomato which are R 
genes and six dominant resistant loci called  RFO      
in  Arabidopsis  conferring resistance to  Fusarium 
oxysporum  f. sp.  lycopersici  and  Fusarium 
oxysporum  f. sp.  matthioli  ( Fom ) infection, 
respectively ,were identifi ed (Diener and Ausubel 
 2005 ). However, several efforts are being done to 
identify and characterise specifi c gene/genes that 
might signifi cantly contribute to banana fungal 
disease resistance.   
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5.2.3        Viral Diseases      

 The causal agent,  banana bunchy top virus 
(BBTV)  , is an ssDNA virus which may constitute 
a new group of plant virus (Harding et al.  1993 ). 
 BBTV   is persistently transmitted by the aphid 
 Pentalonia nigronervosa  Coquerel or by vegeta-
tive propagation (Drew et al.  1989 ; Thomas et al. 
 1995 ). This virus is widely dispersed in the Asia- 
Pacifi c region. 

 Banana bunchy top virus ( BBTV  ) disease is 
one of the most deleterious diseases of banana. It 
is a major constraint to banana production in 
India, Australia, South Asia, the South Pacifi c, 
Africa and Hawaii (Blomme et al.  2013 ; Dale 
et al.  1992 ; Kumar et al.  2011 ). Symptoms of 
bunchy top include chlorosis of leaves, narrow-
ing and dark green streaks in petioles referred as 
‘Morse code streaking’. Successive infected 
leaves look abnormal and lead to bunching of 
leaves at the upper part of the plant establishing 
typical bunchy top appearance. The virus travels 
consistently to infect an entire corm portion and 
proceeds to newly developed shoots derived from 
the infected corm. Severely infected plants fail to 
fruit or produce twisted or distorted banana 
hands. The symptoms are expressed around 
25–85 days after primary infection with the virus 
(Watanabe et al.  2013 ). 

  BBTV   belongs to the family  Nanoviridae . 
The viral genome is 18–20 nm in diameter and is 
composed of 12 circular single-stranded DNA 
components (Vetten et al.  2005 ; Stevens  2010 ; 
Qazi  2016 ). The virus is transmitted by aphids 
(  Pentalonia nigronervosa   ). The only known con-
trolling strategy being applied is identifi cation 
and destroying them in the fi eld and by the use of 
pesticides. Currently, biotechnological tools like 
tissue culture and transgenics are being tried to 
develop the  BBTV  -resistant banana plants. In 
order to identify the presence of virus before 
planting, especially for indexing virus-free 
mother plants raised through micropropagation, a 
PCR-based diagnosis has been standardised. 
Recently, Mahadev et al. ( 2013 ) has applied PCR 
by designing primers for viral gene-specifi c 
primers for detecting  BBTV   in tissue culture 
plantlets of  Musa  spp. cultivars ‘Virupakshi’ and 

‘Sirumalai’ (AAB). Also,  multiplex reverse 
transcription- PCR (mRT-PCR) technique   was 
employed for detecting two viral diseases caused 
by episomal banana streak Mysore virus and 
banana bunchy top virus (Selvarajan et al.  2011 ). 

 In vitro mutagenesis by gamma irradiation of 
abaca lines ( Musa textilis  Nee) has helped to pro-
duce resistant lines to both  BBTV   and  banana 
bract mosaic virus   (Dizon et al.  2012 ). Descalsota 
et al. ( 2015 ) have characterised potential gamma- 
irradiated abaca resistant lines derived from two 
cultivars, Tinawagan Pula (TP) and Tangongon 
(TG), using  resistance gene analogue (RGA)   and 
 simple sequence repeat (SSR) markers  . It has 
been reported that the increase in  polymorphism 
information content (PIC)   value in gamma- 
irradiated plants than control plants, which is 
indicative of the higher genetic variability, was 
created by exposure to gamma irradiation. 

 In order to minimise the soil pollution and 
health constraints that are led by pesticides, 
recently bioformulation method is being used 
effi ciently to enhance or induce the host resis-
tance to pathogens. In this effort, Kavino et al. 
( 2008 ) have found the systemic resistance induc-
tion in banana against  BBTV   by the combined 
effect of chitin and  Pseudomonas fl uorescens  
strain CHA0. During the tri-tropic interaction 
between growth-promoting endophytic bacteria, 
 BBTV   and  Pentalonia nigronervosa , the pres-
ence of differential accumulation of pathogenesis- 
related proteins and other defence-associated 
enzymes was identifi ed by Harish et al. ( 2009 ). 
Development of disease resistance by transgenic 
approaches in banana is being employed for vari-
ous diseases. Using  RNAi   phenomenon, 
Shekhawat et al. ( 2012 ) and Elayabalan et al. 
( 2013 ) have generated transgenic resistant banana 
against BBT   V  . 

5.2.3.1        Banana Streak Disease      
 Banana streak disease caused by pararetrovirus 
belongs to  Caulimoviridae  family and genus 
 Badnavirus  (Ploetz  2015 ). Currently, four 
 banana-infecting  Badnavirus  (BIB)   species have 
been identifi ed (Stainton et al.  2015 ). They spread 
through infected propagules and are transmitted 
by several mealybug species, including 
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 Planococcus fi cus ,  Dysmicoccus brevipes  and 
 Planococcus citri  (Borah et al.  2013 ). The infec-
tion leads to chlorotic streaks in leaves extending 
the death of the plant. They survive in two forms: 
episomal form with a double-stranded circular 
DNA genome (~7.5 kb) or the integrated genome 
into the host as a pararetrovirus endogenous 
sequence ( EPRVs  ) form. These EPRVs restruc-
ture into new infectious form through homolo-
gous recombination leading to introduction of 
new infective viral genome which has been 
assigned for the recent outbreaks (Chabannes and 
Iskra-Caruana  2013 ). These EPRVs are found in 
various cultivated genotypes of banana which 
have been originated from three  Musa  species, 
 M. acuminata  (A genome),  M. balbisiana  (B 
genome) and  M. schizocarpa  (S genome) 
(Geering et al.  2001 ,  2005 ). The presence of three 
open-reading frames on one strand was found in 
the viral genome. 

 In banana, micropropagation and genetic 
hybridisation are known to trigger the production 
of episomal banana streak virus ( BSV  )    from 
 EPRVs   (Dallot et al.  2001 ). Studies have revealed 
the two responsible factors that are postulated in 
 BSV   expression. The presence of the B genome 
in the  Musa  genotypes is the fi rst, where the sec-
ond factor is the presence of  BSV  -expressed 
locus ( BEL  )    (Lheureux et al.  2003 ). The com-
plete structural and functional analysis of two 
EPRVs of  BSV   Goldfi nger ( BSGfV  )    present in 
the genome of the diploid  M. balbisiana  cv. 
Pisang Klutuk Wulung (PKW) was studied by 
Gayral et al. ( 2008 ). They showed the integrants 
as allelic insertion, and despite the extensive rear-
rangements, the two EPRVs contain full-length 
viral genome. Triploid F1 population of  Musa  
(AAB) produced by interspecifi c cross between 
 Musa balbisiana  (BB) and tetraploid  Musa acu-
minata  (AAAA) parents was used to study the 
incidence of banana streak disease by Lheureux 
et al. ( 2003 ). It was identifi ed that half of the 
progeny carried  BSV   particles, and the PCR 
analysis showed that the endogenous sequence 
was specifi c  to M. balbisiana  genome confi rming 
B genome as carrier. Phylogenetic study of 
banana streak virus carried by Gayral and Iskra- 
Caruana ( 2009 ), by comparing episomal and 

endogenous viral sequences, revealed that there 
are around 27 independent integration events, 
suggesting viral integration is a frequent 
process. 

 Molecular tools have helped to identify, to 
classify and to study the structure and function of 
EPRV sequences present in the banana genome. 
Possible risks related with  EPRVs   have been well 
established. Hence, extensive attempts to elimi-
nate EPRV sequences from B genome of banana 
and screening and selection of new interspecifi c 
hybrids from integrated sequences within A × B 
progenies with the help of molecular breeding 
are necessary. This would help to protect banana 
from  BSV   and further spread. Transcriptome 
studies need to be carried out to identify and 
characterise the specifi c genes that are modulated 
by either  BBTV   or  BSV  . This would help in 
designing breeding strategy to improve the 
banana  .    

5.3      Insect Pests   

 Beetles, weevils and nematodes are considered to 
be the major pests of banana that affect the devel-
opment of the  corm and root system  . 

5.3.1      Banana Leaf      and  Fruit Beetle      

 Leaf and fruit beetles are one of the major pests 
of banana found in almost all the varieties of 
banana (Zheng et al.  2013 ). It is basically 
observed that the adult feed on the young unfurled 
leaves of the banana plant entering into the mid-
dle portion of leaf feeding on the very young yel-
low leaf by scrapping. After feeding, black spots 
are found on the matured leaf. While, in severe 
infestation the leaf loses its vigour and the growth 
of the banana plant is retarded. After fruit set, the 
beetles leave the leaf and start feeding on the 
smooth surface of young fruits. The fruit becomes 
larger day by day, and spot scrapping on the sur-
face of fruit becomes prominent and turned 
blackish brown; ultimately, the matured fruit is 
spotted and loses its market value (Alam and 
Mean  2000 ).  
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5.3.2      Weevils      

 In case of weevils, it was observed that the larval 
stage was the most destructive stage for infection, 
where the adults lay eggs at the base of plant and 
bring about the destruction of the corm or rhi-
zome tissue (Abera et al.  2000 ; Gold et al.  2001b ). 
This infection affects root development and nutri-
ent uptake resulting in weakening of the entire 
plant (Acland  1971 ). In addition, weevil damage 
reduces plant vigour and enhances sucker mortal-
ity (Gold et al.  2001b ), and also yield loss up to 
100 % has also been reported (Sengooba  1986 ). 

 Many studies were done to assess and analyse 
a wide collection of  Musa  germplasm for weevil 
resistance in Africa and Asia and concluded that 
plantains and East African highland bananas 
( EAHB  )    were the most susceptible banana types 
(Fogain and Price  1994 ; Pavis and Lemaire  1997 ; 
Kiggundu et al.  1999 ; Kiggundu et al.  2003 b). 

 Another report on the effect of weevil infesta-
tion on root, corm, shoot and bunch characteris-
tics of eight East African  Musa  spp. genotypes 
suggested that several ratoon cycles are required 
for a high weevil population density to cause 
reduction in yield and plant growth. It was also 
shown that genotypes with ‘B’ genome are more 
tolerant to banana weevils than genotypes with 
only ‘A’ genomes (Ocan et al.  2008 ).  

5.3.3        Nematodes      

  Plant-parasitic nematodes  , the ‘unseen enemies’ 
of plants, are considered to be important and seri-
ous pests to banana production. The most serious 
and damaging nematodes that attack bananas are 
the migratory endoparasites like  Radopholus 
similis  (Cobb) Thorne and the root lesion 
nematodes  Pratylenchus coffeae  (Zimmerman) 
Filipjev. The degree of damage and yield loss in 
banana depends on the nematode species 
involved, the interaction between nematodes and 
other soil pathogens, the susceptibility of the cul-
tivar and the environment under study (Sarah 
 1989 ; Gowen and Queneherve  1990 ; Davide 
et al.  1996 ). Basically the effect of nematodes are 
seen on anchorage of banana plants, lengthening 

of vegetative cycle, yield reduction and irrevers-
ible reduction of plantation longevity (Blake 
 1961 ; Queneherve  1989 ; Sarah  1989 ; Gowen and 
Queneherve  1990 ). 

   Radopholus similis    or burrowing nematodes 
specially attacking the c  avendish     types are more 
commonly found attacking the   plantain     and 
cooking bananas, while the  Pratylenchus  species 
have a wide host range (Moens and Perry  2009 ). 
These nematodes make their entry through any 
portion of the roots occupying the cortical paren-
chyma feeding on the cytoplasmic cells, leading 
to their destruction and resulting in the formation 
of cavities. There are few other species of nema-
todes that keep affecting the roots in different 
ways either taking resources from the plant or 
burrowing through the roots causing necrosis and 
root rot. 

 A study using seven banana genotypes rang-
ing from susceptible to resistant was conducted 
to evaluate the screening method for resistant 
bananas to the burrowing nematode ( Radopholus 
similis ). For this, the total root necrosis of plant 
roots was compared between greenhouse and 
fi eld trials. It was observed that nematode- 
infested roots were more severely affected in the 
greenhouse than in the fi eld trials. It was also 
observed that root necrosis was found to be high 
in the two resistant cultivars tested in the green-
house trial (Marin et al.  2000 ). 

 The study carried out by Srinivasan et al. 
( 2011 ) revealed that the presence of root lesion 
nematodes ( Pratylenchus coffeae ) was maximum 
followed by spiral nematodes ( Helicotylenchus 
multicinctus ) and root-knot nematode 
( Meloidogyne incognita ) in the root samples 
taken up for the study, and also the study of soil 
could reveal that the presence of nematodes was 
higher in clay soil followed by sandy soil and 
alluvial soil. 

 A study, as reported at  African Crop Science 
Journal , explains the effect of nematode infec-
tion and damage on the absorption of major 
mineral nutrients in bananas commonly grown in 
East African highlands. It was observed that the 
leaf nutrient concentrations were low when 
compared to established  critical nutrient levels 
(CNLs)   for both inoculated and uninoculated 
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plants. Nematode inoculation decreased nutrient 
concentrations in leaves except for magnesium 
and calcium. The correlation coeffi cient values 
showed that percentage of dead roots and root 
necrosis signifi cantly decreased with increase in 
leaf potassium and increased with increase in leaf 
calcium and magnesium (Talwana et al.  2005 ). 

 Another study as reported by Backiyarani 
et al. ( 2015 ) states that chitinase isoforms that 
were involved in resistant mechanisms were 
identifi ed based on differential gene expression 
analysis carried out in resistant and susceptible 
 Musa  genotypes. Class II chitinases are overex-
pressed sixfolds in resistant genotype than sus-
ceptible Class I chitinases. This confi rms that the 
role played by chitinase genes responds differ-
ently at different stress conditions. 

 These studies show that weevils and nema-
todes also cause major loss to the banana produc-
tion. Till now only traditional methods are being 
employed to screen for resistant cultivars. The 
genes involved and mechanism underlying in 
resistance using genomics to pests and nema-
todes are yet to be examined. This would help in 
developing pest and resistant cultivars through 
breeding or other approaches  .   

5.4     Conclusion 

 It is well known that plant defence mechanism is 
complex, and the evolution of new strains of 
pests makes it a very diffi cult task to study. This 
arms race between host and the pathogen 
demands understanding their interaction at 
molecular level. Recently, by employing the tran-
scriptomic approach, studies have shown the 
involvement of general pathways or genes like 
ROS-scavenging genes, cell wall strengthening 
genes and PR proteins against fungal pathogens 
 Foc  and  M. fi jiensis  in banana. 

 Recently, the substantial number of genomics 
and other studies on banana pathogens revealed 
their vast diversity, evolution of competing viru-
lent strains/races, complex pathogenicity mecha-
nism and genes and distribution of strains to new 
locations. The advancement and use of next- 
generation sequencing to reveal the role of genes 

and genome of various crop species improve our 
knowledge for breeding and also facilitate identi-
fi cation of genes and their functional role in 
contributing towards plant immunity. Transgenic 
approaches and gene silencing such as RNA 
interference ( RNAi  )    and virus-induced gene 
silencing ( VIGS  )    have also contributed towards 
this aspect. In fact, the possible reasons for the 
slow progress in  Musa  spp. are their complex 
genetic system, i.e. its heterozygosity, different 
genomic organisations, polyploidy and long 
generation time. Hence, banana breeding is 
considered as a diffi cult task. However, presently, 
utilisation of advanced genomic approaches and 
information from other monocotyledonous crops 
like rice and wheat give hope for banana.     
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Abiotic Stress Tolerance Research 
Using-Omics Approaches

Ewaut Kissel and Sebastien C. Carpentier

Abstract

The effects of abiotic stress on banana production become increasingly 
important, but the molecular processes behind tolerance still remain 
largely unknown. As the genome sequence is now publically available and 
cutting-edge high-throughput -omics technologies emerge, there lay mul-
tiple opportunities in the offing to close the knowledge gap. This chapter 
gives an overview of the molecular work that has already been performed 
on abiotic stress tolerance in banana. This research is mostly oriented 
towards cold and drought, while that on nutrient deficiencies is still lag-
ging behind. Promising results as well as important gaps are formulated, 
and recommendations for future abiotic stress tolerance research are pro-
posed. We show how new -omics technologies and the integration thereof 
enable a holistic view on abiotic stress tolerance in banana and can enhance 
our knowledge. Additionally, special emphasis is placed on the ultimate 
importance of phenotyping and a good definition of tolerance in the con-
text of decent molecular research in this area.
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6.1  Introduction

Until now, the main focus of molecular research 
on banana was oriented towards biotic con-
straints, even though, in some regions, e.g. East 
Africa, it is reported that abiotic constraints 
already override biotic constraints as main limit-
ing factors for yield, with an emphasis on nutri-
ent deficiencies and drought (Wairegi et al. 2010). 
As abiotic stress research is already 
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 underrepresented in molecular banana research, 
reports on the molecular mechanisms behind tol-
erance are even scarcer. Furthermore, molecular 
technologies become rapidly more advanced and 
relatively less expensive, and the banana genome 
sequence reveals more and more of its secrets. 
Therefore, high-throughput profiling studies are 
increasingly becoming the standard in molecular 
plant research, and already some core processes 
during abiotic stress could be well described in 
model species. For these reasons, we intend to 
give an overview of the current state of molecular 
research on abiotic stress tolerance in banana and 
formulate future opportunities in this field. A 
special emphasis is put on the importance of phe-
notyping and the use of a solid definition on tol-
erance as the basis for decent molecular research. 
Ultimately, the plant phenotype is driven by the 
operation of genes to regulate growth in coordi-
nation with environmental limitations. As such, 
gene and cell function must always be considered 
in the context of the whole plant. Biological 
research on gene and cell function has mainly 
focused in the past on model organisms, and most 
of the functional genomic studies in the field of 
plant sciences are still performed on models or 
reference species that are characterized to a great 
extent. The power of proteomic and transcrip-
tomic methods, i.e. high-throughput identifica-
tion of candidate gene products, tends to be lost 
in so-called orphan species such as banana due to 
the lack of genomic information, due to the com-
plexity of the genome or due to the sequence 
divergence to a related sequenced reference culti-
var or to a related model organism. This chapter 
reviews the challenges encountered when work-
ing on non-model crops that were not selected by 
the research community for extensive study. In 
this perspective, the most important realizations 
concerning molecular research on abiotic stress 
tolerance in banana are reported and reviewed, 
and the main gaps, pitfalls and future perspec-
tives are addressed in each of the three main areas 
of -omics approaches (genomics, transcriptomics 
and proteomics). To conclude, the power of inte-
grating those different areas is shortly addressed 
and put in the context of abiotic stress tolerance 
research in banana.

6.2  Abiotic Stress

Before digging deeper into tolerance and its 
underlying genetics, abiotic stress should be well 
defined as both terms, stress and tolerance, are 
closely linked. Taiz and Zeiger (2002) define 
stress as ‘a (non-living, ed.) external factor that 
exerts a disadvantageous influence on the plant’. 
For every type of abiotic stress, the range of this 
disadvantage will vary greatly. The intensity and 
duration of the stress also greatly influence stress 
progression and ultimately plant response. 
Depending on the intensity, very different mech-
anisms can be activated to cope with the stressor. 
In Arabidopsis, Skirycz et al. (2011) have shown 
that several genes that enhance survival during 
severe drought experiments did not confer better 
growth performance during mild osmotic stress 
experiments. On the contrary, most of these genes 
resulted in decreased growth for the specific gen-
otype under mild osmotic stress. This clearly 
demonstrates that diverse mechanisms are active 
to cope with different intensity levels of abiotic 
stress.

6.3  Tolerance

Tolerance alleles are only relevant in reference to 
specific phenotypic features that reflect a tolerant 
phenotype. In essence, scientists always depart 
from an envisioned phenotype and use the pheno-
typical variation between genotypes for allele 
discovery, be it through a segregating population 
or direct cultivar comparison. That’s why allele 
discovery should always follow an appropriate 
definition of a tolerant phenotype. A tolerant phe-
notype is a phenotype that reflects specific fea-
tures which can be linked to tolerance. Therefore, 
it is important to have a clear view on tolerance 
first before even trying to define what a tolerant 
phenotype should look like. Only a solid defini-
tion leads to a good choice of features. To con-
clude, informative plant assessment needs (a) a 
good tolerance definition and (b) adequate fea-
ture selection.
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6.3.1  Definition

In the case of biotic stress tolerance, it is rela-
tively easy to define the tolerant phenotype. It is 
the phenotype that shows no or a reduced infesta-
tion or infection, which can mostly be linked 
directly to pathogen occurrence. For abiotic 
stress tolerance, however, the definition becomes 
less obvious. The definition of tolerance is closely 
linked with the one of stress. Following the defi-
nition from Taiz and Zeiger (2002), abiotic stress 
tolerance could be described as restoring the dis-
equilibrium or disadvantageous influence created 
by the stressor. The most difficult part in this 
description is to determine the ‘disadvantageous 
influence’. In a plant central approach, the disad-
vantageous influence is any influence that threat-
ens its existence. Therefore, tolerance is solely 
focused on withstanding the adverse period. This 
approach, however, mainly focuses on the sur-
vival of the plant and does not necessarily take 
into account the growth potential under less 
favourable conditions. With regard to agriculture, 
this definition is therefore less suitable and may 
even be counterproductive since the focus should 
lie on production and profit maximization under 
limiting conditions. Moreover, the stress inten-
sity has major implications on the plant’s molec-
ular response, and thus tolerance. The intensity 
should therefore be taken into account as well. 
Indeed, better survival of lethal drought stress is 
mainly associated with water-saving strategies 
and growth arrest, which is the complete opposite 
of production maximization. In this chapter, we 
focus on the agricultural output. Therefore, we 
identify yield (Y) decrease as the ultimate disad-
vantageous influence. Another important factor is 
the onset of stress, since the effect will be differ-
ent when stress occurs at either the vegetative or 
generative stage.

6.3.2  Feature Selection

Yield of harvestable product is the preferred fea-
ture if one is only interested in the classification 
of genotypes according to drought tolerance in an 
agricultural perspective. However, when the 

focus lies on uncovering the mechanisms behind 
yield increase during adverse conditions or if 
yield cannot be measured due to experimental 
constraints, there is a need for a proxy for yield. 
Consequently, a new question arises, which 
proxy for yield should be used? In other words, 
which other features have an influence on yield? 
Abiotic stress negatively influences growth dur-
ing the vegetative stage, the number of hands per 
bunch, the fingers per hand as well as filling of 
the fingers during the generative stage. Ultimately, 
these changes decrease bunch weight (Robinson 
and Alberts 1986; Nyombi et al. 2010; Obiefuna 
1984).

Therefore, yield conservation during periods 
of stress is possible by maintaining biomass 
accumulation during the vegetative stage (BM), 
and by ensuring the full potential of fruit setting 
and filling during the generative phase (HI), and 
is given by

 Y = ×BM HI  (6.1)

Banana is a crop that is continuously grown 
throughout the year, so it is also necessary to take 
time into account as an extra dimension in the 
equation, i.e. the duration of the growth cycle 
(ΔtGC). A plant that needs less time to deliver the 
same yield is preferred, so that a new growth 
cycle can be initiated faster. Therefore, we can 
adjust Eq. 6.1 as follows:

 Y = × × −BM HI tGC∆ 1

 (6.2)

The best proxy for yield is, according to Eq. 
6.2, any process that positively influences one of 
the core features in the right term (BM, HI, ΔtGC) 
during stress. These proxies therefore contribute 
to stress tolerance. For banana, the vegetative 
growth in terms of dry mass accumulation 
directly influences the duration of the growth 
cycle (Robinson and Alberts 1986). Water short-
age during the vegetative stage will slow down 
the biomass accumulation and will prolong the 
duration of the growth cycle. A bigger biomass 
accumulation during the vegetative stage is also 
advantageous since bigger and stronger plants 
can resist stronger winds and at bunch formation 
it can carry a heavier bunch and allocate more 
resources towards the bunch. For these reasons 
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dry mass accumulation during the vegetative 
stage is an ideal proxy.

Use efficiency should be included when a lim-
iting resource, such as water or a soil nutrient, is 
at the basis of the abiotic stress. It is a measure 
for the conversion of limiting resource into har-
vestable product. On the other hand, a major 
drawback of selection on, for example, water use 
efficiency is that it can guide phenotype selection 
towards slower growers. As was suggested by 
Blum (2009), following de Wit’s equation (Eq. 
6.3),

 
B

n Tr

E
=

×

0  
(6.3)

with B the biomass or fresh weight accumulated, 
Tr the transpiration, n a transpiration- independent 
crop constant and E0 the free water evaporation. 
Decreasing transpiration will thus increase tran-
spiration efficiency but further decrease biomass 
accumulation. Therefore it is equally important 
to take growth into account. In this perspective, 
we proposed the use of quadrants to integrate 
both use efficiency and growth for drought- 
tolerant genotype selection (Kissel et al. 2015).

Non-stressed conditions are often disregarded 
when looking for abiotic stress tolerance. It must 
be noted that this situation is the most prevalent 
situation in agriculture. For that reason, the 
selected features should be tested and compared 
between contrasting phenotypes under those con-
ditions as well. Better performing genotypes 
under stress conditions are not necessarily the 
best performers under standard conditions. A 
clear example is given by the overexpression of 
the Arabidopsis thaliana transcription factor, 
AtCBF1, in banana cv. Dajiao (ABB). The over-
expressing lines showed less electrolyte leakage 
and better ROS scavenging under cold stress, 
indicating improved tolerance. However, the 
overexpressing lines also showed growth retarda-
tion under standard conditions, making them less 
ideal for agricultural purposes (Liu Kai et al. 
2012; Yang et al. 2015).

In conclusion, a tolerant phenotype for abiotic 
stress (due to a limiting resource) is a phenotype 
that best maintains growth both under normal and 

stress conditions (and uses the resource most 
efficiently).

6.4  Unravelling the Molecular 
Landscape of Abiotic Stress 
Tolerance

As already indicated above, the main focus of 
molecular research was on biotic constraints, 
while far less attention was paid to abiotic 
stresses. Moreover, most molecular research on 
abiotic stress is focused on one gene, while toler-
ance to abiotic stresses usually is a very complex 
interplay of different genetic adjustments and 
thus a multigenic trait. Sometimes more genes 
are monitored during an experiment, but they 
mainly encompass the usual suspects to prove an 
abiotic constraint rather than focusing on how 
tolerance is manifested (Shekhawat and 
Ganapathi 2013). It is very important to distin-
guish between genes that are differentially regu-
lated due to the general stress response or due to 
a tolerance response. The best way to do this and 
to screen beyond the usual suspects is via holistic 
-omics approaches, where the whole genotypic 
variation at a certain moment and at multiple 
molecular levels is taken into account. The 
approach is therefore not specific and less biased. 
It is a hypothesis-generating rather than 
hypothesis- driven approach that can further be 
tested to go beyond the usual suspects (Horgan 
and Kenny 2011).

6.4.1  Molecular Variation 
Between Genotypes

Two types of molecular variation between geno-
types can clearly be distinguished. Firstly, there 
is static variation due to genomic differences and 
secondly dynamic variation due to genome × 
time × environment interaction, which is reflected 
by the transcriptome and proteome, but can also 
comprise the metabolome and epigenome.

With every increase in the degree of function-
ality (genome to transcriptome to proteome), 
there is an increase in molecular interaction and 
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complexity (Zivy et al. 2015). Let’s take the 
smallest possible genomic difference, a single 
nucleotide polymorphism (SNP). Neither the dif-
ferent growth stages nor the environment influ-
ence this genomic difference; therefore the 
molecular variation at genome level can directly 
be assessed by sequencing. When such a SNP 
translates into an altered protein, it can change 
the transcriptome in multiple ways, for example, 
when the altered protein is directly involved in 
the transcription (e.g. RNA polymerases, tran-
scription factors, activators), the translocation of 
transcription-related proteins (e.g. nucleopores) 
or the turnover of transcripts (e.g. RNases). At 
transcriptome level, this modification therefore 
already creates more molecular variation than 
can be predicted from the initial genomic differ-
ence. Going a step further to the proteome level,
the altered protein could alternatively control 
translation or post-translation. The protein could 
even be altered differently by other proteins or by 
the stimulus itself. These processes would inflate 
the genomic difference at proteome level even 
more. To conclude, a genomic difference, even a 
SNP, may be a trigger for a shift in the chemical 
equilibrium resulting in a variety of genotypic 
differences which become more complex as the 
functionality level increases. Every extra genomic 
difference increases the complexity of the molec-
ular variation even more due to possible alterna-
tive interactions between them. This holds the 
main challenge when conducting research at an 
increased functionality level. The advantage of 
increased functionality (gain of information) 
goes hand in hand with the disadvantage 
(obscureness of information) due to the increased 
complexity.

Dynamic molecular phenotyping therefore 
poses extra opportunities as well as challenges. 
Dynamic means that one can explore a range of 
interesting moments during stress progression, 
from the onset of stress through molecular sig-
nalling and adaptation to homoeostasis. Also the 
effect of an abiotic stressor on different tissues 
can be assessed. However, the dynamic nature 
and huge biological variability in sample groups 
make it extra challenging to disentangle the 
molecular soup and uncover the components of 

interest. For that reason, precise and high- 
throughput phenotyping becomes increasingly 
important to cope with increasing complexity. 
The more precise the phenotype is described, the 
more precise a correlation to the genotypic varia-
tion can be made.

As discussed before, the environmental stimu-
lus should be well defined and demarcated as 
well, so that results can be compared across dif-
ferent studies and no nonsense comparisons are 
made, or even wrong genes are employed to con-
struct ‘tolerant’ phenotypes (Skirycz et al. 2011). 
In what follows, several molecular techniques 
concerning abiotic stress research on banana are 
discussed. The main advantages, disadvantages 
and pitfalls of those techniques are listed.

6.4.2  Challenges for Banana

Molecular work, and thus the assessment of 
genotypic variation, on banana poses several 
challenges. Two major challenges for banana are 
identified: sterility of cultivars and difficulty to 
annotate the genome.

Sterility of the most important cultivars poses 
a first major challenge for molecular research. 
Because most cultivars are highly sterile, it is 
almost impossible to generate crosses. Research 
based on segregating hybrid populations is there-
fore impossible unless executed by crossing two 
crop (wild) relatives (https://www.croptrust.org/
crop/banana/). Mapping of quantitative trait loci 
(QTL) through transgressive segregation is there-
fore excluded for the sterile cultivars. Especially 
for abiotic stress tolerance, a multifactorial pro-
cess, this becomes an issue as it is important to 
link certain traits, related to tolerance, to genetic 
markers or loci of clustered tolerance genes. 
Another approach for mapping those traits to 
genetic markers could be through genome-wide 
association studies (GWASs). But therefore
enough genetically closely related and perfectly 
phenotyped individuals with a high resolution of 
genetic markers are necessary.

The banana genome is poorly annotated. Very 
recently, molecular banana research experienced 
a breakthrough with the sequence of the 
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 doubled- haploid A genome of DH-Pahang (M. 
acuminata ssp. malaccensis) being published in 
2012 (D’Hont et al. 2012). Two years later, the B 
genome of the diploid M. balbisiana var. Pisang 
Klutuk Wulung was sequenced and structurally 
annotated using the A genome as a template. 
However, several drawbacks have to be overcome 
for molecular research on banana to advance 
even further.

Only the A genome of one specific ancestor 
species has been sequenced until now. Yet, there 
are multiple M. acuminata ancestor species, 
which all had their specific contribution to what 
is now referred to as the A genome. As hybrid 
cultivars evolved further, crossover events, indels 
and other genomic rearrangements took place 
(De Langhe et al. 2010). For non-biased compar-
ative (-omics) research between cultivars, it is 
therefore necessary to have a rough but complete 
overview of the genomic building blocks of the 
cultivars. Next-generation sequencing and the 
available template made it in principle straight-
forward to sequence the other ancestor and culti-
var genomes and to map and resolve the biggest 
gaps. The functional annotation process becomes 
difficult, as the closest related model crop is rice, 
of which the genome already differs substantially 
from that of banana (D’Hont et al. 2012). 
Therefore, the function of many banana genes 
remains unknown. The main reason for this gap 
in genomic information can be attributed to the 
status of banana as a non-model crop and a large 
genetical distance with the closest model crops. 
As a non-model crop, less resources are oriented 
towards research on banana. Resources are nec-
essary to sequence other ancestor M. acuminata 
species or to build up knowledge facilitating 
functional annotation of the genome, especially 
for banana-specific genes.

6.4.3  Genomics

At the level of the genome, in silico analyses like 
homology searches can be performed to uncover 
banana tolerance genes using tolerance-related 
genes in other species (cross species annotation). 
Such studies do not necessitate information about 

the full sequence nor the structure in overwhelm-
ing detail. Nevertheless, homology searches are 
restricted by the translatability gap between spe-
cies. Will the homolog’s functional annotation 
hold true when comparing banana with thale 
cress? Will the tolerance gene be equally impor-
tant for tolerance in banana as in the original spe-
cies? How much banana-specific tolerance genes 
are missed? Additionally, in the light of a multi-
factorial trait as abiotic stress tolerance, this 
approach is fundamentally arbitrary. Which gene 
will be picked? The holistic view on tolerance is 
completely lost. Alternatively, genomic informa-
tion can be used through direct comparison of 
different genotypes and relate uncovered genetic 
differences to tolerance. This method implies the 
need of substantial resources and detailed sequen-
tial and structural information.

6.4.3.1  In Silico Analysis
Until recently, progress of genomic research in 
banana was arduous as the genome was not 
sequenced and annotated yet. Therefore the 
genomic abiotic stress research mainly focused 
on homology searches in small genomic data-
bases of banana for cross species tolerance genes 
or for gene families or domains related to toler-
ance. Because the small databases did not cover 
the full genome, it was still very hard to find spe-
cific tolerance genes or to perform extensive 
research on how certain gene families are distrib-
uted and how they diversified across the genome. 
Therefore, genomic research was focused on 
homology search for the usual suspects, i.e. genes 
from other species that are somehow related to 
tolerance. When a gene of interest is discovered 
in a banana database, the next step involves link-
ing the gene to tolerance. For that purpose, over-
expressed lines can be created and correlated to a 
tolerant phenotype. An example of this workflow 
is the discovery and characterization of 
MusaDHN-1, a SK3-type dehydrin, which was 
identified from a banana leaf cDNA library. 
Subsequently, it was characterized to confer 
drought and salt stress tolerance because of high 
proline accumulation in overexpressed lines sub-
jected to 15 days of water deprivation in the 
greenhouse (Shekhawat et al. 2011). However, 
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growth and yield performance under stress and 
normal conditions were not assessed. This is 
problematic since osmolyte accumulation, such 
as proline, has been reportedly correlated to a 
reduced growth under normal conditions, while 
those are the most prevalent conditions in planta-
tions (Maggio et al. 2002). As part of a survival 
strategy, these genes can be defined as tolerant; 
from an agricultural perspective, it is less obvious 
to classify them likewise at this point.

Direct discovery by homology search is a 
good starting point but is far from ideal, since 
abiotic stress tolerance is a multifactorial trait. It 
is a very arbitrary and rather limited approach. So 
which gene is relevant to pick for abiotic stress 
tolerance in banana? It is not evident to use the 
knowledge about a single tolerance gene and 
translate it to systemic tolerance in a complete 
other species. Moreover, different species follow 
complete different paths to convert inputs into 
output, let alone to sustain growth under abiotic 
stress (i.e. optimal adaptation of the unique flow 
from input to output). It is reasonable to think 
that homologous genes would influence the same 
basic processes in banana as they do in the origi-
nal species, but this does not mean they confer 
drought tolerance the same way. The other way 
around, however, homology search is still of 
utmost importance for functional annotation of 
banana sequences using cross species databases.

6.4.3.2  Comparative Genomics
As stated in 6.4.2, detailed knowledge of the 
genome is necessary for comparative genomic 
research in banana. Due to the lack of a large 
genomic database until recently, research at 
genome level was hampered. As far as we know, 
a decent QTL mapping has not been performed in 
banana. As more crop (wild) relative species are 
becoming sequenced, more cultivars can be 
sequenced or mapped for markers, and QTLs can 
be discovered, through, e.g. genome-wide asso-
ciation studies (GWASs). Mapping through
GWAS is largely dependent on high-throughput
phenotyping, as desirable traits have to be pheno-
typed over a vast array of cultivars so they can be 
mapped reliably to a set of genetic markers 
(SNPs). Even before sequenced populations or 
closely related relatives are available, high- 

throughput phenotyping studies on abiotic stress 
can be performed. Later, when a sequence or 
marker map of those cultivars becomes available, 
the discovered tolerance traits can still be linked 
to markers. This may be one of the advantages of 
the easy vegetative propagation capabilities of 
banana and the use of the static genome. 
Whenever marker maps or sequenced genomes 
become available for cultivars that were pheno-
typed, GWAS can still be performed, given that
no somaclonal mutations occurred during the 
conservation of the cultivars.

As an alternative, functional genomic studies 
(transcriptomics, proteomics) can be addressed, 
as the need of a sequenced genome or marker 
map of the study object is less crucial (Carpentier 
et al. 2008a, b). Functional genomic studies go 
beyond the differences in static information 
between genotypes and take into account the 
interaction effect with abiotic stress. Indeed, 
those techniques are based on differential expres-
sion levels of the genes/proteins caused by the 
abiotic stress stimulus directly. For that reason, 
obtained sequences can be readily mapped to 
genomic (cross species) databases, which does 
not necessitate knowledge about the entire 
genome.

6.4.4  Transcriptomics

Compared to other functional genomic studies 
like proteomics, it is a relative simple strategy as 
the transcriptome reflects one of the first steps 
from static information to dynamic functionality, 
while the molecular structure is still closely 
related to that of the genome. One way to assess 
dynamic genetic information is through the use 
of transgenic lines. After altering the expression 
of a particular gene that is hypothesized to confer 
tolerance, scientists assess the altered phenotype 
in the context of tolerance. However, this 
approach only sheds light on a subprocess as abi-
otic stress tolerance is influenced by the interplay 
of multiple genes. Alternatively, a complete over-
view of the expression profile can be generated 
using high-throughput transcriptomic methods. 
Major tolerance pathways can be uncovered by 
comparing profiles of different genotypes.
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6.4.4.1  Altering Gene Expression
As mentioned in 6.4.3, homology searches are 
not ideal because of the translatability gap. 
However, an interesting approach was provided 
by Sreedharan et al. (2015) using transcriptomic 
data in the form of expressed sequence tag (EST) 
datasets. They performed a homology search on 
the OsPIP2;6 aquaporin gene of rice in two con-
trasting EST datasets, one from stressed and the 
other one from non-stressed banana tissue. Doing 
so, they directed the homology search of a well- 
described abiotic stress-related gene in a distant 
species towards stress-responsive genes in 
banana itself. The selection of OsPIP2;6 was 
based on its reported relation to salt tolerance in 
rice (Liu et al. 2013). A homolog was found in 
the contrasting EST databases and identified as 
MusaPIP2;6. In order to link this stress- 
responsive gene to tolerance, they compared a 
constitutive and inducible overexpressed line to 
an untransformed line of cv. Karibale Monthan 
(ABB) by assessing photosynthetic activity and 
membrane damage during salt stress. Plants were 
grown in the greenhouse and were 3–4 months 
old at the onset of severe salt stress (250 mM 
NaCl, 10 days). Based on both overexpressing 
lines, they concluded that the tolerance gene was 
related to better photosynthetic efficiency and 
reduced damage to the cellular membrane 
(Sreedharan et al. 2015). They did not, however, 
provide data on the growth performance of the 
overexpressed lines under abiotic stress.

Although this approach is well suited to con-
firm tolerance genes in banana, it does not offer a 
holistic view on the full differential reaction but 
merely focuses on a link in the chain. It is a 
hypothesis-driven and biased approach that does 
not necessarily focus on the most important pro-
cesses in banana. High-throughput profiling 
offers a solution to overcome this issue as it pro-
vides an overview of the main processes, which 
allows for relevant hypotheses to be generated.

6.4.4.2  High-Throughput Profiling
EST comparison is a tag-based approach and can 
be used for medium-throughput profiling. 
Contrasting EST datasets from stressed and non- 
stressed tissue are compared between multiple 

genotypes. Sequences that are differentially 
abundant between the most tolerant and sensitive 
genotype(s) are marked as tolerance related. 
Sequences can be functionally annotated by 
using them as a template for homology search in 
(cross species) databases. However, quantifica-
tion of the tags forms the basis of comparison 
studies, which is relatively complex and largely 
facilitated when a sequenced genome is avail-
able. As the genome sequence was not available 
yet, this method was only partly employed to 
screen for genes expressed at low (5 °C and 15 
°C) and high (35 °C and 45 °C) temperature 
stress at different time points between 1 and 21 h 
after stress induction on in vitro propagated 
plantlets (±30 cm high) of M. acuminata ssp. 
burmannicoides var. Calcutta 4 (Santos et al. 
2005). A cold and hot library was generated 
using the corresponding EST samples. Over both 
libraries, 1019 sequences could be reassembled, 
which is only 2.79 % of the roughly 36,542 
protein- coding models that were identified in the 
sequenced A genome (D’Hont et al. 2012). From 
these sequences only 517 could be functionally 
annotated, hence the medium-throughput label 
for this technique. Those annotated genes were 
mainly involved in protein modifications, chaper-
one functions, protein turnover, translation, car-
bohydrate metabolism, transport and signal 
transduction. Most of these identified processes 
are equally important during normal conditions. 
An additional search for enriched functions in the 
cold and hot libraries compared to a control EST 
dataset would have been more informative about 
the stress response. EST libraries from only one 
cultivar were generated, and no quantitative mea-
surements were possible as the sequences could 
only be mapped to the available EST libraries. 
Therefore only a rough overview of a cold and 
hot transcriptome was constructed, and the major 
processes are merely indicative for the stress 
response, let alone for tolerance response.

Microarrays are widely used for system-wide 
transcriptome studies. In contrast to the previ-
ously described tag-based approaches, microar-
rays are highly dependent on sequenced genomes, 
since the probe sets for cDNA hybridization are 
specifically designed to capture a specific gene 
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set. So it is a closed approach as unknown genes 
will not be detected since they are not spotted on 
the chip, and therefore the system-wide profiling 
is biased. Consequently, it was very challenging 
to use microarrays for abiotic stress research in 
banana before the genome was published. In 
2009, however, when the genome was not avail-
able yet, scientists accepted the challenge and 
performed cross hybridization of banana genomic 
DNA to an Arabidopsis thaliana ATH-1 and a 
rice gene chip (Davey et al. 2009). The cross 
hybridization resulted in the selection of 33,700 
highly homolog probe sets which could be used 
for transcriptomic profiling in banana. The 
selected probes may not be the most interesting 
ones for tolerance research, as the approach 
focuses specifically on well-conserved genes 
throughout distant species. Indeed, the authors 
reported that the stress-responsive genes showed 
a significant overlap with studies in other (model) 
species and that many of the transcripts are part 
of processes that are typically involved in plant 
stress response (Davey et al. 2009). Those genes 
therefore tend to be more involved in a general 
stress response that is conserved throughout sev-
eral (distant) species than truly being responsible 
for tolerance. A possibility to distinguish between 
the general stress response and the tolerance 
response could be to repeat the study on geno-
types with contrasting tolerant phenotypes. It 
should be noted that the imposed stress was 
attained by withholding water for 5 weeks. In 
pots, this would mean that the stress reached an 
extreme intensity that does not occur in banana 
production systems. Up till now, this study is still 
one of the most extensive transcriptomic profil-
ing studies on drought stress in banana. As the 
banana genome reveals its secrets step by step 
and next-generation sequencing offers great and 
relatively cheap possibilities, there are new and 
better technologies arising.

RNA-sequencing or RNA-seq is the newest 
technique for transcriptomic profiling. The full 
mRNA sample is sequenced, using next- 
generation sequencing technology, and reads are 
long enough to be easily assembled to contigs 
with or without information of a reference 
genome. For that reason this technique does not 

necessitate a sequenced genome for quantifica-
tion and becomes very interesting for non-model 
crops. Additional advantages over other tech-
niques are the improved dynamic range as well as 
sensitivity. For banana, this technique offers great 
possibilities. The availability of the transcrip-
tome helps to improve the structural annotation 
of the genome. Data from RNA-seq experiments 
help to determine the exact location of genes, 
intron-exon structures, splice variants and map 
SNPs. The first comparative RNA-seq that is 
reported for abiotic stress on banana was on 
short-term effects of low-temperature stress (10 
°C) in the leaves after 3 and 6 h between cv. 
Dajiao (ABB) and cv. Cavendish (AAA) (Yang 
et al. 2015). At 6 h after stress induction, 28 com-
mon stress-responsive genes were identified, 
which links them to a general stress response to 
the cold. The authors defined cv. Dajiao as cold 
tolerant and identified 17 unique early stress- 
responsive genes for this cultivar compared to the 
sensitive one. They related those genes, which 
were involved in signal transduction, copper ion 
equilibrium, photosynthesis, photorespiration 
and sugar stimulation, as early stress genes to 
cold tolerance. Twelve early stress-responsive 
genes were further assessed under extended 
stress (3, 6, 24 and 48 h) to confirm the RNA-seq 
results and link them to stress progression. 
Especially ICE1 and MYBS3 were put forward as 
showing different expression patterns between 
the tolerant and sensitive cultivar during the 
course of the cold stress. Because of the selective 
induction of those genes by the tolerant genotype 
during early stress stages, they are thought to spe-
cifically initiate the cold tolerance pathways in 
ABB compared to AAA cultivars. Additionally, 
the authors stated that MYBS3 was already placed 
in the context of long-term tolerance response in 
rice (Su et al. 2010). For those reasons, both 
genes are believed to be the main contributing 
factors to the tolerant phenotype during early 
stress (Yang et al. 2015). An extensive drought 
research is in the pipeline. We performed a mild 
drought experiment (5 % PEG, 3 days) on three
genetically different cultivars, cv. Grande Naine
(AAA), cv. Mbwazirume (AAAh) and cv. 
Cachaco (ABB), to assess a general early stress 
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response. RNA-seq was performed on the root 
tips. Seventy to eighty-four percent of the reads 
could be mapped to the reference genome, and 92 
genes were significantly upregulated in all three 
cultivars. The most important altered processes 
were glycolysis and fermentation. RT-qPCR on 
22 of the genes confirmed the importance of 
those alternative energy-related processes during 
the early stress response. Osmotic stress causes a 
shift in metabolism which requires much energy. 
This extra energy demand rapidly depletes the 
energy level of high energy-demanding tissues 
like root tips. As a result, alternative energy 
sources become increasingly important to cope 
with the stress in an early stage (Zorrilla et al. 
2016).

RNA-seq analysis was also used to molecu-
larly profile the reaction of banana on osmotic 
stress. We conducted a mild drought experiment 
(5% PEG, 3 days) on three genetically different
cultivars, cv. Grande Naine (AAA), cv.
Mbwazirume (AAAh) and cv. Cachaco (ABB), 
to assess a general early stress response. RNA- 
seq was performed on the root tips. Seventy to 
eighty-four percent of the reads could be mapped 
to the reference genome, and 92 genes were sig-
nificantly upregulated in all three cultivars. The 
most important altered processes were glycolysis 
and fermentation. RT-qPCR on 22 of the genes 
confirmed the importance of those alternative 
energy-related processes during the early stress 
response. Osmotic stress causes a shift in metab-
olism which requires much energy. This extra 
energy demand rapidly depletes the energy level 
of high energy-demanding tissues like root tips. 
As a result, alternative energy sources become 
increasingly important to cope with the stress in 
an early stage (Zorrilla-Fontanesi et al. 2016).
Both of these studies were the first in their field 
(cold, osmotic stress) to be conducted on banana. 
The detailed results of the studies indicate the 
strength of such high throughput molecular pro-
filing techniques, which promise to greatly 
enhance knowledge in the field of abiotic stress 
on banana.

6.4.5  Proteomics

Proteins are the product of transcription and 
translation of the genome and are the main func-
tional elements in the cell. During abiotic stress, 
protein activity can be switched on or off, and 
therefore protein concentration is not the only 
determinant for their cellular activity. Hence, it is 
also interesting to assess protein activities, apart 
from quantitative high-throughput proteomic 
profiling.

6.4.5.1  Protein Activity Assessment
As part of (low-throughput) proteomic phenotyp-
ing, the alteration of several processes can be fol-
lowed by assessing the activity of some proteins 
involved. One of the main consequences of most 
abiotic stresses is the imbalance of reactive oxy-
gen species (ROS) production and scavenging. 
That’s why many stress-responsive proteins are 
involved in redox balances and ROS scavenging. 
In order to get an overview on how the balance of 
ROS is shifted, the activity of ROS scavenging 
enzymes can be measured, as a way of a molecu-
lar (low-throughput) proteomic tool. When com-
paring cv. Williams (AAA) and cv. Cachaco 
(ABB) under low-temperature conditions (7 °C, 
120 h), the level of several ROS increased in the 
leaves (Zhang et al. 2011). It was clear that cv. 
Cachaco experienced less membrane leakage and 
photoinhibition than cv. Williams. The authors 
therefore postulated that cv. Cachaco is projected 
to lose less yield than cv. Williams and can there-
fore be described as the more tolerant one. There 
was a general decrease of catalase in both culti-
vars. The enzymatic activity of superoxide dis-
mutase, ascorbate peroxidase and peroxidase all 
increased in cv. Cachaco, but decreased in cv. 
Williams, explaining the reduced ROS damage in 
cv. Cachaco (Zhang et al. 2011). This is only one 
of the processes that are influenced under abiotic 
stress. In order to obtain an overview on all the 
processes that are changed, scientists use high- 
throughput techniques to quantify protein levels 
and compare them between treatments and 
genotypes.
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6.4.5.2  High-Throughput Proteomic 
Profiling

Besides the high level of information that pro-
teins offer, high-throughput proteomic profiling 
becomes also very interesting for non-model 
crops, of which the genome has not been 
sequenced (Carpentier and America 2014; 
Carpentier et al. 2008b). Protein sequences are 
more conserved than genomic or transcriptomic 
sequences. Moreover, proteins contain functional 
or structural domains that are most conserved at 
this level and which shed a light on the main 
function or even the location of the protein in the 
cell. The uncertainty that comes from the predic-
tion of the open reading frame as in both genomic 
and transcriptomic research is also solved using 
proteomics. Two techniques are generally used 
and are denoted as gel based and gel-free.

The gel-based technique in particular is very 
useful when the genome is poorly sequenced. 
This method ensures a two-dimensional separa-
tion of the proteins according to their isoelectric 
point and molecular weight, leaving them intact. 
Proteins of interest can be picked from the gel 
and analyzed separately using mass spectrometry 
to identify the protein-derived peptides. In 2007, 
when the banana genome was not available yet, 
we performed a gel-based proteome study on the 
meristem of banana after osmotic stress induc-
tion (0.4 M sucrose, 2 weeks) (Carpentier et al. 
2007). A banana plant only has one meristem that 
initiates all the new leaves during the vegetative 
phase and the bunch and flowers during the gen-
erative phase. Therefore changes in the meristem 
during abiotic stress become extremely important 
as they directly influence plant growth. The pro-
teome study revealed many stress-responsive 
proteins that were active in a variety of processes. 
The main processes included recycling of storage 
proteins as a new source of amino acids, changes 
in carbohydrate metabolism to cope with altered 
energy demands under stress (Carpentier et al. 
2007), preservation of cell wall integrity under 
low osmotic conditions and upregulation of 
molecular chaperones. Comparison of proteomic 
profiles of the meristem between a tolerant and 
sensitive cultivar yielded several possible candi-
dates for drought tolerance as they were uniquely 

or differentially expressed. The tolerance- specific 
proteins were involved in energy metabolism 
(phosphoglycerate kinase, phosphoglucomutase, 
UDP-glucose pyrophosphorylase) and were asso-
ciated with stress adaptation (OSR40, abscisic 
stress-ripening protein) (Carpentier et al. 2007). 
The proteome-based method even enables scien-
tists to assess different isoforms or post- 
translational events, proving the valuable 
information the proteome can offer over other 
molecular levels. More and more scientists take 
the whole gene family or possible variants into 
account when performing a detailed analysis on 
tolerance genes, since they are differentially 
employed during stress and tolerance. For 
banana, paralog expression levels of the stress- 
related and well-described HSP70 family were 
investigated during osmotic stress (Vanhove et al. 
2015). Instead of identifying the whole family as 
a tolerance marker, our group uncovered that a 
specific paralog on chromosome 2, with an 
abscisic acid-responsive element in the promoter 
region, was mostly responsible for the differen-
tial expression profile of the HSP70 family under 
osmotic stress. The gel-based technique proved 
to be the technique of choice as the intact pro-
teins are separated on molecular mass and iso-
electric point, clustering very similar proteins, 
which can subsequently be analyzed in great 
detail using MS/MS.

The gel-free technique has become the pre-
ferred way of performing high-throughput pro-
teomics in banana. The technique has a higher 
throughput compared to the former technique 
because different steps inherent to gel separation 
and staining can be skipped. The drawback is that 
a complex sample of peptides is analyzed and has 
to be disentangled to reconstruct the original pro-
teins. The availability of a sequenced genome 
greatly empowers the reconstruction of proteins 
from the peptide soup. An interesting approach to 
avoid the need of a fully sequenced genome was 
proposed by Yang et al. (2012). They constructed 
a transcriptome template using RNA-seq. The 
transcriptome holds even more advantages over 
the genome because the coding sequence is used 
directly and protein prediction is therefore not 
dependent on exon-intron or other structural pre-
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dictions. The transcriptome template facilitated 
the authors to link peptides, making protein 
reconstruction easier. Due to the template, the 
exact coding sequences of the proteins could be 
derived, and the template could additionally be 
used for functional annotation. The authors ana-
lyzed the proteome from leaf tissue of cv. Dajiao 
(ABB) after 6 and 24 h of cold stress at 8 °C. GO
annotations categorized the majority of the stress- 
responsive proteins in oxidation-reduction, pho-
tosynthesis, photorespiration, cell wall integrity 
and carbohydrate metabolic processes. Validation 
of the proteomic data was performed using 
Western blot analysis on seven differentially 
expressed proteins. Additionally, the quantity 
and activity of several ROS scavenging enzymes 
were compared between cv. Dajiao (ABB) and 
cv. Brazil (AAA). Cv. Dajiao seemed most effi-
cient in scavenging ROS through the catalase 
pathway, partly explaining its success to with-
stand short cold periods better (Yang et al. 2012). 
However, it is surprising that the increased con-
tent and activity of catalase were put forward as 
the main factor determining tolerance, since 
Zhang et al. (2011) observed a decrease of cata-
lase activity in cv. Williams as well as in the tol-
erant cv. Cachaco under low-temperature stress. 
Both experiments were performed using the same 
stress intensity (8 °C versus 7 °C). The descrip-
tion of plant material indicates that the plants 
were sampled at more or less the same stage as 
well. The biggest differences were found to be 
the duration of the stress (24 h versus 120 h) and 
the leaf that was sampled (newest leaf versus a 
random leaf). This indicates that, most likely, 
duration (or even the physiological stage of the 
sampled leaf) is a very important factor to take 
into account and to report when defining toler-
ance. Another possibility is that a genotypic dif-
ference within the same genomic group (ABB) is 
at the basis of the different reactions. In that case, 
it is not advisable to directly infer results from 
the comparison between two genotypes to a state-
ment about their corresponding genomic groups. 
For that reason care should be taken when defin-
ing a whole genomic group (i.e. the ABB culti-
vars) as tolerant based on data of just one 
representative.

6.5  Omics Integration

Since the exponential rise of molecular tech-
niques at different levels, scientists dreamed of 
integrating all information to dig deeper in core 
plant processes. Systems biology is the branch 
where scientists try to integrate the information 
of different -omics levels, as every functionality 
level contains unique information over another. 
Therefore, it is clear that the different levels 
depend on each other to gain detailed information 
(Zivy et al. 2015). For example, uncovering the 
high-value information at proteome level is much 
more efficient when genomic information is 
available. Another example is that the transcrip-
tome is not entirely one on one correlated to the 
proteome due to different half-lives of transcripts 
and proteins and due to post-translational events 
(Haider and Pal 2013; Carpentier et al. 2008a). 
As a consequence, protein levels can give extra 
perspectives on the importance of differential 
transcript levels. Therefore, if possible, all levels 
should be used complementing one another.

The first line of integration in abiotic stress 
research is the use of the phenotype to guide the 
molecular analysis. This integration should 
always be conducted meticulously, by defining a 
phenotype and coupling molecular markers to it. 
Thereby, scientists are able to uncover tolerance- 
related genes. The genome is used extensively to 
complement other -omics research. As already 
mentioned previously, another integrative tech-
nique employed in abiotic stress research in 
banana is the use of the genome to facilitate 
molecular identifications at transcriptome and 
proteome level. In this matter, another interesting 
approach was employed by Yang et al. (2012) 
using RNA-seq data to improve protein identifi-
cation in gel-free proteomics to find proteins 
related to cold tolerance in banana. For banana, 
where the genome was not readily or extensively 
available at that time, this technique offers great 
possibilities. Another use of transcriptome infor-
mation for integrative purposes is to improve the 
structural annotation of the genome. Data from 
RNA-seq experiments can help determine the 
exact location of genes, intron-exon structures or 
even splice variants.
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These integrations have improved the power 
of -omics research substantially; however the 
next step still remains the integration of expres-
sion levels at transcriptome and proteome level 
and eventually couple them to the change in 
metabolome. However, until now this challenge 
remains one of the hardest in systems biology, 
and no such study was already reported on 
banana.

6.6  Conclusion

Whereas the first molecular experiments in the 
early 2000s were mainly focused on single pro-
teins and genes that could enhance abiotic stress 
tolerance, very recently more extensive profiling 
methodologies appeared at the scene. The prob-
lem with single-gene and single-protein studies is 
that they were linked to tolerance processes in 
other species, which are not necessarily equally 
important for tolerance in banana. Additionally, 
single-gene studies are merely focused on sub-
processes of tolerance. As the technologies 
become more advanced and relatively less expen-
sive and the genome sequence reveals more and 
more of its secrets, high-throughput profiling 
studies are increasingly becoming the standard, 
and already some core processes during abiotic 
stress could be well described in model species. 
Although biotic constraints are still a priority for 
banana, there has already been effort to charac-
terize the genetics behind several abiotic stresses 
as well, especially low-temperature stress and 
drought. While extensive nutrient deficiency 
studies at molecular level for banana are nonex-
isting, in general extensive research towards abi-
otic stress tolerance should come off the ground.

As in other crops, focus of the little research 
that was already oriented towards abiotic stress 
was sometimes very scattered. The main problem 
is the lack of a clear demarcated vision on what 
abiotic tolerance exactly is. Slightly or very dif-
ferent views on what a tolerant phenotype looks 
like predominate research. Therefore different 
markers, genes, proteins or processes are put for-
ward to explain tolerance. Sometimes tolerance 
response is even mistakenly taken for stress 

response. Scientists should clearly define a com-
mon tolerant phenotype and relate contributing 
features to this definition of a tolerant phenotype. 
For cold stress research, there is already a more 
or less common definition on tolerance. ABB 
cultivars are viewed as tolerant, while AAA cul-
tivars are sensitive, which reflects the way they 
are perceived on the field. Membrane leakage, 
photosynthetic efficiency and ROS scavenging 
are mostly used to build up the tolerant pheno-
type, i.e. less membrane leakage, higher photo-
synthetic efficiency and better ROS scavenging 
are contributing factors to the tolerant phenotype. 
Short periods of cold stress are mostly envi-
sioned, as the focus lies on cultivation in the sub-
tropics where temperatures can sometimes, 
especially at night, drop to damaging depths for 
the plant, but do not persist throughout the day. 
For drought, however, a clear common definition 
is more difficult to construct. Furthermore there 
is a scattered focus, concerning abiotic stress, in 
terms of onset, duration and intensity of the 
stress. Also a wide diversity of genotypes under a 
broad variety of experimental growing conditions 
is being used. There is a need to link groups 
working on the same abiotic stress type and 
define a common aim.

It is recommended that the community puts 
forward a selection of key genotypes to focus 
(abiotic stress) research on, so that the available 
resources are efficiently oriented towards a lim-
ited set of genotypes. As a result multidisci-
plinary knowledge would be thoroughly collected 
and focused, which makes integration possible in 
a later stage. The key genotypes preferably con-
tain several representatives of genomic groups 
that span a wide genetic range in the Musa spe-
cies. KU Leuven and Bioversity International ini-
tiated such effort and have condensed the 
collection of more than 1500 accessions to a core 
list of 32 genotypes. Ideally, this core set should 
be adjusted by the community, if necessary, so 
that it becomes widely supported. Of course, a 
too narrow use of genotypes, as is currently seen 
in cold tolerance research in banana, where 
mostly cv. Dajiao is used as the tolerant cultivar 
and a cv. Cavendish is used as sensitive cultivar, 
should also be avoided. The use of cv. Cachaco as 
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the tolerant cultivar resulted in a decreased activ-
ity of catalase during cold stress (Zhang et al. 
2011), while its activity rose using cv. Dajiao, 
which led to define them as tolerant (Yang et al. 
2012). Results may therefore not be 1:1 inferred 
to the corresponding genomic groups when using 
a too narrow set of genotypes. It must be noted 
however that in the context of cold tolerance, 
promising results were recently published by 
Yang et al. (2015) using RNA-seq for compara-
tive transcriptomics. They identified core mecha-
nisms active in early stress and tolerance response 
and put forward two candidate genes that puta-
tively initiate a tolerance pathway specific to the 
tolerant cultivar (Yang et al. 2015). It would be 
interesting to see the results confirmed in other 
ABB and AAA cultivars as well, to confirm 
whether the tolerance path is ABB specific or 
not. As it is not evident that all ABB cultivars 
confer tolerance the same way. Other promising 
results on the general early stress response in 
banana were obtained by Zorrilla-Fontanesi et al. 
(2016). We discovered that the employment of 
alternative energy sources becomes increasingly 
important in growing root tips during stress. We 
postulate it as a general response, as the pro-
cesses involved were upregulated in different cul-
tivars spanning a broad genetic range 
(Zorrilla-Fontanesi et al. 2016). These new 
emerging researches prove the power of -omics 
technologies to provide a holistic view on abiotic 
stress tolerance in banana. Those technologies 
will definitely prove their value in the future.
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      Molecular Analysis of Fruit 
Ripening in Banana                     

     Antara     Ghosh    ,     T.  R.     Ganapathi    , and     V.  A.     Bapat    

    Abstract  

  Banana is a climacteric fruit and has a very short postharvest life. Many 
varieties of banana fruits are ripened artifi cially by treating them with 
hydrocarbons. The current methods of postharvest management practices 
used for fruits are not enough to control the ripening in banana. Recent 
advances in recombinant DNA technology and genetic engineering have 
resulted in the modifi cation of fruit ripening in banana. Towards this, 
many genes involved in ripening have been cloned and characterized. 
Ripening in banana is characterized by a biphasic ethylene production 
with a sharp early peak and a post climacteric small peak. During banana 
fruit ripening, ethylene production induces a developmental cascade 
which results in the conversion of starch into sugars, an associated burst of 
respiratory activity, and an increase in the protein synthesis. Other changes 
include fruit softening, fl avor and aroma development, change in pigmen-
tation, and increased susceptibility to pathogens; also, banana fruit soften-
ing is attributed to activities of various cell wall hydrolases. The 
participation of various cell wall hydrolases in banana softening during 
ripening has also been reported recently. The enhancing and suppressive 
effects of ABA and IAA on activities of different cell wall hydrolases have 
been noticed during ethylene-induced ripening in banana. Simultaneously, 
decrease in polyphenols, higher alcohol acetyl transferase activity, chloro-
phyll degradation etc., have been earlier reported during ripening in 
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banana. Recently efforts are made to delay the ripening by antisense sup-
pression of a transcription factor-related ripening. This review summa-
rizes the various advances made in the fi eld of fruit ripening in banana.  

  Keywords  

  Banana   •   Ripening   •   Somatic embryogenesis   •   Promoter   •   Agrobacterium   
•   Transgenic  

7.1       Introduction 

  Bananas    and plantains ( Musa  spp.)   are the peren-
nial monocotyledonous herbs that grow well in 
the humid tropical and subtropical regions. There 
are wide varieties of historic references in banana 
and the crop is mentioned in the ancient Hindu, 
Greek, and Roman texts. The earliest reference to 
banana dates back to about 500 BC. Banana orig-
inated from two wild diploid species with 
genomic compositions of AA and BB, respec-
tively (Cheesman  1948 ). It is cultivated in more 
than 130 countries across the world in an area of 
5.14 M ha producing 105.32 million tonnes of 
banana and plantain (FAO  2012 ). 

 In spite of huge production levels, bananas 
and plantains have been the subject of limited 
research compared with other staple food crops. 
Estimates indicate that the production of banana 
in 2006 was 97.37 million tonnes in the world 
and export value amounted to US $ 4 billion 
annually. Banana, being a climacteric fruit, 
undergoes unrestrained ripening behavior once 
initiated, thus losing its market viability consid-
erably in a very short span of time. According to 
FAO reports, in 1997–1998, annual loss due to 
perished fruits raised up to US $ 20 billion in 
India of which banana amounts the most. Various 
conventional practices have been used to increase 
the shelf life of banana. These include  cooling 
treatments and controlled atmosphere storage  , 
the use of ethylene-absorbing agents, and surface 
coating and moist sawdust treatments, but these 
practices proved to be either too costly or cum-
bersome. These factors shifted the focus of the 
researchers to the molecular mechanism of ripen-
ing process, and several genes associated with 
ripening in banana have been characterized, iso-
lated, and cloned (Bapat et al.  2010 ). 

 Propagation of banana  cultivars   with a pro-
longed shelf life and those that are disease-free or 
disease resistant, using classical breeding tech-
niques, remains diffi cult and a time-consuming 
endeavor due to the specifi c properties of banana 
such as polyploidy, sterility, and long generation 
period of most of the edible cultivars. On the 
other hand, modern tissue culture, cell biology, 
and molecular biological tools provide excellent 
opportunities to develop new germplasm better 
adapted to changing demands.  

7.2     Molecular Studies on Fruit 
Ripening-Related  Genes   

 Fruit ripening is  characterized   by a number of 
biochemical and developmental mechanisms that 
result in alterations in tissue metabolism render-
ing the fruit attractive for consumption by organ-
isms leading to seed release and dispersal. 
Specifi c  biochemical and physiological attributes   
of fruit ripening vary in different species and 
include changes in color, texture, fl avor, aroma, 
nutritional quality, and susceptibility to patho-
gens. Fruit ripening is genetically determined and 
many ripening-related genes have been charac-
terized in a variety of fruits which are related to 
different aspects like ethylene biosynthesis, fruit 
softening, aroma synthesis, changes in color, or 
in some cases transcription factors. Though ear-
lier studies were focused more on the roles of  cell 
wall modifying and structural proteins   (Rose 
et al.  2004 )  and ethylene synthesis      (Theologis 
 1992 ), the recent studies on ripening were carried 
out to reveal insights into primary ripening 
 control upstream of ethylene and ripening-related 
signal transduction and metabolic pathways. 
 Tomato ripening mutants      have been a great suc-
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cess in understanding molecular basis of fruit rip-
ening. One of the well-studied, tomato pleiotropic 
ripening mutations includes colorless ripening 
inhibitor (rin). This mutant locus encodes puta-
tive transcription factor. The  rin mutation      is dom-
inant in nature and effectively blocks the ripening 
process resulting in failure either to produce 
higher amount of ethylene or to respond to exog-
enous ethylene in ripening. Liu et al. ( 2009 ) 
reported the involvement of MADS-box tran-
scription factor gene ( MuMADS1)      in ethylene- 
induced fruit ripening in banana. The study 
reports the induction of MuMADS1 by ethylene 
during postharvest ripening. 

  Ethylene      has long been believed to be the 
main regulator of ripening in climacteric fruits 
(Pathak et al.  2003 ; Vendrell  2003 ). Earlier stud-
ies on the mechanism of banana ripening have 
predicted the role of  ABA   and  IAA   (Pathak and 
Sanwal  1999 ; Jiang et al.  2000 ). Later reports 
indicate the effect of  methyl jasmonate (MJ)      and 
 methyl salicylate (MS)      on ripening-related genes. 
The role of  ABA   in ripening of climacteric and 
non-climacteric fruits through ethylene interac-
tion is known. In  McIntosh apples ABA treat-
ment   led to increase in respiration and other 
ripening-related changes (Vendrell  2003 ). 
Further, Zhang et al. ( 2009 ) observed in tomato 
that  ABA   buildup was seen in seeds and fruit 
fl esh preceded by ethylene production. The effect 
of ABA in differentially regulating alcohol dehy-
drogenase gene during mango ripening was 
observed by Singh et al. ( 2010 ). ABA has been 
reported to have inducing effects on cell wall 
hydrolases during banana ripening (Lohani et al. 
 2004 ). In some of our unpublished reports, we 
have recorded a twofold increase in expression 
by glucanase promoter with a combination of 
ABA and ethephon treatment as compared to eth-
ephon alone. ABA alone could enhance expres-
sion of expansin promoter which could be 
compared to ethephon induction (Ghosh et al. 
 2012 ). The  categorization of  rin    (Vrebalov et al. 
 2002 ),  nor  (Adams-Phillips et al.  2004 ), and  cnr  
(Manning et al.  2006 ) mutants of tomato is pre-
dominantly relevant as it directly indicates the 
involvement of other developmental factors that 
act upstream of ethylene and direct the ripening 

process (Giovannoni  2004 ). Additionally, other 
categories of genes infl uencing ripening in 
tomato are those encoding for the expression of 
auxin/IAA (Jones et al.  2002 ) which directly 
indicates the involvement of  IAA   as a regulator 
of ripening in climacteric fruits. There are contra-
dictory reports on the exact involvement of IAA 
in ripening. Elevated levels of IAA with ripening 
progression have been reported, but this does not 
essentially predict stimulatory effects of IAA on 
cell wall hydrolases. Contrastingly there are also 
reports that indicate a decline in IAA levels at the 
onset of ripening (Bottcher et al.  2010 ). This 
study reported IAA as an agent that could delay 
ripening. Lohani et al. ( 2004 ) reported the 
oppressive effects of IAA on cell wall 
hydrolases. 

 Along with ethylene,  methyl jasmonate      has 
been considered as an agent that could induce 
fruit ripening (Rahman et al.  2008 ). A few reports 
indicate the stimulatory effects of jasmonate and 
salicylate during ripening on the expression of 
pathogenesis-related genes (Kesari et al.  2010 ; 
Ankala et al.  2009 ). These elicitors supposedly 
act upstream of ethylene and control the ripening 
(Ankala et al.  2009 ). We have observed inducing 
effects of  methyl jasmonate (MJ)      which is more 
in expansin followed by glucanase and chitinase 
(Ghosh et al.  2012 ). Chitinase, IFR, and expansin 
did not induce signifi cantly to methyl salicylate 
(MS)  treatment      (unpublished observation by the 
authors). Slight induction in glucanase was 
observed with methyl salicylate. 

 The role of expansin as intermediaries of  cell 
wall softening   and increase in  fruit size   during 
the fruit development in various species such as 
tomato, banana, and pear has been reported 
(Hiwasa et al.  2003 ; Trivedi and Nath  2004 ). The 
upstream regulatory sequences of expansin gene 
are characterized in banana (Trivedi and Nath 
 2004 ). It is highly fruit specifi c and strongly 
upregulated by ethylene. Yet another gene found 
to be upregulated during ripening in banana is 
 chitinase     . Clendennen and May  1997  reported 
the isolation and characterization of chitinase 
from unripe banana pulp. While chitinases are 
involved in pathogenesis-related functions, 
research has shown that in banana pulp this 
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 protein is associated with fruit ripening and it is a 
transient storage protein (Peumans et al.  2002 ). 
Another cell wall hydrolase upregulated during 
banana ripening is β-1,3-glucanase (Clendennen 
and May  1997 ; Peumans et al.  2000 ). Although 
the primary function of this hydrolase is related 
to defense, there are evidences to prove its role in 
banana fruit ripening. 

 The involvement of  ACC synthase gene   with 
the ethylene biosynthesis and ripening in banana 
has been reported (Liu et al.  1999 ). These initial 
fi ndings were later confi rmed by Huang et al. 
( 2006 ), who described many isoforms of ACS in 
banana. Among various cell wall hydrolases, 
Clendennen and May ( 1997 ) reported numerous 
upregulated and downregulated genes during rip-
ening. Class III chitinase has a storage role in 
banana pulp. It also supplies amino acids for the 
protein synthesis during ripening (Peumans et al. 
 2002 ). The involvement of expansin and polyga-
lacturonase in fruit ripening has also been inves-
tigated (Trivedi and Nath  2004 ; Asha et al.  2007 ; 
Asif and Nath  2005 ). Liu et al. ( 2009 ) investi-
gated MADS-box transcription factor gene 
( MuMADS1)      in ethylene-induced fruit ripening 
in banana. In their studies, MuMADS1 was 
induced by ethylene during postharvest ripening. 
In naturally ripened banana, its expression was 
noticed after 6 days postharvest and increased 
further till it reached the maximal level on the 
same day when ethylene production peaked. 

 The isofl avone reductase (IFR)  genes      are 
involved in stress, defense, detoxifi cation, and 
plant secondary product synthesis in plants. In 
legumes, IFR is involved in catalyzing the last 
but one step of the biosynthesis of isofl avonoid 
phytoalexins. IFR has also been reported in other 
plants such as tobacco, grapes, and rice. Kim 
et al. ( 2004 ) have shown that IFR genes respond 
to signals emanating from ethylene and jasmonic 
acid. The expression of the IFR gene in banana is 
indeed highly responsive to ethylene and being 
activated within 10 min of ethylene exposure 
(Gupta et al.  2006 ). It is likely that the process of 
ripening, which results in the conversion of acids 
to sugars as well as progressive softening of the 
cell wall, makes the fruit susceptible to pathogen 
attacks, and the expression of these defense- 

related genes is a response toward the prevention 
of such attacks. 

 Another aspect of fruit softening involves  cell 
wall metabolism   and one of the major genes 
involved in this process is expansin. Researches 
show that ripening-related expansin protein 
abundance is directly correlated with fruit soften-
ing and has supplementary indirect effects on 
pectin depolymerization, indicating the involve-
ment of this protein in the softening process. It 
also may restrict or control the activities of other 
ripening-related enzymes essential for the soften-
ing of fruits (Brummell and Harpster  2001 ).  

7.3      Somatic Embryogenesis 
and Plant Regeneration  : 
A Prerequisite 
for Engineering-Delayed 
Fruit Ripening 

 One of the major requisites in banana  genetic 
transformation   is to establish a well reproducible 
protocol for incorporation of alien genes to 
banana genome. Among the various modules 
attempted (Strosse et al.  2006 ), embryogenic cell 
suspension cultures ( ECS)      have been appropri-
ately suited for banana genetic transformation. 
Cultured young male fl owers after 2–3 months 
showed a small quantity of yellow callus which 
was followed by a white and translucent callus 
formed on the previous callus followed by the 
appearance of somatic  embryos   (Fig.  7.1 ). 
Embryogenic cell clusters generally  characterize   
embryogenic cell suspensions with potential for 
somatic embryo development and further conver-
sion to plants. In our work, friable embryogenic 
callus of cv. Robusta upon transfer to suspension 
medium (Liq. M2) released embryogenic cells 
with dense cytoplasm. Addition of  ascorbic acid      
to the cell suspension medium prevented cell 
blackening due to the phenolic oxidation. 
Suspension cultures consisted of a heterogeneous 
mixture of different kinds of cells and cell clus-
ters. The embryogenic cells were small and more 
spherical in shape and had a dense yellow cyto-
plasm with very few small vacuoles, while the 
non-embryogenic cells were distinct with large 
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vacuolated cells with meager cytoplasm and 
irregular shape. Initially, these  cultures   were very 
heterogeneous and contained large translucent 
cells as well as small dense cells. Upon frequent 
subculture at 3–4-day intervals and subsequently 
a 2-week interval, the suspension cultures com-
prised only of aggregates of small tightly packed 
cells with a dense cytoplasm. Secondary somatic 
embryogenesis was also observed occasionally. 
This was  characterized   by typical globular stage 
embryos directly from primary somatic embryos 
and occurred in clusters, initially appearing as 
small, hyaline protuberances on the surface of the 
clusters (Fig.  7.1 ). The embryos passed through a 
recognizable heart-shaped stage, a primary tor-
pedo stage, a later torpedo stage, and fi nally 
green plumule emerged from these embryos (Fig. 
 7.1 ).

   Associated with  morphological development  , 
there was a change in opacity from hyaline to 
translucent to opaque with a simultaneous change 
in the color from pale white to yellow green. The 
embryo development was achieved by plating 
0.1 ml of  PCV      on the M3 medium. The success 
of initiating a good quality ECS depends largely 
on the quality of the selected embryos. In this 
study, compact embryogenic calli were not at all 
proper for suspension initiation, as they did not 
disintegrate into small embryogenic cell clusters. 
In banana, compact calli and large embryos either 
turned dark and stopped releasing embryogenic 
cell material or dedifferentiated into globules that 
only released non-embryogenic cells (Strosse 
et al.  2006 ). For embryo germination, well- 
developed embryos were transferred to germina-
tion medium. These embryos showed good 
germination characterized by formation of green 
plumules (Fig.  7.1 ). For the development of com-
plete plantlets, these germinated embryos were 
further transferred to regeneration medium sup-
plemented with required cytokinin (Fig.  7.1 ). The 
well-developed somatic embryo-derived plant-
lets (“emblings”) grew normally during harden-
ing in the greenhouse. The development of 
plantlets in the greenhouse could be attributed to 
their developmental route through somatic 
embryogenesis and good root and shoot system 
of the transferred plantlets. 

7.3.1        Genetic Transformation   
of Banana for  Delayed Fruit 
Ripening   

 We have adopted the previously established and 
optimized transformation protocol (Ghosh et al. 
 2009 ) to transform two commercially important 
banana cultivars Rasthali and Robusta with 
ripening- related genes.  Expansin and MADSrin 
genes   are earlier isolated from banana cv. 
Harichal and cloned in antisense orientation in 
binary vector pBI121.  Promoters   of two genes, 
expansin and IFR which are highly upregulated 
during ripening, were earlier isolated and cloned. 
Two IFR promoters were used which differ from 
each other by only 144 nucleotides (designated 
as IFR 1.2, 1,359 bp and IFR 1.4, 1,215 bp). 
Expansin promoter used has previously been iso-
lated by Trivedi and Nath ( 2004 ). 

   MaMADS  and  MaExpansin  genes   used in our 
study have earlier been isolated from banana cv. 
Harichal and cloned in antisense orientation in 
appropriate vectors. The  ECS   for banana culti-
vars Robusta and Rasthali were transformed with 
the above constructs using the procedure opti-
mized in our laboratory. Transformed plants were 
obtained for both the cultivars which were hard-
ened in the greenhouse and later transferred to 
contained greenhouse for growing them till fruit-
ing. Fruiting was obtained for Rasthali plant 
fruits of which were further analyzed with respect 
to ripening parameters as visual examination, 
softness, and gene expression profi le. 
Considerable increase in shelf life of   MADSrin  
and  MaExpansin    transgenic fruits as compared to 
control fruits was observed (unpublished obser-
vation by authors). 

 Ripening was evident in control  non- 
transgenic fruits   from day 2. By day 3 the fruits 
were ripe and fi t for consumption.  Black patches   
that started to appear on day 2 intensifi ed by day 
4. The fruits further deteriorated and could not be 
consumed by days 5 and 6. By day 10 the fruits 
had become very soft and black and showed fun-
gal infection (Fig.  7.2 ). Fruits of transgenic line 
of  MADS    gene   did not show any signs of ripen-
ing until day 2. By day 3 fruits had ripened as was 
evident by the color of the peel. In the following 
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days, ripening became more evident. The fruits 
could be consumed until day 6, as compared to 
control where the fruits were unfi t for consump-
tion by day 5. Fruits of MADS transgenic  line   
were fi t for consumption even on day 10, as com-
pared to control which had started showing signs 

of fungal infection by day 10 (Fig.  7.2 ). These 
initial observations were further confi rmed by 
measuring  fi rmness   using a  penetrometer      (Fig. 
 7.3 ). Two different  MADSrin   transgenic  lines   
were analyzed and compared to control fruits 
with respect to fi rmness. One set was treated with 

  Fig. 7.2    Delayed ripening in  MADSrin   transgenic  fruits   as compared to control fruits of Banana cv. Rasthali       
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ethylene and another set was kept at room tem-
perature without any ethylene treatment. At 0 h 
fruits of all the three lines were almost similar in 
fi rmness, with line 24 slightly less fi rm than the 
control and 38. No signifi cant change in fi rmness 
was observed in all the three lines at 12 h after 
ethylene treatment. After 24 h both ethylene- 
treated and ethylene-untreated samples of all the 
three lines had almost similar fi rmness. Actual 
difference in  fi rmness   was clearly evident from 
48 h. Ethylene-treated and ethylene-untreated 
samples of line 38 were much fi rmer than control 
at both 48 h and 72 h. Line 24 differed in this 
aspect. On ethylene treatment, the fi rmness of the 
fruits was same as that of control. But ethylene- 
untreated fruits were much fi rmer than control at 
both the above time points. Firmness of the trans-
genic fruits was maintained to a constant level 
until 24 h irrespective of ethylene treatment 
where as the control fruits showed a decreasing 
fi rmness trend until 24 h. There was a drastic 
decrease in fi rmness of both ethylene-treated and 
ethylene-untreated control fruits at 48 h. By 72 h 
control fruits had become so soft that penetrom-
eter reading could not be taken.  Ethylene-treated 
transgenic fruit         was fi rmer than control at 48 h, 
but by 72 h, it had become too soft for reading to 
be taken.  Ethylene-untreated transgenic fruits         

were much fi rmer than control at both above time 
points.

    Expansin fruits did not show any signs of rip-
ening until day 2. By day 3, ripening initiated as 
was evident by the color of the peel. In the fol-
lowing days, ripening became more evident. The 
fruits could be consumed until day 6, as com-
pared to control where the fruits were unfi t for 
consumption by  day   5 (Fig.  7.4 ).

    Firmness   of the transgenic fruits was main-
tained to a constant level until 24 h irrespective of 
ethylene treatment, whereas the control fruits 
showed a decreasing fi rmness trend until 24 h. 
There was a drastic decrease in fi rmness of both 
ethylene-treated and ethylene-untreated control 
fruits at 48 h. By 72 h control fruits had become 
so soft that penetrometer reading could not be 
taken. Ethylene-treated transgenic fruit was 
fi rmer than control at 48 h, but by 72 h, it had 
become too soft for reading to be taken. Ethylene- 
untreated transgenic fruits were much fi rmer than 
control at both above time poi   nts   (Fig.  7.5 ).

7.3.2           Promoters      Useful 
for Engineering-Delayed Fruit 
Ripening 

 We have studied upstream regulatory sequences 
of  cell wall hydrolases   active during ripening. 
Expansin, chitinase, glucanase, and IFR were 
selected for their utility in delayed fruit ripening. 
The promoters were tagged with a  reporter gene 
 gusA   . β-Glucuronidase expression was recorded 
fl uorometrically. The data corresponding to the 
promoter strength under different conditions was 
studied, which can be utilized to identify the suit-
able promoter for fruit-specifi c expression to 
silence the target gene for delaying the ripening. 

  Chitinase promoter      responded well to ethyl-
ene induction when it was treated with ethylene- 
releasing compound ethephon. Maximum 
expression level of 21,545.17 pmoles 4 MU/ h/
mg total protein was observed at 0.25 mM 
 concentration of ethephon. This was approxi-
mately fi ve times higher than un-induced cells. 
MJ in combination with ethephon (0.25 mM) fur-
ther enhanced the level of gene expression which 

  Fig. 7.3     Comparative analysis of fruit fi rmness   of 
 MADSrin   transgenic fruits and control fruits of Banana 
cv. Rasthali       
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reached up to 30,613.77 pmoles 4 MU/h/mg total 
protein. ABA in combination with ethephon 
treatment was not that effective with chitinase 
promoter as expression level dropped at all ABA 
concentration. However, ABA alone could induce 
an expression level that was at par with ethephon. 
At ABA 5 mM concentration, an expression level 
of 20,555 pmoles 4 MU/h/mg total protein was 
recorded. Signifi cant induction was not noted 
with MS in combination with ethephon. At all 
concentrations of methyl salicylate, the expres-
sion level was lower than that of ethephon. IAA 

led to a signifi cant reduction in gene expression 
at all concentrations. IAA 15 mM showed only 
5,848.16 pmoles 4 MU/h/mg total protein (Ghosh 
et al.  2012 ). 

 The response of glucanase promoter with  eth-
ephon      was even better than chitinase. Expression 
levels showed a signifi cant increase of more than 
twofold with ethephon treatment. A maximum 
expression level of 30,173.95 pmoles 4 MU/h/mg 
total protein was recorded at 1 mM ethephon 
concentration. For further combination induction 
studies, 1 mM ethephon was chosen. 

  Fig. 7.4    Delayed ripening in  Expansin transgenic fruits      as compared to control fruits of Banana cv. Rasthali       
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Combinatorial treatment of MJ and ethephon 
showed further increase (two fold) in expression 
levels. Maximum expression with this combina-
tion was 49,222.97 pmoles 4 MU/h/mg total pro-
tein at 10 mM MJ concentration. The combination 
of ABA and ethephon (5 mM) further increased 
to 54,743.16 pmoles 4 MU/h/mg total protein. 
ABA alone could not enhance transgene expres-
sion which remained as low as 19,293.49 pmoles 
4 MU/h/mg total protein at 10 mM ABA. MS (5 
mM) could induce glucanase promoter as evi-
denced by the expression level of 39,043.77 
pmoles 4 MU/h/mg total protein at 10 mM MJ 
concentration. The combination of ABA and eth-
ephon (5 mM) further enhanced the expression 
level to 54,743.16 pmoles 4 MU/h/mg total pro-
tein. ABA alone could not elevate transgene 
expression. MS (5 mM) could induce glucanase 
promoter, and the transgene expression level 
which was 39,043.77 pmoles 4 MU/h/mg total 
protein was observed, which is comparatively 
higher compared to ethephon alone. IAA led to a 
signifi cant reduction in the expression levels. 
Expression as low as 13,011.99 pmoles 4 MU/h/
mg total protein was recorded with IAA 15 mM 
(Ghosh et al.  2012 ). 

  Expansin promoter   on induction with ethe-
phon showed almost three times increase in 
transgene expression at 0.25 mM as compared to 
untreated transformed cells with a maximum 
expression of 31,483.7 pmoles 4-MU/ h / mg 
total protein. For further combination induction 

studies, 0.25 mM ethephon was chosen. A further 
twofold increase in gene expression was recorded 
at all concentrations of MJ in combination with 
ethephon with maximum expression of 64,099.78 
pmoles 4 MU/h/mg total protein at MJ 10 
mM. With ABA any further enhancement of gene 
expression was not observed. At all ABA and 
ethephon combination, expression level remained 
approximately 20,000 pmoles 4 MU/h/mg total 
protein. With ABA alone, maximum expression 
of 15,987 pmoles 4 MU/h/mg total protein was 
recorded at ABA 5 mM. MS also could not pro-
duce any further enhancement in gene  expression   
as highest expression was with ethephon alone. 
Gene expression showed a considerable twofold 
reduction at all concentrations of IAA (Ghosh 
et al.  2012 ). 

  IFR promoter      on induction with ethephon 
showed almost four times increase in transgene 
expression at 0.25 mM as compared to control 
cells with a maximum expression of 23,987.84 
pmoles 4 MU/h/mg total protein (unpublished 
results). For further combination induction stud-
ies, 0.25 mM ethephon was chosen. A further 
twofold increase in gene expression was recorded 
at MJ 5 mM in combination with ethephon with 
maximum expression of 43,465.25 pmoles 4 
MU/h/mg total protein at MJ 10 mM. With ethe-
phon and ABA, further enhancement of gene 
expression was observed. At ABA 15 mM and 
ethephon combination, expression level remained 
approximately 42,653.10 pmoles 4 MU/h/mg 
total protein. With ABA alone, maximum expres-
sion of 18,214 pmoles 4 MU/h/mg total protein 
was recorded at ABA 5 mM. A slight increase in 
gene expression was observed with MS. MS at 5 
mM gave an expression level of 31,965 pmoles 4 
MU/h/mg total protein. Gene expression showed 
a signifi cant reduction at all concentrations of 
IAA (unpublished results by authors). 

 Beaudry et al. ( 1987 ) reported about  climac-
teric nature   and  short shelf life   of banana fruit. 
Ripening in banana is a complex developmental 
process involving different enzymes and genes 
(Brady  1987 ; Fischer and Bennett  1991 ). A wide 
range of  hydrolases   that regulate the process of 
fruit softening are activated at transcriptional and 
translational level. However, various studies sug-
gested that these hydrolases might not be indi-
vidually responsible for this process (Giovannoni 

  Fig. 7.5    Comparative analysis of fruit fi rmness of 
 Expansin transgenic fruits      and control fruits of Banana cv. 
Rasthali       
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et al.  1989 ; Smith et al.  1998 ; Brummell et al. 
 1999 ; Brummell and Harpster  2001 ). 

 Earlier work explained that  expansins act   as 
intermediaries of cell wall softening and increase 
the fruit size during the development of fruits 
reported in various species such as tomato, 
banana, and pear (Hiwasa et al.  2003 ; Kitagawa 
et al.  1995 ; Trivedi and Nath  2004 ). Trivedi and 
Nath ( 2004 ) reported the cloning and character-
ization of expansin promoter from banana which 
is strongly upregulated by ethylene and is ripen-
ing specifi c. Clendennen and May ( 1997 ) investi-
gated the  chitinase   from unripe banana pulp; 
these chitinases are basically associated with 
pathogenesis-related functions; however, reports 
indicate that in banana pulp this abundant protein 
is closely associated with fruit ripening (Peumans 
et al.  2002 ).  β-1,3-Glucanase   is another cell wall 
hydrolase upregulated during banana ripening 
(Medina-Suarez et al.  1997 ; Clendennen and 
May  1997 ; Peumans et al.  2000 ). This hydrolase 
is involved in defense responses, but there are 
evidences to prove its role in banana fruit ripen-
ing. IFR genes in plants are related to stress, 
defense, detoxifi cation, and plant secondary 
product synthesis. In legumes IFR is involved in 
catalyzing phytoalexins biosynthesis.  IFR   has 
also been reported in other plants such as tobacco, 
grapes, and rice. Recently Kim et al. ( 2004 ) 
described that IFR genes respond to ethylene, 
jasmonic acid, and wounding in rice. The expres-
sion of the IFR gene in banana is indeed highly 
responsive to ethylene and being activated within 
10 min of ethylene exposure (Gupta et al.  2006 ). 
It is likely that the process of ripening results in 
the conversion of acids to sugars and softening of 
the cell wall, which makes the fruit susceptible to 
pathogen attack, and the expression of this 
defense-related genes is a response toward pre-
vention of such an attack during ripenin  g.   

7.4     Future Directions 

 Proper  revenue generation and maintenance   of a 
superior quality of many fruit crops after harvest 
involve many economical considerations 
although conventional technologies have been 
standardized in some cases.  Biotechnological 

strategies   have evoked the resurgence of employ-
ing transgenic plants for integrating desirable 
genes or removal of genes from plant genome. 
Knowledge from traditional effi cient practices 
and using modern techniques to speed up or 
reduce the fruit ripening process has now made 
clear elucidation of precise functioning of numer-
ous genes responsible for ripening of the fruits. 
Work on  transgenic plants   during the last two 
decades has generated useful data for meaningful 
contributions to both the fundamental and applied 
aspects of fruit ripening. Establishment of a 
reproducible protocol of transgenic  plant regen-
eration   is a major challenging task which has to 
be accomplished for further research on ripening 
process of other cultivars of banana. In this con-
nection, delayed ripening in tomato was one of 
earliest examples of successful demonstration of 
transgenic technology. In particular, extensive 
knowledge of the biochemistry of the metabolic 
steps in a ripening pathway is required for modi-
fying and balancing the cellular metabolism. The 
complexity of such systems needs the competent 
expression of enzymes and the understanding of 
the effect of intermediates, end products, and 
elicitors on gene regulation and function. The 
development of these platforms can be combined 
with other strategies to acquire the desired end 
products or to develop new platforms.  Rapid 
strides in genomics   involving gene sequencing, 
gene annotation, gene editing, and phylogenetic 
analysis in conjunction with bioinformatics stud-
ies have considerably advanced research on fruit 
biotechnology. A cluster of  gene-silencing agents   
such as DNA enzymes (DNAzymes), small inter-
fering RNA (siRNA), antisense oligonucleotides, 
decoys, ribozymes, and aptamers are the other 
options needed to be explored for ripening pro-
cess in fruits.  In planta  experiments on overex-
pression or suppression and mutants coupled 
with biochemical characterization of ripening 
pathway will successfully integrate genomics 
knowledge in fruit ripening process. Additionally, 
recent advances in the next-generation sequenc-
ing makes it possible to predict the targets for 
modifi cation (Gapper et al.  2014 ) in a short time, 
and also the advances in information technology, 
the understanding of the fruit development, and 
modeling to predict the different factors respon-
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sible for fruit ripening can be achieved in a quick 
time. Recently, Bi et al. ( 2015 ) identifi ed 26 
novel miRNAs from the banana fruit, which are 
involved in ethylene-induced ripening. Further, 
functional analysis and experimental validation 
are required to pinpoint the exact miRNA, which 
can be targeted for successfully delaying the rip-
ening of fruits in the near future.     
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      Metabolite Profi ling in Banana                     

     K.  S.     Shivashankara    

    Abstract  

  Metabolomics is relatively a new fi eld of study used for identifying the 
metabolites involved in bringing about the phenotypic variations in terms of 
resistance to both biotic and abiotic stresses and also for fruit quality. 
Metabolomics also helps in identifying the proteins and genes responsible 
for the genotypic variations for the desired character. Comprehensive 
metabolomic studies on banana are not available in the literature. However 
the genotypic differences have been observed in banana for many phyto-
chemicals related to disease and insect pest resistance. Wide variations for 
provitamin A carotenoids are available in banana genotypes. In addition to 
the carotenoids, catecholamines like dopamines are also reported to be asso-
ciated with the antioxidant capacity of the bananas. Bananas are also good 
sources of phytosterols and B vitamins. Wide genotypic variability exists for 
sugar profi les in banana. Sucrose, fructose, and glucose are the major sugars 
in fruits. Esters are the major group of volatile aroma compounds in banana. 
Volatile compounds also include alcohols and aldehydes. Resistance to dis-
eases has been associated with the higher phenolics especially cell wall-
bound phenolics like lignins. Lignins have also been reported to be associated 
with nematode resistance in bananas. Banana stems, sap, and fl owers have 
been used in many traditional medicines. Banana fl owers and fruit peels are 
reported to have many antioxidant phytochemicals like anthocyanins, ste-
rols, saponins, tannins, serotonins, and dopamines.  
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8.1       Introduction 

 Development of  high-throughput technologies   
made signifi cant advances in genomics, tran-
scriptomics, and proteomics in plant science. 
Compared to these fi elds, metabolomics is rela-
tively a young and growing area. Proteomics also 
gives information about the enzymes responsible 
for the production of various metabolites respon-
sible for the phenotype. Metabolomics is the term 
used for high-throughput analyses of almost all 
the metabolites at a given point of time in plant 
tissues. This is made possible to some extent by 
the advances in mass spectrometry techniques in 
gas chromatography, liquid chromatography, 
capillary electrophoresis, etc. Since complete 
metabolite analysis is diffi cult in spite of the 
advances in the instrumentation, targeted metab-
olite profi ling is preferred to explain the variation 
in phenotypes of the plants. The complexity of 
metabolomics is not only from the lack of high- 
throughput techniques but also from their large 
numbers. So far around 50,000 metabolites have 
been identifi ed in plants and it is estimated that 
the number may exceed two lakh compounds in 
plants (De Luca and St. Pierre  2000 ; Pichersky 
and Gang  2000 ; Fiehn  2001 ,  2002 ). Thus, metab-
olomics represents a considerable challenge for 
plant scientists. 

 Metabolomics research will prove an invalu-
able tool for generating information and their use 
in many fi elds. Metabolomics information not 
only helps in identifying the complex interaction 
between many metabolic networks within the 
plants but also helps in elucidating the metabolic 
responses to the  environmental challenges  . The 
genetic variability in metabolic responses to the 
environments will help in explaining the bio-
chemical responses through the metabolites. This 
will further provide more insights into the genetic 
and environmental interactions leading to the 
phenotypic differences between the genotypes. 
Plant resistance mechanisms, diversity in produc-
tivity mechanisms, and variations in the quality 
of the production can also be explained in better 
ways by the metabolomic studies. It also helps in 

identifying the metabolite pathways triggered for 
the development of tolerance or resistance against 
stresses. The major challenges are the nonavail-
ability of reference compounds and the need for 
appropriate, dedicated bioinformatics tools, and 
these can be approached effectively with suffi -
cient speed only through coordinated and collab-
orative efforts. 

 In  banana   such metabolomic studies are not 
yet available either for biotic and abiotic stresses 
or for establishing the genotypic diversity. 
However, some of the studies have established 
the genotypic variabilities in certain metabolites 
involved in fruit quality, and resistance for dis-
eases and insect pests has been given here.  

8.2     Medicinal Uses of Banana 

 Most parts of the banana plants have been 
reported to have  medicinal properties   (Amit and 
Shailandra  2006 ). The plant sap is used for cur-
ing hysteria, hemorrhages, leprosy, epilepsy, 
fevers and acute dysentery, and diarrhea; it is also 
applied for insect and other stings and bites. The 
medicinal effects of different plant parts and their 
constituents are summarized in Table  8.1 .

   Banana peel and pulp are also reported to have 
good antifungal and antibiotic principles against 
mycobacteria (Brooks  2008 ; Omojasola and 
Jilani  2009 ). Peel and pulp extracts of green fruits 
were reported to be active against a fungal dis-
ease of tomato plants (Ponnuswamy et al.  2011 ).  

8.3      Metabolite Profi ling   
of Banana Plant Parts 

 Metabolites reported in different plant parts are 
reported in Table  8.2 . Banana plant parts are used 
in many culinary preparations and also as tradi-
tional medicine. Banana pseudo-stem and fl ow-
ers are used in cooking and many different 
preparations are made. The stem and fl ower are 
known to have a good quantity of iron, potas-
sium, and also lot of antioxidants.
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   Table 8.1    Various  medicinal uses   of banana plant   

 Diseases  Plant part  Effect  Constituent  References 

 Hysteria, leprosy, 
epilepsy, 
hemorrhages, 
fever, dysentery, 
diarrhea 

 Plant sap  Reduction  Not reported  Amit and Shailandra 
( 2006 ) 

 Insect bites and 
stings 

 Plant sap  Reduction  Not reported  Amit and Shailandra 
( 2006 ) 

 Malignant ulcers, 
dysentery, 
diarrhea 

 Ash of peels 
and leaves 

 Reduction  Not reported  Amit and Shailandra 
( 2006 ) 

 Diabetes, 
bronchitis, and 
ulcers 

 Cooked 
fl owers 

 Reduction  Not known  Amit and Shailandra 
( 2006 ) 

 Burns and skin 
affl ictions 

 Young leaves 
are placed 

 Curing  Not known  Girish and Satish 
( 2008 ) 

 Digestive 
disorders 

 Roots and 
seed 
mucilages 

 Curing     Not known  Bhat et al. ( 2010b ) 
and  2010a  

 Digestive 
disorders and 
ulcers 

 Ripe peel and 
pulp 

 Serotonin inhibits gastric 
secretion and stimulates smooth 
muscles of the intestine 

 Norepinephrine, 
dopamine, and 
serotonin 

 Anhwange et al. 
( 2009 ) and Ratule 
et al. ( 2007 ) 

 Anemia  Fruit  Reduces anemia by stimulating 
hemoglobin 

 High iron content  Amit and Shailandra 
( 2006 ) 

 Blood pressure, 
heart beats, body 
water balance 

 Fruit  Maintains BP, normalizes heart 
beats, and maintains water 
balance 

 High potassium 
content 

 Girish and Satish 
( 2008 ) and 
Debabandya et al. 
( 2010 ) 

 Stroke  Fruit  Reduces the risk by 40 %  Not known  Amit and Shailandra 
( 2006 ) 

 Depression  Fruit   Reduces   depression  High tryptophan 
and serotonin 

 Girish and Satish 
( 2008 ) 

 Acidity, 
heartburn, and 
morning sickness 

 Fruit  Reduces acidity, heart burn and 
morning sickness 

 Natural antacid 
effect 

 Mokbel et al. ( 2005 ) 
and Amit and 
Shailandra ( 2006 ) 

 Hypertension  Fruit  Calms the nervous system  High B vitamins  Singh and Bhat 
( 2003 ) 

 Temperature 
control 

 Fruit  Controls physical and emotional 
temperature in expectant mothers 

 Cooling effect  Mokbel et al. ( 2005 ) 

 Antimicrobial 
effect 

 Sap, peel, 
and leaves 

 Reduces microbial population  Phenols, tannins, 
saponins, 
alkaloids, steroids, 
fl avonoids, and 
carbohydrates 

 Singh and Bhat 
( 2003 ) 
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8.4        Varietal Variation 
in Metabolites 

8.4.1     Carotenoids 

 Varietal variation in  carotenoids   and vitamin C 
exists in banana. Dwarf Brazilian (“apple”) 
bananas recorded more vitamin C (12.7 mg/100 g 
fresh weight) than Williams fruit (4.5 mg/100 g). 
Dwarf Brazilian bananas also showed higher 
 β -carotene (96.9 μg/100 g fresh weight) and 
 α -carotene (104.9 μg /100 g) than Williams fruit 
(55.7 μg  β -carotene and 84.0 μg  α -carotene/100 g 
fresh weight). Bananas contain higher concentra-
tions of lutein than that of provitamin A pig-
ments,  α - and  β -carotene (Wall  2006 ). Germplasm 
diversity in carotenoid profi le in banana pulp is 
given in Table  8.3 . Ripe banana pulp is reported 
to be a good source of unsaturated fatty acids like 
linoleic and linolenic acids and also health- 
benefi tting sterols.

   A wide variation in the total carotenoid con-
tent was observed in banana germplasm. Major 
provitamin A carotenoid was  t - β -carotene fol-
lowed by  t - α -carotene.  t - β -Carotene content var-
ied from 1 pmol/g dw to 59 mg/g dw indicating 

that certain genotypes of banana are excellent 
source of carotenoids and can be used for enhanc-
ing the vitamin A content in commercial varieties 
(Table  8.3 ). Wide genotypic variations in carot-
enoid content were reported by Mattos et al. 
( 2010 ). Higher amount of carotenoids is associ-
ated with the B genome and was found to be 
more in triploids AAB and ABB genomic groups 
than AAA groups. Higher beta-carotene and vita-
min A activity was observed in genotypes Aibwo, 
Fagufagu, and Ropa, and very low beta-carotene 
was seen in Grand Naine, Cavendish, Mpologoma, 
Pongani, Tereza, and Yangambi (Pereira and 
Marasch  2015 ). 

 Lipophilic constituents of the fruit other than 
carotenoids indicated that total fatty acids were 
more in cv. Williams, Zeig, and Gruesa (1281–
1295 mg/kg dwt) and least fatty acids were seen 
in Dwarf Red (559 mg/kg dwt) (Table  8.4 ). 
Almost all the varieties except cv. Gruesa showed 
higher saturated fatty acids compared to unsatu-
rated fatty acids. Palmitic acid was the major 
fatty acid (16:0) closely followed by linolenic 
(18:3), linoleic (18:2), and stearic acids (18:0). 
Wide variation was seen in the content of fatty 
acids among the genotypes. Higher unsaturated 

Table 8.1 (continued)

 Diseases  Plant part  Effect  Constituent  References 

 Antimicrobial 
activity 

 Ethanol 
extract of the 
peel 

 The least MIC was 16 mg/ml 
against  Salmonella typhi , while 
 Bacillus subtilis  and 
 Staphylococcus   aureus    showed the 
highest MIC of 512.5 mg/ml 

 Have glycosides, 
alkaloids, 
saponins, tannins, 
fl avonoids, and 
volatile oils 

 Ehiowemwenguan 
et al. ( 2014 ) 

  Salmonella typhi ,  Micrococcus 
luteus , and  Staphylococcus 
aureus  were not inhibited by the 
water extract 

 Antifungal 
activity 

 Leaf 
methanol 
extract of 
 Musa 
sapientum  

 MIC values against  Microsporum 
canis  were from 0.0625 mg/ml 
and 0.5 mg/ml, against 
 Trichophyton tonsurans , no effect 
on  T. rubrum  

 Activity was due 
to catecholamines, 
tryptophan, indole 
compounds, 
tannin, several 
triterpenes and 
carbohydrates, 
alkaloids, 
cardenolides, 
saponins, and 
fl avonoids 

 Ige et al. ( 2015 ) 
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     Table 8.2    Metabolites in different plant parts of banana   

 Plant parts  Metabolites reported  References  Genotypes 

 Sap of dessert bananas  Flavonoids like apigenin, naringenin, 
myricetin,  kaempferol  , and quercetin, 
rich in phenolic compounds 

 Schieber et al. ( 2001 ) and 
Pothavorn et al. ( 2010 ) 

 Diverse species 

 Banana bracts  Anthocyanins like petunidin, 
malvidin, pelargonidin, delphinidin, 
cyanidin, and peonidin 

 Kitdamrongsont et al. 
( 2008 ) 

 Pulp of dessert banana 
and plantains 

 Condensed tannin like 
epigallocatechin, leucocyanidin 

 Lewis et al. ( 1999 ) and 
Santos et al. ( 2010 ) 

 Dessert and 
plantain 
cultivars 

 Pulp and peel of 13 
varieties of banana 

 Caffeic acid-hexoside, ferulic 
acid-hexoside, sinapic acid-hexoside; 
ferulic acid-dihexoside; myricetin- 
deoxyhexose- hexoside (high in pulp), 
ferulic acid, sinapic acid, quercetin-
deoxyhexose- hexoside (high in pulp), 
rutin, methylmyricetin- deoxyhexose- 
hexoside, quercetin-hexoside, 
kaempferol-deoxyhexose- hexoside, 
kaempferol-3- O - rutinoside, 
isorhamnetin-3- O -rutinoside. Pulp 
was dominated by hydroxycinnamic 
acids; peel was dominated by 
fl avonoids 

 Tsamo et al. ( 2015 )  Plantain and 
dessert varieties 

 Fruit pulp of Rasthali, 
Karpooravalli, Manjal 
Vazhaipazham (yellow), 
and Pachai Vazhaipazham 
(green) 

  Flavonoid   content and metal-
chelating activity were superior in 
Rasthali. Total phenolics, free radical 
scavenging activity, and reducing 
power high in green variety 

 Babu et al. ( 2012 )   Musa 
acuminata  sp. 

 Ripe pulp of  M. 
acuminata  and  M. 
balbisiana  species, 
namely ‘Chinese 
Cavendish’, ‘Giant 
Cavendish’, ‘Dwarf Red’, 
‘Grand Naine’, ‘Eilon’, 
‘Gruesa’, ‘Silver’, 
‘Ricasa’, ‘Williams’ and 
‘Zelig’ 

 Lipophilic fraction consisted mainly 
of fatty acids (579–1295 mg kg −1  of 
dry pulp) and sterols (155–316 mg 
kg −1  of dry pulp) and long-chain 
aliphatic alcohols (22–81 mg kg −1  of 
dry pulp). Hexadecanoic and 
octadeca- 9,12,15-trienoic acids and 
β-sitosterol were the major 
compounds found in all pulp samples 

 Vilela et al. ( 2014 )   M. acuminata  
and  M. 
balbisiana  sp. 

 Peel and pulp of ripe 
dessert banana 

 Catecholamines, pyridoxine (vit. B6), 
phenolics and carotenoids, volatiles 
like esters and alcohols.  Dopamine   
(80–560 mg per 100 g in the peel and 
2.5–10 mg in the pulp) and palmitic, 
linoleic, linolenic, and oleic acids are 
the major fatty acids, and stearoyl 
glucosides (273–888 kg/kg) in ripe 
pulp 

 Kanazawa and Sakakibara 
( 2000 ), Verde-Mendez 
et al. ( 2003 ), Van den Berg 
et al. ( 2000 ), Pérez et al. 
( 1997 ), Nogueira et al. 
( 2003 ) and Oliveira et al. 
( 2008 ) 

 Mauli banana stem 
extract 

 Tannins (67.59 %), saponin (14.49 %), 
alkaloid (0.347 %), fl avonoid 
(0.253 %), ascorbic acid (mg/mL) 
(0.44) 

 Apriasari et al. ( 2014 )  Mauli bananas 
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fatty acids were observed in Gruesa, Williams, 
Zeig, and Ellon cultivars. Genotypes also exhib-
ited very good content of sterols (155–316 mg/kg 
dwt) with sitosterol as the major constituent. 
Intake of phytosterols can reduce the absorption 
of cholesterols in the body (Vilela et al.  2014 ).

8.4.2        Phenolics 

 Banana peel and pulp showed genotypic  variabil-
ity   in the phenolic content. The pulp of dessert 
and hybrid bananas showed higher myricetin 
content, and the content of ferulic acid and 
sinapic acids was very low compared to myrice-
tin. On the other hand, some of the plantains had 
higher content of ferulic acid followed by myric-
etin. The major component in the peel was rutin 
closely followed by kaempferol, and the content 
of phenolics was signifi cantly higher in the 
 plantains when compared to the dessert and 
hybrid bananas. 

 Ferulic acid-hexoside was highest in genotype 
Mbeta 1, followed by Big Ebenga and Essang. It 

was higher in plantains. Lower ferulic and sinapic 
acids were observed in dessert and hybrid 
bananas. Myricetin-deoxyhexose-hexoside was 
the next higher compound and was found similar 
among the genotypes (Tsamo et al.  2015 ). Among 
the fl avonoids, rutin was higher followed by 
kaempferol and myricetin. Among the genotypes, 
higher rutin was recorded in genotypes Columbia, 
Moto Ebanga, Mbeta 1, Red Yade, and Njombe, 
all belonging to plantains. Among dessert 
bananas, genotype Gros Michel had higher rutin 
and Grand Naine did not show any rutin (Tsamo 
et al.  2015 ). Kaempferol also showed a similar 
trend. Principal component analysis of the peel 
and pulp chemicals indicated that the dessert 
types, plantains, and hybrids grouped differently. 
Among the constituents, ferulic acid, caffeic 
acid, and sinapic acid, dihexosides, quercetin, 
and myricetins were more in the pulp, and rutin, 
kaempferol, and isorhamnetins were more in the 
peels (Tsamo et al.  2015 ). 

 The stem extracts of Mauli bananas contain 
many bioactive compounds with tannin and sapo-
nins as the major compounds amounting to 82 % 

Table 8.2 (continued)

 Plant parts  Metabolites reported  References  Genotypes 

 Stem sap of banana 
accessions 

 Apigenin glycosides, myricetin 
glycoside, myricetin-3- O -rutinoside, 
naringenin glycosides, kaempferol-3-
 O -rutinoside, quercetin-3- O -
rutinoside, dopamine, and 
 N -acetylserotonin 

 Pothavorn et al. ( 2010 )   Musa 
balbisiana , 
 Musa laterita , 
 Musa ornata , 
and  Musa 
acuminata  

 Organic banana peel  High total phenols, among  carotenoid   
lutein, zeaxanthin, β-cryptoxanthin, 
β- and α-carotene were present in 
decreasing amounts; catechins were 
also present 

 Pereira et al. ( 2012 )   Musa  spp. cv. 
Prata Anã 

 Banana pulp  90 % of carotenoids are trans-α-
carotene and trans-β-carotene; 10 % 
are lutein and other compounds 

 Davey et al. ( 2006 ) 

 Banana pulp  Total volatile aroma constituents in 
“Dwarf Cavendish,” “Giant 
Cavendish,” “Robusta,” and 
“Williams” were 93.0, 116.5, 157.3, 
and 157.0 mg/kg, respectively. Major 
groups were esters, alcohols, 
aldehydes, ketones, and acids. 
3-Methyl butyl butanoate ester was 
the major  constituent  . Dopamine 
levels were 205–10 mg per 100 g 

 Nogueira et al. ( 2003 ) and 
Kanazawa and Sakakibara 
( 2000 ) 

 “Dwarf 
Cavendish,” 
“Giant 
Cavendish,” 
“Robusta,” and 
“Williams” 
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    Table 8.3     Carotenoid   variations in the banana genotypes   

 Genotype   t -AC   t -BC   c -BC  RAE  Country 

 Aibwo/Suria #1  23.58 mg/gww  59.45 mg/gww  nd  2.95 mg/g  Makira, Solomon 
Islands 

 Aibwo/Suria #2  15.17 mg/gww  25.72 mg/gww  nd  2.77 mg/g  Makira, Solomon 
Islands 

 Bantol Red  70 nmol/gdw  130 nmol/gdw  11 nmol/gdw  7.63 μg/g  Philippines 

 Batard  35 pmol/gdw  36 pmol/gdw  5 pmol/gdw  2.51 ng/g  Belgium 

 Batard  35 nmol/gdw  38 nmol/gdw  4 nmol/gdw  2.57 μg/g  Cameroon 

 Baubaunio  2.49 mg/gww  3.32 mg/gww  nd  0.37 mg/g  Makira, Solomon 
Islands 

 Cavendish  8 pmol/gdw  6 pmol/gdw  1 pmol/gdw  0.47 ng/g  Humid tropical Africa 

 Cavendish  8 nmol/gdw  5 nmol/gdw  1 nmol/gdw  0.42 μg/g  Cameroon 

 Cavendish  nd  4.6 μg/gww  nd  0.38 μg/g  Belgium 

 Chek Porng Moan  50 nmol/gdw  65 nmol/gdw  9 nmol/gdw  4.23 μg/g  Cambodia 

 Dimaemamosi  nd  24.17 μg/gww  nd  2.01 μg/g  Papua New Guinea 

 Duningi  nd  7.43 μg/gww  nd  0.62 μg/g  Papua New Guinea 

 Entukura  nd  4.90 μg/gww  nd  0.41 μg/g  Uganda 

 Enzirabahima  nd  3.19 μg/gww  nd  0.27 μg/g  Uganda 

 Fagufagu  15.24 mg/gww  34.28 mg/gww  nd  3.49 mg/g  Makira,    Solomon 
Islands 

 Caico  nd  12.55 Hg/gww  nd  1.05 μg/g  Papua New Guinea 

 Gatagata/Vudito #1  0.79 mg/gww  6.95 mg/gww  nd  0.61 μg/g  Makira, Solomon 
Islands 

 Gatagata/Vudito #2  0.42 mg/gww  4.47 mg/gww  nd  0.39 mg/g  Makira, Solomon 
Islands 

 GCTV 215  nd  5.77 μg/gww  nd  0.48 μg/g  Belgium 

 Grand Naine  2 nmol/gdw  1 nmol/gdw  nd  0.09 μg/g  Cameroon 

 Grand Naine  nd  4.47 μg/gww  nd  0.37 μg/g  Belgium 

 Gunih  nd  14.27 μg/gww  nd  1.19 μg/g  Papua New Guinea 

 Hendemeyargh  44 nmol/gdw  124 nmol/gdw  9 nmol/gdw  6.73 μg/g  Philippines 

 Huld Matawa  2.93 mg/gww  2.96 mg/gww  nd  0.37 mg/g  Makira, Solomon 
Islands 

 IC2  nd  4.02 μg/gww  nd  0.33 μg/g  Belgium 

 Iholena Lele  78 nmol/gdw  107 nmol/gdw  6 nmol/gdw  6.67 μg/g  Hawaii 

 Kabucuragye  nd  1.41 μg/gww  nd  0.12 μg/g  Uganda 

 Catimor  74 nmol/gdw  84 nmol/gdw  7 nmol/gdw  5.57 μg/g     Philippines 

 Kibuzi  nd  4.28 μg/gww  nd  0.36 μg/g  Uganda 

 Kokopo  nd  11.42 μg/gww  nd  0.95 μg/g  Papua New Guinea 

  Musa paradisiaca   nd  0.72–122 μg/
gww 

 nd  0.06–1.02 
μg/g 

 Indonesia 

 Mbououkou-1  31 pmol/gdw  34 pmol/gdw  6 pmol/gdw  23.48 ng/g  Belgium 

 Mbououkou-1  29 nmol/gdw  34 nmol/gdw  5 nmol/gdw  2.28 μg/g  Cameroon 

 Mbououkou-3  28 pmol/gdw  26 pmol/gdw  3 pmol/gdw  18.56 ng/g  Belgium 

 Mbououkou-3  26 nmol/gdw  25 nmol/gdw  3 nmol/gdw  1.77 μg/g  Cameroon 

 Mbwazirume  nd  1.91 μg/gww  nd  0.16 μg/g  Uganda 

 Mpologoma  nd  1.46 μg/gww  nd  0.12 μg/g  Uganda 

  Musa  spp. (Uht ipali)  5.46 μg/gww  11.81 μg/gww  nd  1.21 μg/g  Pohnpei, Micronesia 
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(Table  8.2 ). Some of the other compounds are 
ascorbic acid, β-carotene, total fl avonoid, lyco-
pene, and alkaloid. The ferrous chelating effect 
of the stem extract had higher antioxidant activ-
ity, than hydroxyl scavenging activity and hydro-
gen peroxide scavenging activity. The data 
obtained that Mauli bananas’ stem contained a 
lot of bioactive compounds and also has moder-

ate to potent antioxidant and/or free radical scav-
enging activity (Apriasari et al.  2014 ). The sap of 
many banana accessions, namely,  Musa balbisi-
ana ,  Musa laterita ,  Musa ornata , and  Musa acu-
minata , and some cultivars contained apigenin 
glycosides, myricetin glycoside, myricetin-3- O -
rutinoside, naringenin glycosides, kaemp-
ferol-3- O -rutinoside, quercetin-3- O - rutinoside, 

Table 8.3 (continued)

 Genotype   t -AC   t -BC   c -BC  RAE  Country 

  Musa  spp. (Usr wac)  6.77 μg/gww  20.82 μg/gww  nd  2.00 μg/g  Kosrae, Micronesia 

  Musa troglodytarum  
(Uht en yap) 

 14.72 μg/gww  63.60 μg/gww  nd  5.91 μg/g  Pohnpei, Micronesia 

  Musa troglodytarum  
(Uht karat) 

 2.96 μg/gww  9.18 μg/gww  nd  0.89 μg/g  Pohnpei, Micronesia 

 Nakhaki  nd  4.62 μg/gww  nd  0.39 μg/g     Uganda 

 Nakitembe  nd  5.27 μg/gww  nd  0.44 μg/g  Uganda 

 Pagatau  nd  4.54 μg/gww  nd  0.38 μg/g  Papua New Guinea 

 Pisang Mas  nd  11.39 μg/gww  nd  0.95 μg/g  Belgium 

 Pitu  nd  11.27 μg/gww  nd  0.94 μg/g  Papua New Guinea 

 Pongani  nd  2.13 μg/gww  nd  0.18 μg/g  Papua New Guinea 

 Porapora  nd  7.88 μg/gww  nd  0.66 μg/g  Papua New Guinea 

 Pusit  99 nmol/gdw  101 nmol/gdw  9 nmol/gdw  6.93 μg/g  Philippines 

 Ropa  36.82 mg/gww  13.24 μg/gww  nd  2.64 mg/g  Makira, Solomon 
Islands 

 Saena  0.79 mg/gww  0.58 mg/gww  nd  0.08 mg/g  Makira, Solomon 
Islands 

 Tereza  nd  2.46 μg/gww  nd  0.21 μg/g  Uganda 

 Toraka Parao  2.50 mg/gww  5.26 mg/gww  nd  0.54 mg/g     Makira, Solomon 
Islands 

 Wambo  nd  19.04 Hg/gww  nd  1.59 μg/g  Papua New Guinea 

 Warowaro  <0.02 mg/gww  1.66 mg/gww  nd  0.14 μg/g  Makira, Solomon 
Islands 

 Williams  nd  6.20 μg/gww  nd  0.52 ng/g  Belgium 

 Yalim  nd  16.27 μg/gww  nd  1.35 μg/g  Papua New Guinea 

 Yangambi km5  3 pmol/gdw  1 pmol/gdw  0 pmol/gdw  0.11 ng/g  West and Central 
Africa 

 Yangambi km5  3 nmol/gdw  1 nmol/gdw  0 nmol/gdw  0.11 μg/g  Cameroon 

 Wasolay  172 μg/gdw  74 μg/gdw  28 μg/gdw  14.51 μg/g  Papua New Guinea 

 Jari Buaya  415 μg/gdw  525 μg/gdw  224 μg/gdw  70.37 μg/g  Malaysia 

 Malbut  145 μg/gdw  102 μg/gdw  34 μg/gdw  15.96 μg/g  Papua New Guinea 

 Jaran  127 μg/gdw  162 μg/gdw  nd  18.79 μg/g     Indonesia 

 Saba  9 μg/gdw  61 μg/gdw  13 μg/gdw  6.00 μg/g  Costa Rica 

 Caipira  2 μg/gdw  9 μg/gdw  nd  0.83 μg/g  Brazil 

 Bucaneiro  17 μg/gdw  5 μg/gdw  nd  1.13 μg/g  Saint Lucia 

 Nam  19 μg/gdw  22 μg/gdw  nd  2.62 μg/g  Thailand 

 Thap Maeo  135 μg/gdw  147 μg/gdw  36 μg/gdw  19.38 μg/g  Brazil 

  Pereira and Marasch ( 2015 ) 
  t-AC  trans-alpha-carotene,  t-BC  trans-beta-carotene,  c-AC  is cis-alpha-carotene,  RAE  retinol activity equivalents  
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dopamine, and N-acetylserotonin (Table  8.2 ). 
These compounds were reported to have biologi-
cal activities. Moreover, the identities of these 
phytochemical compositions may be used as 
markers for the banana diet, the assessment of 
physiochemical status, or the classifi cation of 
banana  clones   (Pothavorn et al.  2010 ).  

8.4.3      Volatile Aroma   of Fruits 

 Bananas have a large number of volatile aroma 
compounds, but the majority group is esters fol-
lowed by alcohols. Esters like isoamyl acetate 
(Jordan et al.  2001 ), 2-pentyl acetate, 
3- methylbutyl 3-acetate, 3-methylbutyl butano-
ate, 2-methyl 3-methylbutanoate, 3-methylbutyl 
3-methylbutanoate, hexyl butanoate, Z-4-octen- 
1-yl 3-methylbutanoate, Z-4-octen-1-yl pentano-
ate, Z-5-octen-1-yl 3-methylbutanoate, and 
Z-4-decen-1-yl 3-methylbutanoate (Pino and 
Fables  2013 ) are reported to contribute for the 
banana odor. 2-Methylpropyl acetate, ethyl ace-
tate, and butyl acetate are also important aroma 
contributors for the banana odor note. 

 Ethyl esters were found to comprise the larg-
est chemical class accounting for 80.9 %, 86.5 %, 
51.2 %, 90.1 %, and 6.1 % of the total peak area 
for Dwarf Cavendish, Prata, Ouro, Maçã, and 
Platano volatile fraction, respectively (Pontes 
et al.  2012 ). Around 80 volatile aromatic com-
pounds were identifi ed in Dwarf Cavendish 
banana grown in open fi eld or under protected 
cultivation (Selli et al.  2012 ). The major 
 compounds were esters followed by aldehydes, 
and banana odor-contributing compounds were 
isoamyl acetate, isoamyl butanoate, and 2-penta-
nol acetate. Open-fi eld-grown bananas had 
higher volatile compounds than the bananas pro-
duced under protected cultivation. This indicated 
that the aroma quality changes with the environ-
ment in which the plant is growing. More sun-
shine hours and slightly higher temperatures may 
improve the aroma quality of fruits. 

 Aroma volatiles in plantains and dessert 
bananas were found to be varying. Esters like iso-
amyl acetate were higher in Dwarf Cavendish 
than in plantains. However, ethylbutanoic acid 

was more in plantains compared to dessert 
bananas (Aurore et al.  2011 ). Cavendish had the 
lowest overall concentration in glycosides (bound 
aroma) compared to the plantains (Aurore et al. 
 2011 ). The C13 norisoprenoids and shikimate 
derivatives were highest in plantains, while the 
shikimate derivatives were particularly low in 
Frayssinette variety. Plantains contain high levels 
of acetovanillone and 3-methylbutanoic acid. 

 Around 124 volatile compounds have been 
identifi ed in banana cv. Giant Cavendish. The 
composition of banana fruit volatiles included 75 
esters, 18 ketones, 14 phenols and derivatives, 13 
alcohols, 7 aldehydes, 7 acids, and 12 miscella-
neous compounds. The percentage of different 
groups of  compounds   was esters, 55.4 %; alco-
hols, 17.5 %; phenols and derivatives, 12.0 %; 
ketones, 6.9 %; aldehydes, 6.5 %; acids, 1.4 %; 
and miscellaneous compounds, 0.2 %. Major 
components (>8 mg kg −1 ) were 3-methylbutyl 
acetate, 3-methylbutan-1-ol, eugenol, 
3- methylbutyl 3-methylbutanoate, 
2- methylpropyl acetate, and 2-pentyl acetate 
(Pino and Febles  2013 ). 

 Storage conditions also differentially affect 
the volatile constituents of the cultivars. Cold 
storage more strongly affects the cv. Nanicão 
than the Prata cultivar. Esters such as 2-pentanol 
acetate, 3-methyl-1-butanol acetate, 
2- methylpropyl butanoate, 3-methylbutyl butano-
ate, 2-methylpropyl 3-methylbutanoate, and 
butyl butanoate were drastically reduced in the 
cold group of the Nanicão cultivar. This indicates 
that the metabolism responsible for the produc-
tion of volatile compounds is related to the ability 
of the cultivar to tolerate low temperatures 
(Facundo et al.  2012 ).  

8.4.4      Chilling Injury   
and Metabolites 

 The contents of acetaldehyde and ethanol 
increased in the peel and pulp of chilled fruits. 
There was an accumulation of α-keto acids in the 
peels of chilled fruits. Biosynthesis of citric and 
isocitric acids in chilled fruits was half of that of 
healthy fruits (Murata  1969 ). Hot water treatment 
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has led to an induction of antioxidants (phenolics 
and fl avonoids) in banana fruits as indicated by 
an increase of antioxidants and a decrease of 
H 2 O 2  during ripening, all of which result in a 
delayed ripening of banana fruit (Ummarat et al. 
 2011 ). Considerable accumulation of the free 
polyamine, putrescine (Put), was found in both 
pulp and peel tissue of unchilled and rewarmed 
bananas ( Musa  AAA group) during normal fruit 
ripening with climacteric ethylene production, 
while free Put remained at the original  level   in 
continuously chilled fruit (Purwoko et al.  2002 ).   

8.5     Metabolite Changes 
During Ripening 

8.5.1     Metabolite Changes 
in the Pulp 

 The transcriptome studies in Dwarf Cavendish 
banana fruit during ripening indicated the genes 
involved in ethylene biosynthesis, perception and 
signaling processes, cell wall degradation, and 
the production of aromatic volatiles. There are a 
large number of  metabolites   involved in each of 
these processes. Changes in expansins and hemi-
celluloses were also observed during ripening 
using the transcriptome approach. These genes 
can be good candidates for future studies to 
establish their role in banana fruit ripening. The 
datasets developed in this study will help in 
developing strategies to manipulate banana fruit 
ripening and reduce postharvest losses. 

 In another study on the targeting, the carbohy-
drate metabolism during ripening indicated that 
starch and pectic fractions, xylose, decreased con-
siderably. Some loss of mannose was also noticed. 
More than 80 % of the radioactivity of starch was 
incorporated into soluble sugars, namely, glucose, 
fructose, and sucrose (increased from 1.8 to 19 %) 
(Prabha and Bhagyalakshmi  1998 ). 

 Biochemical changes in the pulp of “Prata” 
bananas during storage at 16 °C indicated that 
starch decreased continuously throughout ripen-
ing and sugars increased. Sucrose increased ini-
tially up to 14 days afterward; fructose and 
glucose were the major sugars. Fructose and glu-

cose content increased continuously throughout 
the storage period of 35 days with fructose being 
the major sugar. Starch loss followed a fi rst-order 
reaction. The bioactive amines like putrescine, 
spermidine, and serotonin were also detected and 
found to decrease during ripening (Adao et al. 
 2005 ). In some of the plantains and bananas, 
sucrose was found to be around 70 % in the ripe 
fruits, indicating the differences in the sugar lev-
els in different varieties. Plantains were found to 
have 9 % starch even in the ripe fruits when com-
pared to bananas which had 1 % starch. Sugar 
content increased in overripe fruits with further 
reduction in the starch levels. The ratio of 
glucose- fructose was approximately a unity for 
bananas and plantains at all stages of ripeness 
(Marriott et al.  1981 ). 

 Indole acetic acid controls the degradation of 
starch in bananas. Starch breakdown is reported 
to begin only after the IAA levels were about 4 
ng/g FW. The results herein suggest that IAA lev-
els play a role during banana ripening in events 
like starch degradation with the consequence of 
 banana   sweetening (Purgatto et al.  2002 ).  

8.5.2      Volatile Constituents   
During Ripening in the Pulp 

 Esters are the major group of volatiles in the ripe 
pulp but absent in the green pulp. Ketones are the 
other group which was present only in the ripe 
pulp. Alcohols are the major group in the green 
pulp, which was closely followed by aldehydes. 
Alcohols were the second major group in the ripe 
pulp (Facundo et al.  2013 ). Some of the major 
volatiles present in the ripe pulp are ethyl acetate, 
2-pentanone, 2-methylpropyl acetate, 2-pentanol 
acetate, 3-methyl-1-butanol acetate, 
2- methylpropyl butanoate, 2-methylpropyl 
3-methylbutanoate, butyl butanoate, butyl pen-
tanoate, 3-methylbutyl butanoate, 3-methylbutyl 
3-methylbutanoate, 2-heptanol, 1-methylhexyl 
butanoate, hexyl 3-methylbutanoate, and 
3-methylcyclohexanol. 

 In the green pulp, the most of the volatiles are 
fatty acid-derived hexanol metabolites. The 
major volatile constituents are α-pinene, hexanal, 
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m-xylene, limonene, 2-hexenal, Z-ocimene, E-2- 
heptenal, 1-hexanol, 3-hexen-1-ol, E-2-hexen- 
1-ol, 2-ethyl-1-hexanol, E-2-nonenal, α-cedrene, 
β-cedrene, and 2,6-nonadienal (Facundo et al. 
 2013 ). Olfactometry of banana volatiles indi-
cated that the esters contribute for the banana 
odor note. Green banana odor was dominated by 
the fatty acid derivative of C6 compounds. These 
volatiles contribute mainly to the green and 
grassy odor notes. Results indicate that most of 
the esters are synthesized during ripening by the 
action of alcohol acyl-CoA transferase enzyme.  

8.5.3      Metabolites   in Fruit Peels 
During Ripening 

 Peels of dessert ( Musa  AAA) banana, plantain 
( Musa  AAB) cooking banana ( Musa  ABB), and 
hybrid ( Musa  AAAB) banana at three stages of 
ripeness were analyzed for fatty acids, amino 
acids, sterols, protein, sugars, and dietary fi bers. 
Varietal variation in the content was not observed. 
The peel was rich in  total dietary fi ber (TDF)   
(40–50 %). The protein content in the peel of the 
banana and plantain was varied from 8 % to 11 %. 
Amino acids leucine, valine, phenylalanine, and 
threonine were present in signifi cant quantities. 
Lipids varied from 2.2 % to 10.9 % and were 
found to have similar quantities of saturated and 
polyunsaturated fatty acids. Major fatty acids 
were palmitic, linoleic, and α-linolenic acid. 
Together they constitute more than 90 % of the 
fatty acids. Potassium was the most signifi cant 
mineral element. During ripening, starch was 
converted to glucose and fructose and fructose 
was the major sugar in the ripe peel. Sucrose was 
not detectable (Emaga et al.  2007 ). Sterols repre-
sent about 49–71 % of the lipophilic extract with 
two triterpenic ketones (31-norcyclolaudenone 
and cycloeucalenone) as the major components. 
High amounts of stearoyl esters (469–24,405 mg/
kg dry weight) and diacylglycerols (119–878 mg/
kg dwt), in the banana peel extract, were also 
reported by Oliveira et al. ( 2008 ). 

 The peel dopamine  levels   decreased when rip-
ening from 1290 to 500 mg/100 g dwt), and in the 
pulp, it decreased from 7 to 3.42 mg/100 g dwt 

(Kanazawa and Sakakibara  2000 ). Dopamine in 
the pulp was higher in the cultivar Prata (full yel-
low, 15 mg/100 g dry weight). Dopamine is a bet-
ter antioxidant than other natural antioxidants 
like ascorbic acid, reduced glutathione, and sev-
eral phenolic compounds, such as gallocatechin 
gallate (Kanazawa and Sakakibara  2000 ).   

8.6     Diseases and Metabolites 

8.6.1     Sigatoka Diseases 

 Resistant  Musa  genotypes exhibited activation of 
phenylalanine ammonia lyase and the subsequent 
accumulation of substances which block the fun-
gal growth. The fungus of the sigatoka disease 
produces pentaketide metabolites fl aviolin, 
2-hydroxyjuglone, juglone, and 
2,4,8- trihydroxytetralone (2,4,8-THT) chemicals 
which bring about the necrosis in the host plants. 
When inoculated host plants were treated with 
 tricyclazole     , extensive necrosis of both suscepti-
ble and resistant  Musa  cultivar leaves was 
observed. This indicates the importance of 2,4,8- 
THT for host-specifi c reactions, depending on its 
concentration at different stages of pathogenesis. 
Early activation of metabolism of fungal 2,4,8- 
THT by the resistant  Musa  cultivars caused 
necrotic micro-lesions and stimulation of postin-
fectional defense reactions leading to complete 
inhibition of fungal growth. Growth of the fungus 
on susceptible cultivars caused necrotizing doses 
of 2,4,8-THT (Hoss et al.  2000 ). Juglone a puri-
fi ed fungal metabolite showed a direct inhibitory 
effect of electron transfer of banana chloroplasts. 
Susceptibility of the chloroplasts of different cul-
tivars to the chemical correlates with the sensitiv-
ity to the pathogen infection. Juglone also induces 
the oxidation of ascorbic acid. Chloroplast sensi-
tivity can be used to screen the germplasm for the 
sensitivity to the disease. Antioxidant content 
may also give resistance against the pathogen. 
Recently using NMR and LCMS techniques, 
 phenylphenalenones   have been identifi ed as the 
metabolites responsible for the sigatoka disease 
resistance (Hidalgo et al.  2016 ) using susceptible 
cultivar Williams and resistant cultivar “Khai 
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Thong Ruang.” However the resistance was bro-
ken down by the more virulent strain of  M. fi jien-
sis  which metabolized the phenylphenalenones 
into sulfate conjugates.  

8.6.2      Fusarium  and Phenolics 

 Banana cultivar ‘GCTCV-218’, which is more 
tolerant to   Fusarium   , produced a signifi cantly 
higher total phenolic content when compared to 
‘Williams’ at 0 and 6 h postinfection with 
 Fusarium . Induction of total phenolics was 
observed after 6 h postinfection in GCTCV-218, 
but in Williams it occurred only after 24 h. Total 
phenolic  productions   in ‘GCTCV-218’ and 
‘Williams’ were similar at 24 and 48 hpi. Free 
acids were signifi cantly higher in both the variet-
ies at 0 h but decreased after inoculation. 
‘GCTCV-218’ also had a signifi cantly higher 
level of free acids at 24 hpi. Increased induction 
of glycoside-bound phenolics was observed in 
GCTCV-218 and showed at 24 and 48 h, while in 
Williams at 6 hpi, an increased induction was vis-
ible at 24 and 48 h, while in ‘Williams’ induction 
was seen only after 48 h. Ester-bound phenolics 
also showed similar trend in both varieties. A sig-
nifi cant increase in ‘GCTCV-218’ was seen in 
cell wall-bound phenolics at 24 and 48 h after 
infection when compared to Williams (van den 
Berg et al.  2009 ). Cell wall-bound phenolics 
were found to be the major metabolites giving 
resistance to  Fusarium . 

 Strong deposition of lignin and cell wall 
strengthening of the roots was observed in the 
 Fusarium  wilt-resistant cultivar Goldfi nger when 
compared to susceptible cv. Williams. No 
increase in callose content was observed for 
either clone (De Ascensao and Dubery  2000 ). 
Hydrogen peroxide and phenylalanine ammonia 
lyase are the most sensitive compound and 
enzyme detectable after inoculated with 
 Fusarium  spores and found to be the basis for the 
tolerance against  Fusarium  (Subramaniam et al. 
 2006 ). Goldfi nger variety was inoculated with 
fungal elicitor and the variety responded quickly. 
Compositional and quantitative differences 
between induced phenolics ( p -coumaric, ferulic, 
and sinapic acids) and those constitutively pres-

ent ( p -coumaric and ferulic acid). In addition, 
vanillic acid was found in the ester-bound frac-
tion and protocatechuic acid in the cell wall- 
bound fraction of elicited tissue. There was an 
increase in the lignin synthesis. Elicitor stimu-
lated the phenylpropanoid pathway resulting in 
the synthesis of cinnamic  acid   and benzoic acid 
derivatives that were esterifi ed and incorporated 
into the cell wall fraction as part of the antimicro-
bial defenses activated in the root tissue (de 
Ascensao and Dubery  2003 ). 

 Proteomic studies indicated that there was an 
induction of  proteins   associated with 
 pathogenesis- related (PR) response  ; isofl avo-
noid, fl avonoid, and anthocyanin syntheses; cell 
wall strengthening; cell polarization; reactive 
oxygen species production and scavenging; jas-
monic acid, abscisic acid, and auxin-mediated 
signaling conduction; molecular chaperones; 
energy; and primary metabolism. Comparison of 
resistant and susceptible genotypes indicated the 
distinct variation in protein profi les. Susceptible 
genotypes expressed proteins involved in the 
defense mechanisms; however, in resistant geno-
types proteins related to PR response, cell wall 
strengthening, and antifungal compound synthe-
sis were expressed in higher quantity (Li et al. 
 2013 ).   

8.7     Metabolite Changes 
During Nematode Infection 

 Varietal variations in the phenylpropanoid path-
way of secondary metabolism were observed in 
cultivars resistant to the banana nematode 
  Radopholus similis   , ‘Yangambi Km5’, ‘Pisang 
Jari Buaya’, and the susceptible ‘Grand Naine’. 
Lignifi cation of cells and the phenolic  acids   
before infection were not associated with the 
resistance in some of the cultivars. Sinapic acid 
was found to accumulate in the thickened cell 
walls of the endodermis and vascular elements in 
both resistant and susceptible cultivars upon 
infection by nematode, while fl avonoid- 
containing cells in the vascular cylinder were 
only found in resistant cultivars after infection. 
‘Grand Naine’ roots which were susceptible cul-
tivar contained the highest total phenolic content, 
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which could be related to high amounts of proan-
thocyanidins. In ‘Yangambi Km5’ roots, the pro-
anthocyanidin and total phenolic content were 
the lowest, but mean amounts of total phenols 
increased after infection, unlike in the other culti-
vars. Increased responses of the resistant culti-
vars in terms of total phenols particularly 
fl avonoids were the major reasons for the resis-
tance to the nematodes (Wuyts et al.  2005 ). 

 The  Musa  cultivars, Dwarf Cavendish, 
Yangambi Km5, and Kunnan, exhibit consider-
able differences in resistance to   Radopholus 
similis   . The infection increased condensed  tan-
nins   and fl avan-3,4-diols in roots signifi cantly 
and is highest in the resistant cultivar Kunnan 
before and after infection. Tannins belong to 
mostly procyanidin group, but Kunnan also con-
tained propelargonidins, suggesting that these 
tannins may be involved in the resistance mecha-
nism (Collingborn et al.  2000 ). 

 Phenolic acid profi le was estimated in the 
 Radopholus similis -infected roots of  Musa  cv. 
Grand Naine and cv. Calcutta 4. Dopamine, 
cyanidin-derived compound, ferulic acid ester, 
ferulic acid, and hydrolysis product of ferulic 
acid were identifi ed. All the compounds were sig-
nifi cantly higher in Calcutta 4 which was tolerant 
to nematode infection (Wuyts et al.  2007 ). 
Resistant cultivars were found to induce the 
activities of phenylalanine ammonia lyase and 
cinnamyl-alcohol dehydrogenase several folds 
after infection in addition to the higher levels of 
cell wall-bound phenolics and lignins (Fogain 
and Gowen  1996 ). Signifi cant increase in 
p- coumaric, ferulic, and sinapic acids was also 
observed (Vaganan et al.  2014 ). Yangambi Km5 
resistance to penetration of the vascular bundle 
was attributed to the extensive presence of 
suberin in endodermal cell walls (Valette et al. 
 1997 ,  1998 ).  

8.8     Conclusion 

 Varietal variation in banana exists for the tolerance 
against nematode infection and can be exploited 
for crop improvement programs. Even though 
most of the cultivated banana genotypes have low 
carotenoids, germplasm with very high provitamin 

A activity carotenoids has been reported and can 
be successfully used for breeding programs. Cell 
wall strengthening by the synthesis of lignin-form-
ing phenolics has been associated with the toler-
ance for diseases also. From the available literature, 
it can be concluded that the wide variability exists 
in banana for phenolic acid content, carotenoids, 
volatiles, and phytosterols.     
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      Novel Gene Transfer Technologies                     

     Harjeet     Kaur     Khanna      and     Pradeep     Chand     Deo   

    Abstract  

  Gene transfer is the process by which a gene from any source can be intro-
duced into plant cells or tissues. Gene transfer technologies are used to 
manipulate plant cells for scientifi c research as well as for commercial 
purposes like production of transgenics. Transgenic plants generated using 
these technologies are used either for fi eld deployment or for identifying 
and evaluating gene and promoter function. In the last few decades, sig-
nifi cant developments have been made in gene transfer technology since 
the discovery of  Agrobacterium tumefaciens  as a natural tool for plant 
transformation, and there is a long list of transgenic crop varieties that 
have now been released for commercial production. These advances are 
related to major improvements in  Agrobacterium -mediated and direct 
DNA delivery techniques, along with modifi cations in tissue culture tech-
niques for regenerating transgenic plants from transformed cells or tissues. 
Bananas are not lagging too far behind in this race, with many laboratories 
engaged in fi eld trials of transgenic bananas carrying genes of interest. 
With effi cient gene transfer technologies available for banana, banana 
transformation research is now more focussed on the problems associated 
with generating cell suspensions of recalcitrant cultivars, identifying use-
ful gene/trait associations, promoters and problems associated with stable 
integration and reliable expression of the DNA once it has been integrated. 
This chapter focuses on the gene transfer technologies currently available 
for generating transgenic banana cultivars and summarises the various 
traits of interest for which genes have been transformed into bananas.  
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9.1       Introduction 

 Genes are the basic hereditary units of life. Gene 
transfer can be defi ned as a technique to stably 
introduce a foreign gene into the target cells. 
Genetic transformation is the introduction of  for-
eign DNA   into plant cells, tissues or organs either 
directly or indirectly (Alves et al.  1999 ). Genes 
carry the basic information necessary to produce 
all proteins in a living organism, and proteins 
ultimately perform the biological functions. 
Thus, when a new gene is transferred and stably 
integrated into a target cell, the protein encoded 
by the gene is produced and it results in a new 
phenotype. 

 Gene transfer technology is one of the major 
tools of  biotechnology   and was originally devel-
oped as a research tool for investigating gene 
expression and function. However, as new gene 
transfer technologies develop and as old technol-
ogies are refi ned, the potential applications keep 
expanding dramatically. At present, there are a 
number of gene transfer technologies available, 
and these vary greatly in the transfer effi ciency 
and the types of cells they are capable of deliver-
ing genes into. The techniques for the transfer of 
DNA into organisms differ from organism to 
organisms. Generally, there are two approaches 
for DNA transfer, natural and artifi cial. The 
choice of method depends upon the target cells to 
be transformed. It also depends upon the objec-
tives of the manipulation and it may be either 
stable or transient. Although the choice of DNA 
transfer method is very important, the other 
important considerations are selection of gene/
trait, isolation of gene, method of preparation 
of  recombinant DNA   and selection of trans-
formed cells. The ability to regenerate the trans-
formed cell is also critically important, and all 
these factors guide the choice of the method used 
for transformation. Any successful plant trans-

formation system requires the following: (1) 
strategy for transferring genes into plant cells, (2) 
a gene responsible for the useful new trait, (3) a 
promoter directing the appropriate level and pat-
tern of expression, (4) an effective selection 
marker to inhibit the growth of non-transformed 
cells and (5) the ability to produce transgenic 
plants from transformed cells (Sharma et al. 
 2005 ). 

 Gene transfer can be done either indirectly by 
using a  biological vector   such as   Agrobacterium    
or directly through physical or chemical pro-
cesses such as electroporation, polyethylene 
glycol- mediated DNA uptake, microinjection, 
silicon carbide fi bres and microprojectile bom-
bardment (Taylor and Fauquet  2002 ). Apparently, 
any plant species can be transformed with any 
desirable trait found in nature. Further, with 
advancement in DNA database and synthesis 
technology, the entire transgene can be synthe-
sised (Deo et al.  2010 ). 

  Plant transformation   was fi rst described in 
tobacco in 1984 (De Block et al.  1984 ; Horsch 
et al.  1984 ). Since that time, rapid developments 
in transformation technology have resulted in the 
genetic modifi cation of many plant species. 
Genetic transformation is of great interest in 
banana because many pests, diseases and abiotic 
constraints limit banana cultivation causing sig-
nifi cant trade losses and jeopardising food secu-
rity. Although improvement of existing banana 
germplasm can technically be achieved by con-
ventional breeding, the cultivated bananas are 
triploids and hence sterile, and therefore conven-
tional breeding is very ineffi cient.  Diploid 
bananas   could be improved by conventional 
breeding and then triploids could be created from 
these improved varieties (Bakry et al.  1992 , 
 2009 ), but conventional breeding of bananas is a 
very lengthy process and effi ciency is very low 
and some traits are not easily available within 
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existing germplasm. Unlike conventional breed-
ing, genetic transformation provides a means of 
introducing only one or a few genes to an already 
accepted cultivar. The source of these genes 
might not necessarily be restricted to banana and 
can be derived from other plant species or com-
pletely different organisms. Therefore, produc-
tion of improved banana via genetic 
transformation offers an attractive alternative to 
conventional breeding. 

 Success in transferring foreign genes into 
banana cells has been achieved in various labora-
tories as the protocols for  electroporation   of pro-
toplasts derived from embryogenic cell 
suspensions (Sagi et al.  1998 ), particle bombard-
ment of embryogenic cells (Sagi et al.  1995 ; Cote 
et al.  1997 ; Becker et al.  2000 ) and cocultivation 
of wounded meristems with  Agrobacterium  (May 
et al.  1995 ) are available for bananas and plan-
tains. The  Agrobacterium -mediated transforma-
tion method is also more widely used now as it 
offers several advantages over direct gene trans-
fer methodologies like particle bombardment and 
electroporation (Gheysen et al.  1998 ; Hansen and 
Martha  1999 ; Shibata and Liu  2000 ). 

 Effi cient plant transformation system requires a 
competent target tissue/cells for gene transfer, 
selection, proliferation and regeneration into 
plantlets. Generally, a large population of  totipo-
tent cells   in the form of callus is multiplied prior to 
transformation (Koichi et al.  2002 ). Embryogenic 
cell suspension cultures are the most commonly 
used target tissue for the transformation and regen-
eration of transgenic plants. Such cultures (1) can 
be readily multiplied and thus provide ample tar-
get tissue, (2) consist of cytoplasmically dense 
small cell aggregates which provide high levels of 
both transient expression and transgene integra-
tion (Mahn et al.  1995 ), (3) when plated, form very 
thin large surface area thus enhancing the selection 
and identifi cation of independent transformation 
events within the dispersed cell clusters and (4) 
allow the recovery of non-chimeric transgenics 
due to the unicellular origin of embryos (Aguado- 
Santacruz et al.  2002 ; Sahrawat et al.  2003 ; Ul-Haq 
 2005 ). In addition, these cells readily overcome 
the physical trauma induced by transformation 
(Santos et al.  2002 ). Further, thin cell layers on 

selection are effi cient in minimising the frequency 
of escapes signifi cantly. The protocol for banana 
embryogenic cell suspension and plant regenera-
tion from immature male infl orescences (Cote 
et al.  1996 ) and scalps (Strosse et al.  2003 ) has 
been established. One of the diffi culties in estab-
lishing banana cell suspension is the time it takes 
to form ideal callus for suspension. Once formed, 
the suspension has a window of 6–8 months for 
transformation before its regeneration potential 
and transformation competency decline dramati-
cally. Consequently, fresh suspension cultures 
have to be established routinely. Such practise also 
eradicates  somaclonal variations   which could pre-
vail in older cultures.  

9.2     Gene Transfer Methods 

9.2.1     Electroporation 

 Electroporation delivers DNA directly into viable 
and regenerative protoplasts using an electrical 
pulse. The electrical capacitance and fi eld 
strength, duration and shape of electrical pulses, 
buffer composition, temperature and type of gene 
constructs and the concentration and form of 
DNA have been reported to affect the effi ciency 
of transformation (Sagi et al.  1995 ). Consequently, 
these parameters have to be determined empiri-
cally for different cultivars of banana. The target 
material for  transformation   by electroporation in 
banana is the protoplasts. Protoplasts of mono-
cotyledonous plants have generally been much 
more diffi cult to isolate and regenerate than those 
from dicot plants. In principle, each individual 
protoplast can reform a cell wall and later initi-
ates either a callus through sustained divisions or 
an embryo, defi ned as a  somatic embryo  . In 
banana, protoplasts can be obtained from in vivo 
tissues or in vitro cultures (Cronauer and 
Krikorian  1986 ). Bakry ( 1984 ) reported the fi rst 
successful isolation of viable banana protoplast 
from the infl orescence of Cavendish banana 
(AAA) and was confi rmed by Da Silva Conceicao 
( 1989 ). Banana is now amenable to in vitro cul-
ture of cultured protoplasts (Panis et al.  1993 ; 
Megia et al.  1993 ). 
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 Electroporation of protoplasts has been 
attempted for  transient GUS expression   as a step 
towards creating transgenic banana cv. Bluggoe 
(ABB) (Sagi et al.  1994 ,  1995 ). Briefl y, regener-
able protoplasts are isolated and purifi ed from 
cell suspensions. Gene cassettes are then intro-
duced into the protoplast by electroporation. 
After electroporation, the protoplasts are diluted 
and incubated in the dark for recovery. The proto-
plasts are then allowed to develop into callus 
which could be induced to produce plants 
(Fig.  9.1 ).

   However, using protoplast as a target tissue for 
banana transformation is not routine because 

regenerating plantlets back from transformed 
protoplasts are technically very challenging. 
Consequently, majority of banana transforma-
tions uses embryogenic cell suspensions with 
either  Agrobacterium  or microprojectile 
bombardment.  

9.2.2     Microprojectile Bombardment 

 Microprojectile, biolistic or particle bombard-
ment is another technique which can be used to 
introduce foreign DNA into a banana  cell  . Over 
the past several years, particle bombardment of 

Foreign DNA enters the 
protoplast through the 
temporary pores created by 
electric shock

Foreign DNA 
trapped in the
protoplast

Banana cell with 
integrated
foreign DNA

Banana cell with cell 
wall

Protoplast and foreign DNA are combined and 
an electric shock is given

  Fig. 9.1     Banana cell transformation   using electroporation method       
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banana has progressed into a valuable tool, per-
mitting direct gene transfer to a range of cell and 
tissue types. In banana this method has been used 
to evaluate promoter function (Dugdale et al. 
 2001 ) and generating stable transgenics (Becker 
et al.  2000 ). 

 This method uses gold or tungsten micropro-
jectile particles since they are inert and do not 
react with DNA. The DNA is coated onto these 
particles and then bombarded onto the cells using 
a  helium pressure-driven gene gun  .  Bio-Rad 
PDS-1000/He ™    (Hagio  1998 ) device and Particle 
Infl ow Gun (PIG) (Finer et al.  1992 ) have both 
been popular choices for different reasons. The 
 PDS-1000/He ™  system  , although more expen-
sive, is superior to PIG in terms of uniformity in 
microprojectile distribution over target cells, 
consistency and reproducibility between succes-
sive bombardments and high  frequency of trans-
formation   (Taylor and Fauquet  2002 ). One of the 
disadvantages of particle bombardment method 
is that it can result in higher frequency of high 
transgene copy number and transgene rearrange-
ment, hence transgene silencing or co- suppression 
(O’Kennedy et al.  2001 ). 

 Stable transformation of plant cells using the 
 biolistic method   requires the penetration of cell 
wall hence nucleus by microprojectiles, insertion 
of the transgene into the host plant genome fol-
lowed by integration and subsequent expression 

and, fi nally, continued growth of the transformed 
cells and regeneration of transgenic plantlets 
(Russell et al.  1992 ). Several factors reported to 
affect the effi ciency of particle and DNA delivery 
into the plant cells and subsequent transient 
expression and stable integration of the transgene 
have been studied and optimised for different 
species (Quoirin et al.  1997 ; Marchant et al. 
 1998 ; Deroles et al.  2002 ; Janna et al.  2006 ) 
(Fig.  9.2 ).

    Microcarriers   (or microprojectiles) are made 
of different materials and vary in sizes (0.6 μm up 
to 1.6 μm). Both gold and tungsten are the most 
commonly used microcarriers. Being inert and 
uniform in size and shape, gold microprojectiles 
induce minimum damage to cells when com-
pared with tungsten. Due to its surface oxidation, 
tungsten can catalytically degrade DNA, hence 
negatively affecting DNA binding (Sanford et al. 
 1993 ). In certain species, it can be toxic also 
(Russell et al.  1992 ). Consequently, gold is pre-
ferred over tungsten. However, for some applica-
tions, tungsten is perfectly satisfactory and 
cheaper to use than gold. 

 In general, the size of the microprojectiles can 
affect its momentum, the quantity of DNA it can 
carry and the degree of damage caused in plant 
cells, hence affecting  cell survival   (Klein et al. 
 1988 ; Häggman and Aronen  1998 ; Janna et al. 
 2006 ). For example, Tian and Seguin ( 2004 ) 

Gene gun 
barrel

Plastic disc with DNA 
coated gold particles

DNA coated gold 
particles

Banana cells on tissue-
culture media

  Fig. 9.2    Banana cell 
transformation using 
microprojectile 
bombardment method       
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demonstrated that using 1.0 μm particles resulted 
in very high transient GUS expression when 
compared with 1.6 μm particles. Particles smaller 
than 1.0 μm are usually reserved for small cells 
such as microalgae, yeast and bacteria. 

 Other factors shown to affect transformation 
effi ciency include helium pressure,  macrocarrier 
fl ight distance   to baffl e screen, distance from 
baffl e screen to target tissues and vacuum pres-
sure. Further, multiple bombardments of the 
same target tissue has also been shown to both 
increase (Klein et al.  1988 ) and decrease (Janna 
et al.  2006 ) transient expression. Apparently 
excessive cell damage hence cell death resulted 
in lower transient expression. 

 The use of  osmoticum  , such as mannitol, sor-
bitol, high sucrose and myo-inositol in culture 
media, has also been reported to enhance micro-
projectile bombardment and subsequent reporter 
gene expression in some species. For example, 
treating embryogenic cell cultures of  Picea abies  
with myo-inositol, pre- and post-bombardment, 
resulted in 5- to 12-fold increase in reporter gene 
expression (Clapham et al.  1995 ). Moreover, 
using sorbitol and mannitol resulted in a 20-fold 
increase in chloroplast transformation (Ye et al. 
 1990 ). Exposure to osmoticum treatment causes 
plasmolysis and reduces turgor pressure in cells. 
As such, extensive damage to cell membrane is 
minimised, and the leakage of cellular contents is 
prevented when the microcarriers perforate and 
penetrate the cells (Hagio  1998 ; Marchant et al. 
 1998 ; Santos et al.  2002 ). In addition, since plas-
molysed cells are less rigid, particle entry may 
also be improved (Hagio  1998 ). Osmotic stress is 
not suitable for all species, and where it is used, 
the type and concentration are variables (Hagio 
 1998 ). It is apparent that optimal parameters for 
transformation effi ciency must be arrived at 
empirically for each plant species. 

 In principle,  biolistic transformation   can be 
done using any regenerable target tissue that is 
actively growing. In case of banana, shoot apices 
and embryogenic cell suspensions are commonly 
used. Generic protocol for microprojectile- 
mediated transformation of banana cell suspen-
sions involves using any actively growing, 

regenerable cells. Therefore, cells are harvested 4 
days after media subculture and passed through a 
500 μm mesh to harvest small cell clumps. At this 
stage the cells are in the log growth phase and 
hence are highly competent for transformation 
and regeneration. The fi ltrate is allowed to settle 
for a few minutes, and a 250 μL aliquot of settled 
cells, suspended in liquid medium ratio of 1:5, is 
dispensed onto a 70 mm diameter Whatman glass 
fi lter paper discs placed on agar-solidifi ed 
medium in 90 × 15 mm Petri dishes. Cells are 
bombarded 4 days after plating. Reporter genes 
like  gus  or  gfp  are used for assessing the effi -
ciency of transient or stable gene transfer. Pre- 
culturing of suspension cells on agar-solidifi ed 
medium for 4 days prior to shooting allows the 
cells to adapt to the altered growing conditions 
and begin to proliferate thus increasing the num-
ber of actively dividing competent cells. Such 
actively dividing cells are reported to be ideal tar-
get tissue for particle bombardment as (1) they 
can easily overcome the stresses induced by 
microprojectiles (Santos et al.  2002 ) and (2) high 
frequency of transgene integration into the host 
genome, thus increasing the probability of obtain-
ing stable transgenic plants (Yang et al.  1999 ).  

9.2.3      Agrobacterium -Mediated 
Gene Transfer 

 Even though particle bombardment is used quite 
extensively for transient gene expression studies, 
 Agrobacterium -mediated gene transfer is the pre-
ferred method for most  practical applications   
where product development is involved. It is con-
siderably less expensive (Lee et al.  2006 ), results 
in a lower transgene copy number and can trans-
fer large segments of DNA with less transgene 
rearrangements (Jones  2005 ) thus reducing the 
probability of gene silencing. However, it is 
highly dependent on plant genotype. 
  Agrobacterium tumefaciens    is a well-known 
plant pathogens, but in the past couple of decades, 
 Agrobacterium  has been extensively used to 
transfer DNA to plant cells for the purposes of 
generating transgenic plants. This has involved 
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modifying gene transfer methods and also manip-
ulating this “natural genetic engineer” to extend 
the host range of the bacterium to economically 
important plant species and genotypes. In banana, 
major improvements involved modifi cations in 
cell tissue culture, bacterial pre-culture, cocul-
ture,  post-transformation   and selection and 
regeneration conditions because  Agrobacterium - 
mediated plant transformation is highly complex 
and involves both the bacterium and the plant 
cell. The transfer of T-DNA and its stable integra-
tion into the plant genome is infl uenced by sev-
eral factors. Plant tissues require an optimum 
density of  Agrobacterium  cells for a high fre-
quency of transformation. In banana cell suspen-
sions, although high inoculum densities (1.0 and 
2.0) result in high transient gene expression, cell 
death would be also high (Khanna et al.  2004 ) 
indicating that densities giving high transient 
expression may not translate into a high number 
of stable transformants. Therefore, it is essential 
to optimise the inoculum levels of  Agrobacterium  
so that cell necrosis is minimised while a high 
level of  T-DNA transfer   is maintained. 

 Incorporation of compounds like  acetosyrin-
gone   and  Pluronic F68   in the infection and  cocul-
tivation media   has been reported to increase the 
effi ciency of transformation. Acetosyringone (a 
low molecular weight phenolic compound) is 
used as an exogenous stimulant for the induction 
of  vir  genes (Chakrabarty et al.  2002 ; Opabode 
 2006 ). Monocotyledonous plants producing only 
very low levels or none of these types of phenolic 
compounds are unable to activate the vir genes of 
 Agrobacterium  (Suzuki et al.  2001 ). Therefore, 
including acetosyringone in cocultivation 
medium has been suggested as one of the solu-
tions to this problem (Fig.  9.3 ).

   Preinduction of   Agrobacterium    in medium 
containing acetosyringone as well as the incorpo-
ration of acetosyringone in cocultivation medium 
increased T-DNA transfer into banana suspen-
sion cells (Khanna et al.  2004 ). 

  Agrobacterium  causes cell necrosis after 
infecting them (Carvalho et al.  2004 ). Therefore, 
washing cocultured cells with bactericidal or 
bacteriostatic antibiotics such as Timentin and 
cefotaxime and incorporating it in the selection 

medium have been shown to be effective in elimi-
nating  Agrobacterium  from plant cells (Carvalho 
et al.  2004 ). In addition, allowing explants to 
grow for a week without selection except against 
 Agrobacterium  after cocultivation could help 
them recover from infection and thus reduce cell 
necrosis (Carvalho et al.  2004 ; Bhalla and Singh 
 2008 ). Further, giving heat shock to plant cells 
before infection with  Agrobacterium  has been 
shown to improve cell survival and regeneration 
of large numbers of transgenic plants (Khanna 
et al.  2004 ). Plant cells produce  heat shock pro-
teins (Hsp)   following pulses of heat which 
enables them to resist stress (Wang et al.  2004 ). 
The activation of heat shock genes and subse-
quent expression of proteins prior to 
 Agrobacterium  infection appear to enhance their 
resistance against the bacterium. 

 Modulating other cellular response such as 
impeding the  programmed cell death (PCD)   
could also improve the frequency of stable trans-
genics (Khanna et al.  2007 ). Both  biotic and abi-
otic stresses   could induce PCD in plants which 
results in the expression of apoptotic genes to 
causing cell death, hence preventing the spread of 
infection (Dickman et al.  2001 ). Khanna et al. 
( 2007 ) demonstrated that by expressing the ani-
mal antiapoptosis genes  Bcl - xL ,  Bcl - 2  3′ untrans-
lated region and  CED - 9  in banana suspension 
cells improved cell viability and transformation 
signifi cantly. 

9.2.3.1     Strategies for Enhancing 
 Agrobacterium -Mediated Gene 
Transfer in Banana 

9.2.3.1.1     Centrifugation-Assisted 
 Agrobacterium tumefaciens -
Mediated Transformation (CAAT)   

 Generating highly regenerable and transforma-
tion competent embryogenic cell suspensions are 
core to any form of banana transformation. Once 
established, the cell suspensions need to be 
screened for their competency for transformation 
and regeneration before any transformation could 
be carried out. A highly embryogenic regenerable 
cell suspension line will result in higher fre-
quency of transient and hence stable transforma-
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tion. But one process that can lead to a signifi cant 
enhancement in transformation frequency is the 
introduction of a centrifugation step during infec-
tion. Stable transgenic banana plants have been 
generated at high effi ciency from embryogenic 
cell suspensions using centrifugation to assist the 
gene transfer process (Khanna et al.  2004 ,  2008 ; 
Paul et al.  2011 ; Namuddu et al.  2013 ; Elayabalan 
et al.  2013 ). 

 In summary, the process involves harvesting 
cell suspensions 4 days after media subculture 
and fi ltering them through a 500 μm mesh and 
subjecting them to heat shock for 5 min at 42 
°C. Acetosyringone pre-induced  Agrobacterium  
culture at an optical density of 0.5 (OD 600nm  = 
0.5) is then forced into close contact with the 
heat- shocked cells by centrifugation for 10 min 
in presence of Pluronic F68. After resting the 
cells for 30 min at room temperature, the cells 
are plated on coculture medium containing ace-
tosyringone and cocultivated at 23 °C for 3 days 
in the dark. After  cocultivation  , the cells are 
washed and processed for selection (Khanna 
et al.  2004 ).  

9.2.3.1.2    Sonication and Vacuum 
Infi ltration- Assisted 
 Agrobacterium tumefaciens - 
Mediated Transformation 

 This method has been reported to enhance 
 Agrobacterium -mediated transformation of juve-
nile banana suckers (Subramanyam et al.  2011 ). 
Basic  micropropagation technique   is used to gen-
erate large number of axenic plant material 
in vitro. 

 The suckers are initially pre-cultured for 2 
days in liquid MS medium. Prior to the bacterial 
infection, the suckers are immersed in an 
 Agrobacterium  suspension containing  aceto-
syringone   and sonicated for 1–10 min using a 
bath sonicator to create micro wounds which 
become the access points for  Agrobacterium . 
After sonication, the explants are vacuum 
 infi ltrated with the same  Agrobacterium  suspen-
sion for 1–10 min at 750 mm of Hg to allow the 
 Agrobacterium  to penetrate deep into the tissues. 
Following vacuum infi ltration, the cultures are 
rested or incubated at 27 °C for 1 h. Then, the 
explants are blot dried to get rid of excess 

Banana Cell

Agrobacterium in contact with banana cell 
-association facilitated by acetosyringone

Ti plasmid manipulated to 
carry gene of interest

T-DNA carrying gene of interest integrated 
in banana chromosome

T-DNA transfer into banana 
cell through a pore in cell wall

  Fig. 9.3    Basic steps in 
 Agrobacterium -mediated 
gene transfer       
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 Agrobacterium  and then cocultivated in liquid 
medium for 3 days in the dark at 27 °C. Coculture 
media is changed every day to avoid 
 Agrobacterium  overgrowing and killing the 
explants (Subramanyam et al.  2011 ).     

9.3     Post-transformation 
Selection and Regeneration 

9.3.1     Regeneration of Transgenic 
Banana Plants via Somatic 
Embryogenesis 

 The success of gene transfer could be determined 
initially by checking the transient expression of 
reporter genes 72 h post-transformation for any 
of the methods used for transformation. This is 
the minimum time required by the cells to over-
come the physical trauma induced by the process 
and express the genes. Therefore, depending on 
the reporter gene used, cells can be taken for fl uo-
rometric GFP or histochemical GUS assays 72 h 
post-bombardment. In general, a high level of 
transient  expression   is desirable since it is a use-
ful indicator for the successful transformation. 
However, a high transient expression does not 
always translate into a high frequency of stable 
transformation (Tian and Seguin  2004 ). 

 The ability to select transformed plant tissue 
from non-transformed tissue is an important pre-
requisite in the generation of transgenic plants. In 
general, negative selection is used to select 
against non-transformed cells. The transformed 
cells are allowed to proliferate and form embryos. 

 The most commonly used selectable marker 
genes in plant transformation are antibiotic and 
herbicide resistance genes. The requirement for 
effective selection is the gradual cessation of 
growth of non-transformed cells rather than rapid 
death. Killing cells too rapidly is considered 
undesirable as dead and dying cells may release 
substances deleterious to neighbouring trans-
genic cells and reduce transformation effi ciency. 
Therefore, the minimum effective concentration 
of the desired antibiotic preventing the growth of 
non-transformed cells needs to be determined by 
means of a kill curve. 

 One of the most popular selectable markers 
for selection of transgenic cells of banana is  nptII  
gene. Kanamycin at 100 mg/L or Geneticin® at 
50 mg/L can be used for negative selection, and 
Timentin® can be used for killing  Agrobacterium , 
where the method involves this bacterium. Cells 
are normally maintained on selection for at least 
4 months with monthly subculture on fresh 
medium. Within this period all untransformed 
cells die and the transformed cells proliferate and 
start producing putative transgenic embryos. The 
cultures are then transferred to embryogenesis 
medium and maintained in this medium for at 
least 3 months with monthly subculture. The pro-
longed culture on this media not only selects for 
transgenics but also allows embryos to mature so 
that they germinate readily upon transfer on ger-
mination medium. The putative transgenic plant-
lets are then transferred on higher selection dose 
(e.g. kanamycin 200 mg/L) where transgenics 
readily form roots. Escapes do not develop 
healthy proliferative roots and this can be used as 
a visual screen. A quick PCR can be performed 
on putative transgenic plants for the confi rmation 
of the presence of the transgene. The plants gen-
erated using  Agrobacterium  method also need to 
be screened for  Agrobacterium  contamination   to 
rule out false positives. Stable integration of 
transgene and transgene copy number in the 
banana genome can be confi rmed by southern 
blot analysis or quantitative PCR methods. 

 To shorten the potentially lengthy selection/
regeneration phase, transformed cell suspensions 
can be placed directly on regeneration media 
without a prior proliferation phase. Although 
potentially a more rapid procedure, there is the 
potential for escapes and lower transformation 
effi ciency.  

9.3.2     Regeneration of Transgenic 
Shoots via Organogenesis 

 Using meristem as a target tissue for 
 Agrobacterium -mediated transformation of 
banana has been reported (May et al.  1995 ; 
Tripathi et al.  2008 ; Subramanyam et al.  2011 ). 
Initially adventitious shoots are generated de 
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novo from intercalary meristematic tissues from 
the corms. The shoots are micro wounded using 
gold  microprojectiles   and infected with 
 Agrobacterium  containing the gene construct. 
After cocultivation, the infected shoots are prolif-
erated under selection to regenerate transgenic 
plants. 

 After cocultivation, the explants are washed in 
liquid shoot induction medium containing cefo-

taxime (500 mg/L) or Timentin (200 mg/L) and 
then cultured in shoot induction medium contain-
ing cefotaxime (500 mg/L) and hygromycin (30 
mg/L) for 3 weeks to induce shoot buds. Once the 
shoot buds are induced, they are transferred into 
multiplication medium with selection for further 
3 weeks. The shoots are elongated for 3 weeks 
before being transferred to rooting medium. 
Putative transgenic shoots root profusely in the 

   Table 9.1    List of some traits and genes used in development of  transgenic banana     

 Gene introduced  Phenotype  References 

 Bar  Resistance to herbicide Basta  Becker et al. ( 2000 ) 

 MSI-99  Resistance to  Fusarium oxysporum  
and  Mycosphaerella musicola  

 Chakrabarti et al. ( 2003 ) 

 Antimicrobial peptides  Resistance to  Fusarium oxysporum  
and  Mycosphaerella fi jiensis  

 Remy et al. ( 2000 ) and Tripathi 
( 2003 ) 

 Antimicrobial peptides  Resistance to  Verticillium theobromae  
or  Trachysphaera fructigena  

 Cary et al. ( 2000 ) 

 Antimicrobial peptide (Ace-AMP1)  Resistance to  Fusarium oxysporum  
f.sp. cubense race 1 

 Mohandas et al. ( 2013 ) 

 Protein-engineered rice  Resistance to  nematode   Radopholus 
similis  

 Atkinson et al. ( 2004 ) 

 Cystatin (OcldeltaD86) 
(oryzacystatin-I) 

 Resistance to banana weevil 
( Cosmopolites sordidus ) 

 Kiggundu et al. ( 2002 ) 

 Cysteine proteinase inhibitor 

 Synthetic cercosporins  Resistance to bacterial wilt 
( Xanthomonas  spp.) 

 Rajasekaran et al. ( 2001 ) 

 Plant ferredoxin-like protein (Pfl p)  Resistance to bacterial wilt 
( Xanthomonas campestris  pv. 
musacearum) 

 Namukwaya et al. ( 2012 ) 

 Rice pattern recognition receptor 
(PRR), XA21 

 Resistance to bacterial wilt 
( Xanthomonas campestris  pv. 
musacearum) 

 Tripathi et al. ( 2014 ) 

 Antiretroviral genes (adefovir, 
tenofovir) 

 Resistance to banana streak virus  Helliot et al. ( 2003 ) 

 Human lysozyme gene  Resistance to  Fusarium oxysporum   Pei et al. ( 2005 ) 

 Antiapoptosis gene (Bcl-xL, Ced9, 
Bcl-2 3′ UTR) 

 Resistance to  Fusarium oxysporum 
Race 1  

 Paul et al. ( 2011 ) and Magambo 
( 2012 ) 

 Carica papaya cystatin (CpCYS)   Resistance   to nematode  Namuddu et al. ( 2013 ) 

 RNAi  Resistance to BBTV  Elayabalan et al. ( 2013 ) and 
Shekhawat et al. ( 2012 ) 

 RNAi  Resistance to  Fusarium   Ghag et al. ( 2015 ) 

 Aquaporins – membrane intrinsic 
protein gene (MusaPIP1;2) 

 Abiotic stress  Sreedharan et al. ( 2013 ) 

 WRKY transcription factors  Modifi ed abiotic and biotic stress 
response 

 Shekhawat and Ganapathi ( 2013 ) 

 Phytoene synthase (psy), phytoene 
desaturase (CrtI), ferritin (FER), 
nicotianamine synthase (NAS), ferric 
reductase oxidase (FRO), iron- 
regulated transporter (IRT), yellow 
stripe-like (YSL) 

 Provitamin A biofortifi cation  Khanna et al. ( 2011 ) and Dale 
et al. ( 2013 )   Iron   biofortifi cation 
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presence of the selective agent (e.g. 
hygromycin). 

 This system has been reported to produce 
transgenic banana plants at a frequency of 34.9 %. 
Although it is lower than the frequency of getting 
transgenic plants from embryogenic cell suspen-
sions, this method is promising for those cultivars 
which are diffi cult to establish in cell suspen-
sions. Also, this ensures continuous supply of 
in vitro axenic target tissue, whereas banana 
fl owers have to be sourced from mature fi eld 
plants which need to be decontaminated. The ini-
tiation of embryonic cultures from fl owers fol-
lows seasonal cycle; hence, there are 
inconsistencies in the effi ciency of embryogenic 
callus and cell suspension formation. However, 
meristem transformation could produce chimeric 
 plants   due to its multicellular nature.   

9.4     Traits and Genes of Interest 
for Transgenic Banana 

 Following development of effi cient protocols for 
banana transformation and regeneration of stable 
transgenics, there has been many reports on gen-
eration of  banana   transgenics. A summary of 
these is provided below (Table  9.1 ).

9.5        Conclusion 

 Thus, there are many different ways by which the 
genes can be introduced into the banana cells. 
Genetic transformation is a powerful tool and an 
important technique, not only for generating 
transgenics but for the study of banana functional 
genomics, i.e. gene discovery and gene function. 
Molecular tools and technologies have now made 
it much easier to identify new genes and promot-
ers and introduce them into banana cells to gener-
ate transgenics. Gene transfer through different 
gene transfer technologies has led to the genera-
tion of transgenics with many traits of interest. 
Improvements in gene transfer are now required 
in terms of transgene cassette designs and inte-
gration technology to permit gene targeting. 
Further developments in this fi eld will make it 

possible to target transgenes to specifi c locations 
in the banana genome.     
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    Abstract  

  Bananas and plantains are the most important staple food crop in the 
world. The production of banana is hampered by various stresses. Genetic 
transformation has become an important potential tool in developing 
improved banana with desired agronomic traits, which is highly diffi cult 
to achieve through conventional breeding. To be successful, genetic engi-
neering technique requires reliable, effi cient in vitro regeneration protocol 
through tissue culture. Plant regeneration through somatic embryogenesis 
has become an important tool due to high proliferation potential, minimal 
genetic instability, and single-cell origin which in turn reduces the forma-
tion of chimera. However, banana is highly recalcitrant toward the devel-
opment of somatic embryogenesis. Considerable progress has been 
achieved in the regeneration of banana through somatic embryogenesis, 
but there are still many factors to overcome. In present review key factors 
such as age of the explant, genotype, and plant growth regulators affecting 
the induction and regeneration of plants by embryogenic callus are dis-
cussed. This review also provides special focus on methods being applied 
in plant transformation through somatic embryogenesis, different factors 
which affect somatic embryogenesis, and various strategies to improve the 
transformation effi ciency using somatic embryogenesis.  
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10.1       Introduction 

 Bananas and plantains are perennial, monocoty-
ledonous crop cultivated in tropical and subtropi-
cal region of the world. It is considered as world’s 
fourth most important staple food crop after rice, 
wheat, and corn due to its richness in providing a 
balanced diet for millions of people. Presently, 
banana is cultivated approximately in around 150 
countries across the world in an area of more than 
10 million hectares with a total production of 144 
million tonnes (FAOSTAT  2013 ). The production 
is primarily hampered by several  abiotic and 
biotic factors  . The application of the classical 
breeding approach for the improvement of crop 
has limitation due to their polyploidy, long gen-
eration time, narrow genetic variability, and high 
sterility (Sasson  1997 ). The application of genetic 
engineering technology provides a powerful tool 
for the agronomic improvement of banana within 
a short period. However, to be successful, genetic 
engineering technique requires reliable, effi cient 
regeneration protocol (Hansen and Martha  1999 ). 
Presently, in vitro micro-propagation of banana 
has been achieved by using different exploits 
such as apical meristem (Arinaitwe et al.  2000 ), 
multiple bud clumps (Yip et al.  2011 ), leaf sheath 
(Venkatachalam et al.  2006 ), and anthers (Assani 
et al.  2003 ) in different genotypes. However, 
development of transgenic banana by these 
explants often produces chimeric plants and the 
transformation effi ciency is also very 
low. (Ramírez-Villalobos and de García  2008 ). 
 Plant regeneration   through somatic embryogene-
sis becomes an important tool due to the high 
proliferation potential and minimal genetic insta-
bility (Sharp et al.  1980 ; Ahloowalia  1991 ; Henry 
 1998 ). Many workers have emphasized somatic 
embryogenesis as a preferred method for genetic 
improvement, since somatic embryos arise from 
a single cell which reduces the formation of chi-
meras (Dhed’a et al.  1991 ; Toonen and De Vries 
 1996 ; Côte et al.  1996 ; Becker et al.  2000 ). Other 
than genetic improvement, somatic embryogene-
sis is also considered as a valuable tool for the 
production of secondary metabolites, polyploid, 
somatic hybridization, and virus-free plant devel-
opment (Kamle et al.  2011 ). 

 So far, a number of researchers have utilized 
embryogenic cells as target explants in the agro-
nomic improvement of banana for different traits 
(Mohandas et al.  2013b : Shekhawat et al.  2012 ; 
Namukwaya et al.  2012 ).  

10.2     Somatic Embryogenesis 

 Somatic embryogenesis is a process where 
somatic cells are reprogrammed to embryogenic 
pathway by differentiation, resulting in the devel-
opment of embryos that resemble morphologi-
cally and physiologically to zygotic embryos. 
They are bipolar in nature, bear typically embryo-
genic organ, and are not connected with the origi-
nal tissue by vascular part (Solís-Ramos et al. 
 2012 ). The process is feasible because plants 
possess  cellular totipotency   whereby individual 
somatic cells can regenerate into a whole plant. 
The somatic embryos develop either directly 
without intermediated callus (direct) or through 
the callus (indirect) or directly or indirectly from 
the cultured somatic embryos (secondary somatic 
embryos) (Gaj  2004 ). These embryos are devel-
oped either by unicellular or multicellular path-
way (Haccius  1978 ; Raghavan  1976 ). The 
unicellular origin somatic embryos have coordi-
nated cell division and embryos may connect to 
the maternal tissue through suspensor-like struc-
ture, whereas multicellular origin embryos lack 
coordinated cell division, initially observed as a 
protuberance, and those embryos in contact with 
the basal area are typically fused to the maternal 
tissue (Williams and Maheswaran  1986 ; Quiroz- 
Figueroa et al.  2006 ).  

10.3     Explants 

 The regeneration of banana plants via somatic 
 embryogenesis   has been achieved using different 
explants like zygotic embryos, proliferating mer-
istems, leaf sheath, rhizome, and female and 
male fl owers (Côte et al.  1996 ; Escalant and 
Teisson  1989 ; Escalant et al.  1994 ; Grapin et al. 
 2000 ; Ma  1991 ; Mohandas et al.  2011 ; Novak 
et al.  1989 ; Strosse et al.  2006 ). Although several 
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protocols have been established using different 
explants for the development of somatic embryos 
in different genotypes of banana, female and 
male fl ower and rhizome have been considered as 
a good source (Elayabalan et al.  2013a ; Chang 
and Shu  2013 ). However, utilization of female 
fl ower as an initial explant material causes 
 revenue loss to farmer, as it is required for banana 
fruit development (Chang and Shu  2013 ). Several 
researchers have opted male infl orescence as a 
much better choice for somatic  embryo   develop-
ment in different genotypes than scalp method, 
perhaps due to more availability of male fl owers 
and extensive material preparation phase with 
corms (Schoofs et al.  1999 ), associated with a 
high load of microbial fl ora.  

10.4     Different Stages of Somatic 
Embryo Development 

 The morphogenic sequential stage of somatic 
embryo development can be divided into differ-
ent stages: formation of proembryogenic mass, 
pre-maturation of somatic embryos, maturation, 
and plant regeneration. 

10.4.1     Induction 
of Pro-embryogenic Mass 

 Banana is a highly recalcitrant crop toward 
 embryogenic   callus response (Xu et al.  2008 ). 
Escalant et al. ( 1994 ) obtained a variable percent-
age of embryogenic callus response (0–7 %) in 
fi ve different banana genotypes. Navarro et al. 
( 1997 ) found a variable 2–6 % of embryogenic 
callus in banana cv. Grand Nain from male fl ow-
ers. A 21.75 % embryogenic callus response was 
found in banana cv Maa (AA) by Jalali et al. 
( 2003 ). Strosse et al. ( 2006 ) reported 1.8 %, 
3.3 %, and 6.0 % embryogenic callus response 
from the scalp in Cavendish-type banana (AAA), 
AAB plantains, and cooking banana (ABB), 
respectively. Schoofs et al. ( 1999 ) reported the 
embryogenic callus response is lower than 1 % in 
Cavendish group banana, whereas Mohandas 
et al. ( 2013a ) found 6.27 % embryogenic callus 

induction from male fl owers of banana cv. Elakki 
Bale (AB). 

10.4.1.1     Factors Infl uencing 
Induction of Embryogenic 
Calli 

 The development of somatic embryos are infl u-
enced by various factors, such as the type of 
explants, genotype, age, position of the explant, 
and plant growth regulators. 

10.4.1.1.1     Genotype   and Age 
of the Explant 

 The genotype of plant plays a key factor during 
the induction of embryogenic calli. The research 
carried out with different genotypes has shown 
the variation in the development of somatic 
embryos. Strosse et al. ( 2003 ) found that the fre-
quency of embryogenic callus induction varied 
between genotypes and also differed within gen-
otypes. Escalant et al. ( 1994 ) found the variable 
rates of callus induction from 0 % to 7 % in AAA, 
AAB, and ABB genome when tested under simi-
lar callus induction medium conditions. Similar 
types of results were also reported by Ganapathi 
et al. ( 1999 ) where cv. Rasthali (AAB) was found 
to be more responsive compared to AAA geno-
types such as Basrai, Lokhandi, and Trikoni. 
Variation in the embryogenic callus induction 
within genotype has been reported in different 
cultivars. Navarro et al. ( 1997 ) obtained 2–6 % 
embryogenic calli in cv. Grand Nain (AAA), 
Strosse et al. ( 2003 ) 8 %, and Youssef et al. ( 2010 ) 
reported 7.5 % and 10 % response in cv. Grand 
Nain and Williams, respectively. Elayabalan 
et al. ( 2013a ) observed 57.78 % embryogenic cal-
lus response in banana cv. Virupakshi which 
belongs to the AAB group. Morais-Lino et al. 
( 2008 ) found 20 % embryogenic callus induction 
from the male infl orescence of genome AAB 
(Brazilian cultivar Terra) while Mohandas et al. 
(2011) reported 6.25 % embryogenic callus 
induction from banana cv. Rasthali (AAB). 

 The age of the explant also has great infl uence 
on induction of embryogenic callus (George et al. 
 2008 ). Youssef et al. ( 2010 ) investigated the 
effect of age of explant on embryogenic callus 
induction by taking 1- and 2-week-old male 
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infl orescence in banana cv. Williams. Maximum 
number of embryogenic callus was observed in a 
2-week-old than in a 1-week-old male 
infl orescence.  

10.4.1.1.2     Plant Growth Regulators   
 Among different external factors, plant growth 
regulators such as auxins and cytokinins play a 
crucial role in the induction of embryogenic 
 callus. In particular, the presence of auxin pro-
motes callus proliferation and inhibits differenti-
ation. Ganapathi et al. ( 1999 ) and Navarro et al. 
( 1997 ) reported that induction of embryogenic 
calli from male fl owers requires three different 
types of auxins such as NAA, IAA, and 2,4-D, 
while cytokinin and auxins are required for 
embryogenic callus multiplication and embryo 
development (Ganapathi et al.  1999 ). Daniels 
et al. ( 2002 ) suggested that 4 mg l −1  2,4-D was a 
preferable concentration for the induction of 
embryogenic callus. A similar type of result was 
reported by other research groups (Dai et al. 
 2010 ; Mohandas et al. 2011,  2013a ). Kitamiya 
et al. ( 2000 ) reported the infl uence of 2,4-D on 
the induction of somatic embryos, where 2,4-D 
triggers the stress-related genes of somatic 
embryogenic pathway; the reprogrammed 
somatic cells undergo differentiation with the 
expression of stress-related genes and form 
 somatic   embryos. Xu et al. ( 2004 ) observed max-
imum number death of the explant at higher con-
centration of 2,4-D (8 mg l −1 ). The induction of 
good scalp was achieved at lower concentration 
of thidiazuron (TDZ), and the combination of 
6- benzylaminopurine (BAP) and TDZ at 
2.30/1.25 and 2.80/1.00 mg l −1 , respectively(Sadik 
et al.  2007 ).  

10.4.1.1.3    Other Factors 
 The position of the male fl oral hands plays an 
important role in the response of embryogenic 
calli. Various authors reported different responses 
from different  fl oral hand positions   for the induc-
tion of embryogenic calli in cultivars. 
Generally, the male fl oral hands between 8 and 
16 positions were more responsive in embryo-
genic callus induction (Jalil et al.  2003 ; Chong 
et al.  2005 ), whereas Wei et al. ( 2005 ) found a 

fl oral position from 6 to 12 was more responsive 
(5.79). Dai et al. ( 2010 ) reported 9.2 % embryo-
genic callus induction in banana cv. Da Jiao in 
the fl oral cluster ranked between 4 and 12. 
Mohandas et al. ( 2013a ,  b ) reported the highest 
frequency of embryogenic callus induction in 
banana cv Elakki Bale (Ney Poovan) from fl oral 
position 8–16. Other than positional effect, sea-
sonal factor also infl uences embryogenic callus 
induction. Escalant et al. ( 1994 ) observed that the 
response of embryogenic callus induction was 
more (74 %) in male fl owers harvested between 
September and  October  , while less in December 
to January.    

10.4.2     Establishment 
of  Embryogenic Cell 
Suspension   

 Initiation and multiplication of good quality 
embryogenic cell suspension is mainly depen-
dent on the nature of the embryogenic calli 
selected. Embryogenic callus cluster often con-
tains both embryogenic and non-embryogenic 
cells. Georget and coworkers ( 2000 ) studied fi ve 
different types of cell aggregates in embryo-
genic cell suspension of banana cv. Grand Nain 
(AAA). Histological studies revealed that type I 
cells correspond to small aggregates with non-
joining cells (Fig.  10.1A, B ), and type II cell 
aggregates are closely attached in nature and 
characterized by high nucleoplasmic ratio, small 
vacuole, and starch reserve (Fig.  10.1C, D ), 
whereas type III aggregates at peripheral region 
contain cellular proliferating zone and at center 
embryogenic cells (Fig.  10.1E, F ). These cells 
can be distinguished from type II cells by 
embryonic zone organized around peripheral 
zone. Type IV cells in the peripheral region con-
tain protodermal cell masses (Fig.  10.1G, H ). 
These masses are characterized by a nucleus 
with small nucleoli and vacuoles. Type V cells 
are nodular in nature characterized by an exter-
nal layer of starchy cells with a center region 
composed of meristematic cells with large 
nuclei (Fig.  10.1I, J ). Among these cell aggre-
gates, types II and III are highly embryogenic in 
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nature and germination of somatic embryos into 
plantlets from these cell aggregates is high. 
Similar type of opinion was also reported by 
Dhed’a et al. ( 1991 ).

10.4.3         Plantlet Germination   
via Somatic Embryogenesis 

 The regeneration of embryogenic cells through 
somatic embryos in banana is highly variable and 
depends on the quality of the ECS. Georget et al. 
( 2000 ) investigated germination effi ciency of fi ve 
different types of embryogenic cells aggregates. 
Maximum percentage of germination was 
observed in type II (90 %) and III (80 %) fol-
lowed by type I (48 %) cells, while no plant ger-
mination could be observed in type V cell 
aggregates. 

 Besides cell aggregates, other factors such as 
media phase (semisolid/liquid), incubation time, 
size, and density have also infl uenced germina-
tion of somatic embryos into plantlets. There are 
two types of media phases that are followed for 
the regeneration of somatic embryos such as tem-
porary immersion system and semisolid system. 
Husina et al. ( 2014 ) attained regeneration rate of 
10.6-fold in banana cv. Berangan in a short period 
of time in liquid medium compared to semisolid 
medium. Wong et al. ( 2006 ) reported that approx-
imately 31,835 plants regenerated from 1 ml of 
settled cell volume (SCV) of  Musa acuminata  cv. 
Mas (AA) in liquid-based embryo development 

medium. Gomez et al. ( 2002 ) reported a very 
high germination rate in a temporary immersion 
system of bioreactor than in semisolid system in 
banana cv. FHIA-18 (AAAB). Escalant et al. 
( 1994 ) found much higher germination of about 
60–70 % in the temporary immersion system than 
from semisolid system. This could be due to the 
less oxidation of somatic embryos and easy 
uptake of nutrient by cells in liquid culture 
medium (Gomez et al.  2002 ; Husina et al.  2014 ) 
(Fig.  10.2 ).

   Germination  frequency   of somatic embryos 
was also affected by the duration of incubation 
on M3 medium (somatic embryo development 
medium). Grapin et al. ( 1996 ) achieved maxi-
mum number of somatic embryo germination by 
the prolonged incubation of embryogenic cells 
on M3 medium. Côte et al. ( 1996 ) investigated 
the role of size of the embryos on regeneration. 
The result suggested that cells 800–1000 μm in 
size germinated around 20 %, while 100–250 μm 
size germinated approximately 3 % on M4 
medium. Daniels et al. ( 2002 ) found that other 
than cell size, cell density also impacts frequency 
of somatic embryo development and its 
germination.   

10.5      Genetic Transformation   

 Plant genetic transformation is the technique of 
introduction of desired foreign DNA into plant 
cells using biological or non-biological tool. It 
offers a signifi cant advancement in banana breed-

  Fig. 10.1    Morphological aspects ( A ,  C ,  E ,  G ,  J ) and histological section ( B ,  D ,  F ,  H , and  J ) of banana embryogenic 
cell aggregates (Source: Georget et al.  2000 )       
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ing programs for the production of desired agro-
nomical important trait without altering the 
native characters (Singh et al.  2004 ). Various 
sources of banana explants have been used for the 
transgenic development; however, the choice of 
high competent explants is prerequisite for the 
development of the transgenic banana; otherwise, 
it ends with poor transformation effi ciency 
because of the recalcitrant nature of the explant. 
The explants that are employed for transforma-
tion always do not yield an expected frequency of 
all transformed cells. Besides, it depends on vari-
ous parameters that infl uence the transformation 
and regeneration effi ciency. The plants that are 
regenerated from transformed tissues via organo-
genesis often resulted in the production of chi-
mera. Hence, it is emphasized to select a single 
cell for transformation. Plant genetic transforma-
tion using somatic embryos as explant is an 
extremely valuable tool in plant biotechnology 
due to its unicellular origin, which reduces the 
formation  chimera   (Sagi et al. 1995; Taylor and 
Fauquet  2002 ; Roux et al.  2001 ). In addition, cell 
culture contains cytoplasmically rich, actively 
dividing cells, which provide high frequency of 
transgene integration (Mahn et al.  1995 ). It is 
also believed that these cells can tolerate the 
stress induced by transformation and produces a 
lower number of somaclonal variants (Santos 
et al.  2002 ; Kamle et al.  2011 ). Transformation 
techniques that have been employed for the 
banana improvement through somatic embryo-
genesis are discussed below. 

10.5.1      Agrobacterium -Mediated 
Transformation 

 Currently,   Agrobacterium- mediated transforma-
tion   is considered as the most amenable and rou-
tinely applied technique for genetic manipulation 
of plant system, and it has been successfully 
applied to the transformation of various econom-
ically and horticultural important crops (Ishida 
et al.  1996 ; Cheng et al.  1997 ; Herrera-Estrella 
et al.  2005 ).  Agrobacterium- mediated transfor-
mation has been reported to be the most preferred 
method compared to other methods due to its 
effi cient and stable transformation of foreign 
DNA into the plant genome (Arinaitwe et al. 
 2004 ; Gheysen et al.  1998 : Shibata and Liu  2000 ; 
Ghosh et al.  2009 ). Further, it allows the transfer 
of large DNA fragments with minimal rearrange-
ment with one or few copies. However, 
 Agrobacterium- mediated transformation has cer-
tain limitation due its limited host range, integra-
tion of extra vector sequence other than T-DNA 
sequence, and its persistence on host tissue for 
long periods (Christou  1996 ). 

 The  Agrobacterium- mediated transformation 
is well established for dicots, whereas monocots 
are recalcitrant. To date, successful genetic modi-
fi cation has been achieved in monocots by stan-
dardizing the various parameters. In case of 
banana, to reduce the recalcitrant nature toward 
 Agrobacterium , several parameters have been 
optimized such as  Agrobacterium  strain   used, 
method of transformation, duration of cocultiva-

  Fig. 10.2    Different stages of somatic embryo development. ( a ) Embryogenic callus. ( b ) Somatic embryos. ( c ) 
Germinating somatic embryos (Source: Mohandas et al.  2013a )       
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tion, and age of the explant (Khanna et al.  2004 ; 
Arinaitwe  2008 ; Esuola et al.  2011 ) and are dis-
cussed below. So far, several researchers have 
used embryonic cells for the development of 
transgenic banana for different agronomic traits 
that are summarized in Table  10.1 .  Agrobacterium - 
mediated genetic transformation using embryo-
genic cells derived from the scalp was fi rst 
reported by Ganapathi et al. ( 2001 ).

10.5.1.1        Agrobacterium   Cell Strain  , 
Density, and Duration 

 Types of  Agrobacterium  strain and cell density 
play an important role for effi cient delivery of 
T-DNA into plant cells and recovery of the trans-
formed cells. Various authors have used different 
 Agrobacterium  strains and cell density for cocul-
tivation of embryogenic cell suspension in differ-
ent genotypes. Khanna et al. ( 2004 ) tested two 
different  Agrobacterium  strains such as LBA4404 
and highly virulent strain AGL1 with different 
cell density (0.1–2 OD 600nm ) on ECS of banana 
cv. Grand Nain (AAA) and Lady Finger (AAB). 
It was reported that OD 600nm  at 0.5 and 1.0 is 
found to be best for AGL1 and LBA4404, respec-
tively, depending on the extent of cell death and 
level of reporter gene expression in both geno-
types. Ghosh and coworkers ( 2009 ) have used 
EHA105, a highly virulent strain, at 0.2 OD 600nm  
to develop the transformants through embryo-
genic cell suspension of Cavendish banana cv. 
Robusta (AAA). Huang et al. ( 2007 ) demon-
strated the development of transgenic banana cv. 
Mas (diploid AA) using EHA105 cells at 0.8 
OD 600nm  using the liquid cocultivation method. 
The difference in the use of  Agrobacterium  cell 
density by the various researchers may be due to 
the virulent nature of the  Agrobacterium  strain 
and cultivar employed for the research (Huang 
et al.  2007 ; Arinaitwe  2008 ; Esuola et al.  2011 ; 
Yip et al.  2011 ).  

10.5.1.2     Age of Embryogenic Cell 
Suspension 

 Age of the  embryogenic cell suspension (ECS)   
is another important factor which infl uences 
T-DNA integration into cells. Various research-
ers have been using different age of ECS for 

cocultivation. Arinaitwe ( 2008 ) investigated the 
effect of age of ECS (1, 3, 5, 7, and 9 days) in 
banana cv. Obino l’Ewai for effi cient integration 
of T-DNA using the GUS reporter gene. It was 
found that with the increase in age of ECS, num-
ber of GUS signal spots also increased signifi -
cantly but decreased in 7-day-old ECS. Ganapathi 
et al. ( 2001 ) found maximum transformation 
effi ciency when 7-day- old ECS cells of banana 
cv. Rasthali were used, whereas 4-day-old ECS 
was utilized for the cocultivation of ECS in 
banana cv. Lady Finger and Grand Nain (AAA) 
(Khanna et al.  2004 ).  

10.5.1.3      Genotype   
 The frequency of T-DNA transformation by 
 Agrobacterium  is genotype dependent. In order 
to investigate transformation frequency, 
Arinaitwe ( 2008 ) cocultivated embryogenic cells 
of different genotypes with  Agrobacterium  strain 
EHA101 harboring pFAJ3000 uidA . It was found 
that consistent and higher level of  uidA  expres-
sion was  observed in  Grand Nain and Obino 
l’Ewai (95 %) followed by Three Hand Planty 
(83 %) and Orishele (81 %). A similar type of 
variability in transformation frequency has been 
reported in other crops such as wheat and barley 
(Harwood  2011 ). The differential necrosis, the 
presence of inhibitors of the  Agrobacterium  sen-
sory machinery, hypersensitive response, and 
subsequent cell death of host cells are attributed 
to be the cause of varied level of transformation 
effi ciency in different genotypes (Hansen  2000 ; 
Khanna et al.  2004 ).  

10.5.1.4     Other  Factors   
 Certain phenolic compounds such as acetosyrin-
gone and surfactants aid in the effi ciency of 
 Agrobacterium -mediated transformation. 
Acetosyringone is an exogenous stimulant known 
to trigger the  Agrobacterium  virulence genes 
required for transfer and incorporation of T-DNA 
into the host (McCullen and Binns  2006 ; Opabode 
 2006 ). In general, monocotyledons produce 
insuffi cient level of phenolic compounds which 
failed to activate the  Agrobacterium  vir genes 
(Suzuki et al.  2001 ). To improve the transforma-
tion effi ciency in banana, several researchers 
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have used acetosyringone in preinduction and 
cocultivation medium from 100 to 200 μM 
(Khanna et al.  2004 ; Ghosh et al.  2009 ; Mohandas 
et al.  2013a ,  b ). 

 The surfactant may also improve the T-DNA 
transfer by aiding the elimination of certain sub-
stances that inhibit  Agrobacterium  attachment 
and also facilitate the  Agrobacterium  to attach 
host cells (Opabode,  2006 ). Cheng et al. ( 1997 ) 
suggested that addition of Pluronic F-68 (0.01–
0.2 % w/v) and Silwet L-77 (0.01–0.075 % v/v) in 
medium enhanced the T-DNA delivery in imma-
ture embryos of wheat. The incorporation of F-68 
to the inoculation medium signifi cantly improved 
the GUS expression up to 100 times in sorghum 
(Carvalho et al.  2004 ). Khanna et al. ( 2004 ) 
reported that addition of surfactant F-68 improved 
the T-DNA delivery into embryogenic cells of 
banana. 

 Inclusion of thiol compounds in the cocultiva-
tion medium further enhanced transformation 
effi ciency by reducing the oxidative burst and 
also improved the T-DNA delivery and led to 
stable expression of gene. In order to reduce the 
necrosis and to improve transformation effi -
ciency, several authors have used L-cysteine in 
the cocultivation medium ranging from 40 to 
400 mg l −1  (Ganapathi et al.  2001 ; Khanna et al. 
 2004 ). 

 Providing a heat shock before the cocultiva-
tion of the embryogenic  cells   has proven to 
increase the viability of the embryogenic cells, 
which further recovered the large number of 
transgenic plants (Khanna et al.  2004 ). This indi-
cates that the release of heat shock proteins from 
explant increased its immunity against 
 Agrobacterium .   

10.5.2      Biolistic-Mediated 
Transformation   of Somatic 
Embryos 

 Particle bombardment is a type of direct DNA 
transfer method, where foreign DNA-coated 
micro carriers or projectiles accelerated to ade-
quate kinetic energy to deliver the DNA fragment 
into cells or tissue. These micro carriers are able 

to penetrate the membranes of the cell and to the 
nucleus, where a DNA fragment is delivered 
(Trick and Finer  1997 ). The foreign DNA then 
integrates into the chromosomal DNA by illegiti-
mate or homologous recombination (Sanford 
 1990 ). This technique has been widely applied to 
plant species that appeared to be recalcitrant to 
 Agrobacterium  infection. It is independent of 
genotype, which can be applied to any cell or tis-
sue type. Unlike  Agrobacterium- mediated trans-
formation, it does not transfer the gene to a 
specifi c region in the plant genome. However, 
transformation with this technique inserts the for-
eign gene randomly in multiple copies into plant 
system. But the high cost of equipment limits the 
use in genetic transformation (Finer et al.  1992 ; 
Christou  1996 ; Taylor and Fauquet  2002 ). 
Application of particle bombardment method for 
transgenic development has been reported in sev-
eral crops including barley, soybean, wheat, and 
rice (Finer and Mc Mullen  1991 ; Li et al.  1993 ; 
Hadi et al.  1996 ; Yao et al.  2006 ; Tanasienko 
et al.  2011 ). This method of transformation was 
fi rst utilized in the transgenic banana develop-
ment by Sagi et al. ( 1995a ,  b ). 

 Several factors have been reported to  infl u-
ence   the transformation effi ciency and subse-
quent stable integration and expression using 
particle bombardment method. Chee and cowork-
ers ( 2005 ) studied the effect of different target 
distance and helium gas pressure on stable inte-
gration of the GUS gene in immature somatic 
embryo using biolistic method. The histological 
study found that maximum expression of GUS 
was observed in immature embryos when the 
helium pressure of 1350 psi and at a target dis-
tance of 6 cm used to bombard. The strong GUS 
activity was observed when higher acceleration, 
pressure, and shorter target distance were used. 
Weak GUS staining was observed when higher 
target distance and lower acceleration pressure 
were used. Similarly, Houllou-Kido et al. ( 2005 ) 
used target distance of 9 cm and helium pressure 
1100 psi to develop the transgenic banana culti-
var Maçã (AAB) with three different constructs 
containing GUS gene. Becker et al. ( 2000 ) devel-
oped an effective method of microprojectile 
bombardment for stable transformation and 
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regeneration of Cavendish banana cv. Grand 
Nain using the embryogenic cell suspension. To 
bombard the embryogenic  cells  , target distance 
of 7.5 cm and helium pressure of 550 KPa were 
used.   

10.6     Conclusion 

 Somatic embryogenesis-mediated transforma-
tion is at present widely used to transform banana 
to obtain transformants as it reduces formation of 
chimera. A large number of plants can be pro-
duced through this method if good embryogenic 
cells are identifi ed. However, development of 
embryogenic cells and regeneration of plants are 
a laborious process. The time taken to produce 
embryogenic cells varies between cultivars. 
Some cultivars take as long as 7–8 months for 
producing embryogenic cells. If we can standard-
ize methods to obtain embryogenic cells within 
3–4 months and proliferate them in a short time, 
somatic embryogenesis would be the most pre-
ferred method for plant transformation.     
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    Abstract  

  Currently, several research laboratories are developing genetically modi-
fi ed bananas and plantains for different purposes, while new transgenic 
crops are being developed and released in several countries. Therefore, a 
more regulated transgene expression is needed. Furthermore, native 
banana promoters should imply a more public acceptance than heterolo-
gous sequences. Promoter isolation could be performed by an insertional 
mutagenesis approach or indirectly by analyzing expression patterns of 
related genes. Advances in genomics led to the genome sequencing and 
gene annotation of banana, as a source to identify candidate promoters for 
specifi c expression patterns. The challenge in computational approaches 
for promoter characterization is to precisely identify pattern of expression. 
Actually, promoter analysis for activity characterization has been con-
fi rmed through experimentation with different techniques, including 
reporter genes, bioinformatics analysis for candidate  cis -acting element 
and promoter prediction, and expression analysis of related genes. A 
review of characterization of different banana promoters is summarized, 
and the analysis of available banana promoter sequences in the GenBank 
was performed with available bioinformatics tools and a novel method to 
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identify motif sequences. Furthermore, a list of promoters used in the 
development of genetically modifi ed banana is presented, indicating an 
increase of plant and native banana promoters used to drive expression of 
related gene in a specifi c pattern.  

  Keywords  

  Regulatory sequence   •   Reporter genes   •    In silico    •   Bioinformatics   •    Musa    
•   Gene expression   •   Promoter tagging  

11.1       Introduction 

 Regulatory sequence analysis is necessary for 
expected expression of heterologous genes in dif-
ferent organisms. The second and third genera-
tion of transgenic plants required a more accurate 
transgene expression, leading to the search of 
novel regulatory sequences.  Heterologous pro-
tein expression   and localization in temporarily 
manner and/or tissue specifi city implies the use 
of regulatory regions called promoters. Promoters 
are the fi rst step of gene regulations, which 
involve a sequential process leading to transcrip-
tion initiation. However, gene regulation could 
imply other (un)related processes. The use of 
native regulatory sequences, in the development 
of genetic modifi ed banana plants, should pro-
vide more public acceptance than the use of  het-
erologous regulatory sequences  . 

 Methods for promoter isolation include 
 mRNA differential expression   analysis or the use 
of a T-DNA tagging approach which uses a 
promoter- less reporter or selectable marker gene 
integrated in plant cell genomes (Teeri et al. 
 1986 ; André et al.  1986 ). Furthermore, using 
T-DNA tagging, cryptic promoters were discov-
ered in plants and could be tissue specifi c 
(tobacco: seed coat, Fobert et al.  1994 ; 
 Arabidopsis : callus and roots, Ökrész et al.  1998 ; 
guard cells, Plesch et al.  2000 ; and roots, Mollier 
et al.  2000 ; Sivanandan et al.  2005 ). 

 As the  banana genome   has been sequenced 
(Droc et al.  2013 ), selection of specifi c genes 
could be performed for promoter identifi cation 
where gene expression is already known. 
Additionally, promoter sizes range typically from 

0.5 kb up to 1.7 kb (average length of stress- 
responsive promoters in  Arabidopsis , 
Kristiansson et al.  2009 ). For instance, the consti-
tutive promoter 35S from  caulifl ower mosaic 
virus (CaMV)   is only 538 nt. The majority of 
transgenic crops approved uses this promoter. 1  ,  2  
The PlantProm DB contains sequences of 200 bp 
plus 50 bp after the  transcription start site (TSS)  , 
indicating that basal promoter activity is within 
this range 3 . 

 Analysis of promoters requires experimental 
assays mainly by fusion of partial sequences at 
the 5′ or 3′ region to reporter genes to identify 
relevant elements ( cis -acting elements), which 
are necessary for a specifi c gene expression 
 pattern.   In silico    analysis of promoters involves 
the use of computational methods to identify 
already known  cis -acting elements or the pro-
moter architecture itself. However, any  cis -acting 
element could be in any DNA sequence as they 
are mainly short; therefore, some elements might 
be false positives ( cis -acting elements which are 
not functional), leading to a fi nal experimental 
assay to ensure promoter activity (reviewed by 
Radhamony et al.  2005 ). This chapter briefl y 
explains the basic concepts of promoters, current 
techniques for promoter analysis in banana, and 
an  in silico  comparison of the known banana pro-
moters with a novel bioinformatics tool.  

1   www.cera-gmc.org/GMCropDatabase 
2   www.isaaa.org/ 
3   www.softberry.com/berry.phtml?topic=plantprom&grou
p=data&subgroup=plantprom 
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11.2     How  Gene Expression   Starts: 
Promoter Structure 

 A series of multiple events occurs in eukaryotic 
gene expression, which includes  locus  de- 
condensation, remodeling of the nucleosome, 
histone modifi cations, and interaction of tran-
scriptional activators to promoters leading to the 
recruitment of the basal machinery to the core 
promoter to start transcription (reviewed by 
Smale and Kadonaga  2003 ). DNA is packaged in 
the chromatin (DNA and histones); therefore, 
promoter sequences could be available after 
chromatin remodeling to start transcription 
(reviewed by Mellor  2006 ). 

 The promoter could be identifi ed as the DNA 
sequence located at the 5′ region of a gene, con-
taining specifi c sequences where the transcrip-
tion machinery interacts. Regulatory sequences 
within promoters are also denominated  cis -acting 
elements, which direct the rate or pattern of tran-
scription of the gene located at the 3′ region (Praz 
et al.  2002 ).  Cis -acting elements, also known as 
transcription factor (TF) binding sites (Venter 
and Botha  2004 ), could have a length from 5 to 
20 nucleotides (nt) (Rombauts et al.  2003 ). 
Therefore, promoter sequences, located upstream 
of the TSS, contain sites for recognition of tran-
scriptional activators or repressors (Wu et al. 
 2001 ). 

 The main region in the promoter is the core, 
which is in direct contact with the basal machin-
ery of transcription (Lee and Young  2000 ). The 
RNA polymerase II interacts with TFs including 
the TFIID, which contains a TATA box-binding 
protein, and, in combination with other TFs, 
locates the RNA polymerase II to start transcrip-
tion after the preinitiation complex is formed 
(reviewed by Venter and Botha  2004 ). A tridi-
mensional confi guration is formed due to the 
bending of the promoter and enhancer sequences 
to activate transcription (Berk  1999 ; Struhl 
 2001 ). Rombauts et al. ( 2003 ) suggest that  cis - 
acting elements are grouped into modules and 
could be arranged in four different  cis -regulatory 
modules (CRMs) including (1) a compact 
arrangement of clustered  cis -acting elements 
denominated “typical,” (2) a “diffuse” CRM 

where several  cis -elements are distributed in a 
long stretch of DNA, (3) clustered CRMs distrib-
uted over a large DNA fragment denominated 
“composite,” and (4) the “simple compact” CRM 
showing no dense cluster of binding sites. The 
CRMs are also considered as enhancers (Halfon 
 2006 ; Janssens et al.  2006 ). 

 Promoters from eukaryotic organisms consist 
of a TATA box located 30 nt at the 5′ region of the 
TSS (Breathnach and Chambon  1981 ), an initia-
tor element located at the TSS (Smale  1994 ), and 
downstream promoter elements (DPE), located 
30 nt. at the 3′ region of the TSS (Kutach and 
Kadonaga  2000 ). Shahmuradov et al. ( 2005 ) 
indicated that approximately 30–50 % of known 
plant promoters contains a TATA box between 45 
and 25 nt at the 5′ region of the TSS. Furthermore, 
some housekeeping and photosynthesis-related 
genes are TATA-less (Dynan  1986 ; Nakamura 
et al.  2002 ). Recently, Kumari and Ware ( 2013 ) 
revealed through computational analysis of the 
genome-wide core promoter elements from four 
monocot and four dicot plants that only 17 % of 
promoters contain TATA box, while 80 % are 
TATA-less. 

 DNA free energy profi les revealed that struc-
tural properties of promoter regions are different 
from non regulatory genome sequences.  TATA- 
less promoters      might be activated by interaction 
of transcription machinery with sequences sur-
rounding the TSS (Smale  1997 ) or the DPE 
(Shahmuradov et al.  2005 ). Other structures, like 
the “YR rule,” might play an important role in 
transcription initiation. The “YR rule” corre-
sponds to a pyrimidine (C/T) and a purine (A/G) 
around the TSS at the position −1 and +1, respec-
tively, which is found in 77 % (10,806) of 
 Arabidopsis  promoters (Yamamoto et al.  2007a , 
 b ; Yamamoto and Obokata  2007 ). The “YR rule” 
is considered to be recognized by the TFIID as a 
less stringent initiator region (Yamamoto et al. 
 2007a ). Elements at the 3′ region of the TSS and 
located in gene regions, including the 5′ untrans-
lated region (UTR), could be involved in higher 
gene expression regulations. For instance, high 
promoter activity was obtained with 5′ UTR and 
fi rst intron together with the maize ubiquitin pro-
moter (Christensen et al.  1992 ).  
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11.3     Promoter Analysis 

11.3.1      T-DNA Tagging   for Promoter 
Discovery 

 Disruption of gene function could be accom-
plished by insertional mutagenesis leading to a 
recognizable phenotype (Springer  2000 ). For 
insertional mutagenesis, transposon (Sundaresan 
et al.  1995 ; Martienssen  1998 ) or T-DNA 
(Feldmann  1991 ; Krysan et al.  1999 ) could be 
used. The resulting phenotype of a specifi c line is 
further characterized to identify the disrupted 
gene by the presence of the tag (inserted DNA 
fragment) which greatly facilitates the isolation 
of the disrupted gene (reviewed by Springer 
 2000 ). One major drawback of these techniques 
occurs when several copies of the inserted tag are 
present in the genome. Therefore, the interpreta-
tion of a phenotype is not straightforward, and 
further isolation of fl anking sequences is required 
(Springer  2000 ; Santos et al.  2009 ). On the other 
hand, insertional mutagenesis is an important 
tool for functional genomics in different plant 
species, including   Arabidopsis thaliana   ,   Oryza 
sativa   , and   Medicago truncatula   . 

 For the discovery of novel promoters, Teeri 
et al. ( 1986 ) and André et al. ( 1986 ) developed a 
technique in which selectable marker genes with-
out a promoter placed near a T-DNA border were 
used for transformation of plants. As T-DNA 
integration is random, only a portion of trans-
genic lines will show activity of the selectable 
marker gene if the T-DNA is integrated down-
stream of a promoter sequence. In  Nicotiana  
spp., an estimated 0.1–5 and 5–19 % of screened 
transgenic lines survived under  kanamycin pres-
sure   (Teeri et al.  1986 ; André et al.  1986 , respec-
tively). Major improvement of the techniques 
was the use of an alternative selectable marker 
gene for selection of transgenic lines (Koncz 
et al.  1989 ) and the use of a promoter-less reporter 
gene instead of the selectable marker gene 
(Kertbundit et al.  1991 ; Fobert et al.  1991 ). 
Different plant species have been used for pro-
moter tagging and T-DNA activation frequency 
could vary from 0.06 % (Remy et al.  2005 ) and 

up to 78 % (Topping et al.  1991 ). Different fac-
tors may affect activation frequency, including 
explant/plant species, stress/condition, tissue/
development screened, and selectable/reporter 
gene used. Further improvement in the promoter 
tagging technique to increase the of tagging fre-
quency is the addition of one or multiple stop 
codons in-frame upstream of the start codon of 
the reporter gene (Koncz et al.  1989 ; Mudge and 
Birch  1998 ). The addition of splice acceptor or 
donor sequences upstream of the reporter gene 
may allow expression if T-DNA is inserted in an 
intron (Sundaresan et al.  1995 ; Springer  2000 ; 
Calderon-Villalobos et al.  2006 ). Additionally, 
the absence of the start codon of the reporter gene 
allows translational fusion with the tagged gene 
(Koncz et al.  1989 ). 

 Three main reporter genes have been used in 
promoter tagging: the  β-glucuronidase   ( uid A;  gus ) 
of  E. coli  (Jefferson et al.  1987 ), the green fl uores-
cent protein ( gfp ; GFP) of the Pacifi c jellyfi sh 
  Aequorea victoria    (Heim et al.  1995 ; Chiu et al. 
 1996 ), and the fi refl y luciferase ( luc ) of the 
American fi refl y   Photinus pyralis    (Ow et al.  1986 ).  

11.3.2     Reporter Genes in Promoter 
Characterization 

 Indirectly, promoter activity could be inferred by 
analyzing the gene expression of the correspond-
ing gene with different techniques including 
RT- qPCR  , Northern blot, digital gene expression, 
and microarray, among others. Alternatively, to 
confi rm level and pattern of expression, promot-
ers could be characterized by fusion with reporter 
genes and analyzing the activity of the protein 
derived from the reporter gene. The main advan-
tages of using reporter genes are the analysis of 
tissues for which isolation of transcripts is diffi -
cult, in low abundance of transcripts, and if pro-
moter characterization is needed in several time 
points, avoiding the extraction of mRNA in dif-
ferent plant tissues. Functional  cis -acting ele-
ments could be discovered by fusion of deleted 
variants of promoters to reporter genes or by 
point mutation of the elements. 
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 Several factors infl uence the use of a specifi c 
reporter gene. GUS is the reporter gene most 
used for promoter tagging and promoter charac-
terization (reviewed by Santos Ordoñez  2008 ). 
Spatial analysis is often performed when using 
the GUS reporter system due to the long half-life 
(~50 h in living mesophyll protoplasts, Jefferson 
et al.  1987 ). However, GUS activity assays should 
be carefully performed especially when screen-
ing at different developmental stages or under 
stress conditions due to the long half-life. For 
instance, analysis of circadian gene expression 
using chloramphenicol acetyltransferase ( cat ) 
gene was not detected; on the other hand, when 
using LUC, the pattern activity was detected 
(Wood  1995 ). The main reason of different 
results obtained with different reporter genes was 
the long half-life of the protein in CAT (50 h) 
than in LUC (3 h, Wood  1995 ; Thompson et al. 
 1991 ). Analysis of downregulated gene expres-
sion using GUS is diffi cult and 5 days are needed 
to perform characterization (Castle et al.  2005 ). 
Kinetic studies require sampling at several time 
points, because GUS assays are detrimental 
(Mandal et al.  1995 ). In summary, when temporal 
gene expression is expected, the  uid A reporter 
gene is not the best choice (Table  11.1 ).

   The GFP reporter system avoids the use of 
exogenous substrates and is not invasive. Gene 
expression in tissues and under specifi c stimuli 
could be accomplished with GFP (Chiu et al. 
 1996 ). However, plant tissue could generate 
background fl uorescence (Hraska et al.  2006 ) 
including in 2-days-old  Arabidopsis  seedlings 
(Castle et al.  2005 ). The background fl uorescence 

could be avoided by using appropriate fi lters 
(Maximova et al.  1998 ; Elliott et al.  1999 ; Hraska 
et al.  2006 ). The estimated half-life of the modi-
fi ed eGFP is 1 day (Verkhusha et al.  2003 ); thus 
temporal gene expression could be performed 
after 1 day. 

 The LUC reporter gene system allows real- 
time  in planta  gene  expression  . However, the 
substrate luciferin has to be added to the samples 
for photon generation reaction. LUC enzyme 
detection activity is noninvasive and nondestruc-
tive (Ow et al.  1986 ). Promoter characterization 
of inducible or developmental regulated activity 
is suitable when using LUC due to its short half- 
life (~15.3 min after luciferin is applied, Van 
Leeuwen et al.  2000 ). For instance, a low- 
temperature responsive promoter was identifi ed 
in banana using a modifi ed-improved luciferase 
( luc  + ) reporter gene (Santos et al.  2009 ). However, 
once luciferin is added, LUC activity emits pho-
tons that need to be acquired with a sophisticated 
equipment such as a charge-coupled device 
(CCD) digital camera (Remy et al.  2004 ). 

 A summary of characteristics of the three 
most used reporter gene systems is described 
(Table  11.1 ). Furthermore, promoter analysis in 
banana could be performed with the three reporter 
genes (Fig.  11.1 ).

11.4         Promoter Prediction 

 Available gene expression data could be used to 
identify promoters indirectly. Genome annota-
tion of open reading frames could be used to 

    Table 11.1    Reporter genes used for  promoter   characterization in plants   

 Reporter 
 Half-life 
protein  Specialized equipment 

 Use 
substrate  Sensitivity 

 Routinely 
in vivo 
analysis  Best suited 

 GUS  50 h  Fluorometer (for 
quantifi cation) 

 Yes  ++  No  Spatial 

 LUC  15 
min–3 h 

 CCD camera, 
luminometer 

 Yes  ++++  Yes  Temporal 
expression, low 
activity 

 GFP  24 h  Fluorometer, 
fl uorescence stereo/
microscope 

 No  +++  Yes  Spatial 
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retrieve  DNA sequences   in the 5′ region of the 
ORF (Seki et al.  2002 ). However, determination 
of promoter activity prior to experimental data is 
not a simple task. Plant  cis -acting elements data-
bases including PLACE (Higo et al.  1999 ) and 
PlantCARE (Lescot et al.  2002 ) are mainly used 
to identify candidate elements (Table  11.2 ). 
However, due to the short length of  cis -acting 
elements, any given DNA sequence may contain 
elements with no biological function, indicating 

that the sequences  in silico  might be indicative, 
but not suffi cient to prove their function 
(Radhamony et al.  2005 ; reviewed by Hernandez- 
Garcia and Finer  2014 ). Therefore, other factors 
need to be considered while analyzing sequences 
 in silico  for promoter prediction such as CpG 
islands (Rombauts et al.  2003 ) and DNA bending 
and curvature (Marilley and Pasero  1996 ; Schatz 
and Langowski  1997 ). The distance between a 
 TATA box and TSS   could be critical as indicated 

  Fig. 11.1    Reporter gene systems in banana. ( a ) 
Embryogenic cell suspensions of the banana cultivar 
‘Williams’ (AAA) used for  Agrobacterium -mediated 
transformation. ( b ) Histochemical GUS analysis of the 
plantain ‘Barraganete’ (AAB) callus after 3 months of 
transformation with the pCAMBIA1301 T-DNA. ( c ,  d ) 
Banana colonies after 3 months of transformation with the 

pCAMBIA1304. GFP was detected ( d ). ( e ,  f ) Banana 
colonies after 3 months of transformation with the 
pLVCIBE1 (banana promoter fused to the LUC2 reporter 
gene). Live image ( e ) and in complete darkness ( f ) image 
was processed in pseudocolor.  White arrows  ( e ) indicate 
banana colonies with LUC activity.  Red color  indicates 
high LUC activity ( f )       
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by Zhu et al. ( 1995 ) when changing the distance 
in the rice phenylalanine ammonia-lyase pro-
moter. The plant promoter analysis could be per-
formed by measuring base composition, relative 
entropy, and periodicity and curvature properties 
(Pandey and Krishnamachari  2006 ). Differences 
in DNA curvature were observed between pro-
moter and non-promoter sequences, while the 
peaks of relative entropy values were detected in 
TATA and TATA-less promoters. Therefore, pro-
moter prediction software should take into con-
siderations different properties to effi ciently 
identify promoter sequences and to further eluci-
date promoter activity patterns.

   For banana promoter analysis, different tech-
niques are used, including bioinformatics tools 
through PlantCARE and/or  PLACE  , promoter 
activity with reporter genes, and gene expression 
analysis (Table  11.2 ). Most of the reports refer to 
the characterization of promoters active during 
fruit ripening. Few reports used specifi c tech-
niques to confi rm the interaction of transcription 
factors with promoter sequences, including yeast 
 one-hybrid and EMSA   (Table  11.2 ). 

 The  TSSP plant promoter prediction program   
(  www.softberry.com    , Shahmuradov et al.  2003 ) 
is based on discriminant analysis of sequence 
features and plant regulatory motifs (a sequence 
pattern found in several promoters). This pro-
gram contains a database of 576 experimentally 
verifi ed promoters with TSS identifi ed and a 
dataset of 3503 and 4220 promoters with pre-
dicted TSS based on mapping of full-length 
DNAs from  Arabidopsis  and rice. The collected 
data correspond to promoter sequences, includ-
ing position −200 to +50 where the TSS is +1. 4  
Most of banana promoter sequences queried 
from GenBank were confi rmed for promoter 
identity using the TSSP (Table  11.3 ).

   One way to identify   cis -acting elements   result-
ing in a specifi c gene expression is to use tran-
scription profi le data and analyzed promoters of 
selected genes to look for over-representative ele-
ments (Maruyama et al.  2012 ). These approaches 
might reveal new  cis -acting elements or confi rm 

4   http://www.softberry.com/berry.phtml?topic=plantprom
&group=data&subgroup=plantprom 

those already known. On the other hand, dealing 
with bioinformatic software like PLACE and/or 
PlantCARE might be indicative of regulatory 
sequence functionality, and their interaction with 
transcription factors should be confi rmed through 
experimentation. The problem of fi nding the 
motif sequences where a transcription factor 
binds could be modeled as an optimized search 
for a nucleotide pattern. Well-known approaches 
to fi nd motifs in promoter regions from biota are 
 BioProspector   (Liu et al.  2001 ) and MEME 
(Bailey et al.  2006 ), which are based on Gibbs 
sampling and expectation-maximization modula-
tion, respectively. For analysis of  cis -acting regu-
latory elements in plants, besides PLACE and 
PlantCARE, POCO (Kankainen and Holm  2005 ) 
is a motif fi nding tool available for research. In 
our case, the banana promoters were analyzed 
using an evolutionary method named MBMEDA 
(Jordan and Jordan  2015 ; Table  11.4 ). MBMEDA 
is a motif search algorithm based on the estima-
tion of distribution algorithm. It estimates a prob-
abilistic model of the best individuals in the 
population, beach individual being a candidate 
motif for the solution. New candidate motifs are 
sampled from the model to a population pool 
with a better probability of fi nding the real motif 
sequences in the subsequent generations.

   The results of applying  MBMEDA   for 15 pro-
moters of  Musa  regions are shown (Table  11.4 ). 
The number of columns represents the number of 
motif instances found in the promoter regions. 
The motif window column is the size of the cor-
responding motif instances. Both parameters 
were obtained from the constitution of the pro-
moter base and the criteria of the researcher. 
Sequence consensus analysis of selected pro-
moter regions is indicated (Figs.  11.2a ,  11.2b , 
and  11.2c ).

     The location of the motif sequences on each of 
promoter regions is denoted using uppercase let-
ters (Table  11.5 ). Some  motif sequences   are 
close, as in AF119096.1 and BD268975.1. In 
JF320825.1 and JQ957542.1, the nucleotide 
sequences are located far from each other. This 
particular property could affect signifi cantly the 
binding of the transcription factor and conse-
quently the corresponding gene expression.
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   Sequence logos (Schneider and Stephens 
 1990 ) are a graphical representation of amino 
acid sequence alignment; it provides a graphical 
representation of a consensus on the sequences of 
motifs. The height, expressed in bits as the maxi-
mum sequence conservation (Crooks et al.  2004 ), 
of a certain nucleotide represents its conservation 
on the corresponding column. The representation 
using sequence logos for the motif of selected 
promoter sequences is shown (Figs.  11.2a ,  11.2b , 
and  11.2c ).  

11.5     Promoters Used 
in  Genetically Modifi ed 
Bananas   

 Since the fi rst report of banana transgenic lines 
(Sági et al.  1992 ) and the fi rst transgenic banana 
plants generated (Sági et al.  1995 ; May et al. 
 1995 ), several promoters have been used to drive 
(trans)gene expression. At least 35 different pro-
moters have been used (Table  11.6 ), mainly to 
drive highly and constitutive expression, of which 

    Table 11.4    Motif consensus founded by  MBMEDA   for  Musa  promoter regions   

 Name  GenBank accession 
 Number of 
variables  Motif window  Motif consensus 

 SK3-type dehydrin (DHN-1)  JF320825.1  7  6  CATTGG 

 1-Aminocyclopropane-1- 
carboxylate synthase and 
promoter region 

 AJ622943.1  8  6  ATCGAC 

 1-Aminocyclopropane-1- 
carboxylate synthase (ACS) gene, 
promoter 

 AF119096.1  17  6  ATCGAA 

 Thaumatin-like protein (Thau)  JQ957542.1  8  6  TGAACA 

 Unknown promoter region  EU161097.1  9  6  GGGATC 

 1-Aminocyclopropane-1- 
carboxylate synthase (BACS1) 

    U88062.1  2  6  ACGACA 

 Lectin  JX628603.1  7  6  CGAGAG 

 Chitinase (ChiI2)  GU391235.2  7  6  ATTTCC 

 Chitinase (ChiI1)  GU391234.2  6  6  GGAGAT 

 1-Aminocyclopropane-1- 
carboxylate oxidase (ACO) 

 AF221107.1  10  6  AAACAT 

 Lectin  DQ979391.1  7  6  TGAGAG 

 NAC domain-containing 
transcription factor NAC68 
(NAC68) 

 KP861890.1  9  6  ACACGT 

 Sucrose-phosphate synthase 
(SPS) 

 AY850374.1  5  6  TTGTTG 

 ACT1  AF285176.1  8  6  GCAGCT 

 Banana promoter and melon 
promoter 

    BD268975.1  16  6  AAAGGA 

  Fig. 11.2a    Sequence logo for  JF320825.1         
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the CaMV35S promoter derivate (and derivates) is 
the most used (reviewed by Swennen et al.  2003 ; 
Santos Ordoñez  2008 ). A different tissue specifi c-

ity and/or inducible promoter activity was also 
obtained, mainly in native banana promoters spe-
cifi c for ethylene and/or fruit-specifi c expression.

  Fig. 11.2b    Sequence logo for AJ622943.1       

  Fig. 11.2c    Sequence logo for  AF119096.1         

   Table 11.5    Location of  motif sequences   found for  Musa  promoter regions   

 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 SK3-type dehydrin 
(DHN-1)  

 JF320825.1  GATTGGattcctgcctcctcccccccggaatgcgccaagatcactagccatagtcaattccaca
aggtaccaaaagcctgtcatgcatggtacgagttgggacgtgcgaccatgtgAATTGGcacag
gactgaagtacttgcgtacgagaaaagatggcaatgtcaccgcgacccccggCAATGGcagc
gagatagctcctgggagagccctccttgcccggccgcttctccttcgccatatttgtgatgatgtatgta
gtactcctccccccaaccactgcactacgaggctaggactaagcAATTGGctcaacatctactc
gacatgagatgacctcctcgactctatacgtagttctctttgaacgcgcttaaagacgaaacgaagaaa
gcaaaaaagcaccggcactcaaccgacactctttatcccttcgaggctcctccgccaataatagccat
aacaaatctcgcactcccgcacacgactcgttGAATGGtagagggaacgtgagttgcgttccac
cgctccttccggaccacgatgatcgacgaaagaGATTGGctctagggtcatcgaagcgttacac
gcgtcgctcaacgaaaccatgacacggcgcggtgtagcttactcgcgaggcatcgcacgcgacccg
taaatatttcgaggtcgacaggccacgtgtcgcgaccgaccttccggatacgtccaccggctgctgac
aGAATGGagggcccgcgatacgtgacggtttctGAATGGaggtctgtgagggccgacca
ttccgctcccatcttttccgccgtcctctgttgtcacttctttactctttaaatttcccatggttttctttaattc
gaatccttcgacgcgtaggtaacgcgtcaagcatctgacccttccactccaccccgccccacccca
ccgccctctacccaacgcaaccggctaaggttctatataagcccgcggctctCCTTGGagtcc 

(continued)
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 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 1-Aminocyclopropane-
1- carboxylate synthase 
and promoter region 

    AJ622943.1  actatagggcacgcgtgGTCGACggcccgggctggtaaatagccagtcatttcaaacatga
agatcatgcttttattgtttcttttttggtagaagagtgaatgagatccacattttccttaagaggatgc
atataagccaattaaattaacatccatatgtataaaatccaattaggcaaaggcaaATCGAAg
tagttagatacgtttctatctgatccgattaatattctcttttacgattgataaagaatacatgctaattg
atatgggaggcaattcccgacgtatcatactcatccgATCGATgcgtaatatcgttaggtcagt
gatgaagatgttaatttgtctcacgagATCGAAatatataattagaaaagttgacatgacaagtc
agttattctataaccatagttttgattcatgactcatcgtgacattattatcgtcttaattaatatcatatatta
taatataaaaggtggtctagcgggagtttgacttaatacatattaatttatgctgatgaatctcaaccttt
actaacctaatatgactaaataagtatgCTCGACagattttctacgtgataatcttgactcttaaca
cctcactgagtcaactcggaaCTCGAAgtggactccgtcagactccttaactctgtaacaactg
atctaattggcaccaatcaaatcagatgcattgagctaaatggatctaatattagaaaacattgtgatttt
ccttctttcgcaaatagcatgtcATCGATgagattgaggtttacaaagagcggcgcacattttgtt
tgggataaataattctgtgcttacaatatagtagagttcgagtcgaaagcgactcccgagttcggaac
acgtcattgttgccgccaacactgaagcttcctatttggcgtcacctGTCGATgttacggcgcat
ccatcgccaatcacgtccatgatttacacgctgccggATCGACtcggttttcatgtccttcttttcc
agcctgaagtcctctttgttgacctctttggatgtttgaatggtctcgggatttgcctattaatggtcatc
ggaATCGACtcttgcaaactgcagcagctgcttctccttcttcttctctgctcgcttcagccttttc
cggtacgtacctgagataacgggtcac 

 1-Aminocyclopropane-
1- carboxylate synthase 
(ACS) gene, promoter 

    AF119096.1   ccattggctttgtgCTCGGAgatgacggcatggctaagctgcttccccgagcacagtatcagc
cgcaaggagaccagtcgcacttgcagcaagcacggcctcacattttgcacgagggccaaatgc
aggagcggctccgatccacgaaggtctcagtgtttgatcacaacttctctatctctGTCAAA
gctttgacctccccactacaatattagcactttgttctgttctccctgcaactgccatcactctggcccg
gccaggaagcgtttgattttgatacgcctttgatctttgattccttgctatccattaacaactcagtacac
aatctggtgaacccccaccaccgctggtggttctcATCCAAatctcggcagatacaacatgat
agtatcttctgtcagcaatagccacatctccacagcttaacaaaatcacgcgactccgtgttcgcgcg
tataacATCGAGaaaaaggaagagagaggaagaaagaaggaatgttttctgcgaagaacac
ggccatgaaagctttctcgtggacgtcgcgtcaccgtccgtgaggaacaaccacagctccgtagtt
tagcaggaatgggtttcacggatccgacgatggcaccgagaaccaagaaagaaatggggatgt
ccaATCTAAaacgttgccgacatcttaatcgtgcctgagatcatatattacctacaaacacacg
ttatttattctggctttcagtggaataattactctttactttctttgatggattgctggaaatggattgtttgg
attgcgaacgagaatataagaacaacattctacTTCAAAtattaatttcacttttgattCTCGGA
aactacaccccataaatttgatcTTCGAAgcctaagaattaaatctagataatggtagaagcataa
tttatttcaggtaggtggatggcttacatgctcacctaataatttatttaagtgggacccatgaataggcca
cgttacaTTCAAAatttgatgattagtgtaccatgatgagctgtgtaatgcgtgtcttgattgcgac
ttcccgtagaccccatcgatattagattgagacggaaatagcgtcggtcggtagacaacatagtac
gtagatcgtgatagaacaaTTCGAAataataagacataccaaaaaatttggtatacgactcgat
atataaaagttaaagttatttctttcatctctatatatatacacaatttgtaagtttcctaaaagatattagat
tttgggtcaactataattgccTTCCAAcaaagtagaatgcctctATCAGAatctcgcgccta
caaacaacaccaatcctaatcattcacatgatcttaacgttaatgaagtagcaaaTTC   CAAatc
acatttaaatagccagtcatTTCAAAcatgaagatcatgcttttattgtttcttttttggtagaagagt
gaatgagatccacattttccttaagaggatgcatataagccaattaaattaacatccatatgtataaa
ATCCAAttaggcaaaggcaaATCGAAgtagtcagatacgtttctatctgatccgattaatat
tctcttttacgattgataaagaatacatgctaattgatatgggaggcaattcccgacgtatcatactcat
ccgatcgatacgtaatatcgttaggtcagtgatgaagatgttaatttgtctcacgagATCGAAata
tataattagaaaagttgacatgacaagtcagttattctataaccatagttttgatttcatgactcatcgtg
acatttattatcgtcttaatttaattatcatatgttataatataaaaggtgttctagtgggggttttgacttaat
acattatttaattttaatgcttgattgaattcTTCAAActtttactaacctaaatattgactaaataag
tatgcTTCGACaagattttttctacgtgattaaatctttgacctcttaaacacctcaactgga
GTCAAACTCGGAaaCTCGAAagtggacctccgtcagactcctttaacatctgttaa
acaacttgaATCTAATTCGACactaatcaaaATCAGActgcattgagcctaaatgga
tctaaatattaagaaaaccattgttgaattttccttctttcgcaaacagcatgtcatcgatg  agattaagg
tttacaaagagcggcgcacaattttgttttgggataaataattctgtgcttacaatatagaagagttcga
GTCGAAagcgactcccgagTTCGGAacacgtcattgttgccgccaacactgaagcttc
ctatttggcgtcacctgtcgatgttacggcgcatccatcgccaatcacgtccatgatttacacgctg
ccggatcgactcggttttcatgtccttcttttccagcctgaagtcctctttgttgacctctttggatgtttg
aatggtctcgggatttgcctattaatggtcATCGGAatcgactcttgcaaact 

Table 11.5 (continued)

(continued)
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 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 Thaumatin-like protein 
(Thau) 

 JQ957542.1   aattcttagatgtttggatggaaccatctatcattctgatagcagatcatgagagggaggacatgcttatt
tatttgtacatgagataattgcgaaaatttTGAACAcgttattggtaataaagcaatgtcctttagtta
ttaaatagtacctataatcctcaaatggaggatgaatcgataaatcagcatcacctctggttggta
AGAACCccatgtttcatcttaacgaatgtctgctgttgttcatcttgacaactcatgtatgcattac
tccgttactgtttctttttaagctgtcattgatgcacctactcTGAACAggctggatattttagggt
tttgtagttgaattctgtttgatgacatgcttttcagagtaaatcatggccataattgatgtggtagaaac
aaagtccagatgaagtttcctttgtatcctcctgaagtccatgttattgTCAACAcacacaaacg
ataatgtttgacaatttgacagagagttgacctacagaaatgaagagctcaatatatatctatatctat
ctatatatatatatatatatatataaagcttagcttttacccctaaaaatttacgtgtttatatataagatgt
gtaaattttagttgatattaatgatctttaaaa  atttaatcatgatgatatTGAATAcattttgtttttattt
tataaaaatattccgacaatcaaattgatgggtattgtcacgaatgttgatggaatttata 

 Unknown promoter 
region 

 EU161097.1   ttccgtagagatgatccatgagcaattttgaagagatcgccaaatatgaaccgacagaagatatatag
tgacagaaccaaccttccgctcccagctTGGATCGggccctgtggtcgttcaagatcgacagg
ccgtgcttgaggaccttgttGGATCGccgggccttgagcttgcgcacgaggcagaggtactcc
cacgcccccccgccgccgttctcgacctggctctcgagccgctccatccgcgctgcctccgacgc
ccccaccatcggcctgcgcttgccggcgaaaacctccttgcgggcgagatgtagaaggaagaga
gaggaaacagagcaacgccggccgccgtgattccaatagcgatcgtcctcgaaagcaatggga
gatccaaggaaaacgtaccccagaacagatcctctccagcacgtgtCGGATCCaatagctcc
tctccacagcccagccgtccacagtGGGATCCacgtgcatcaatgataccaatggagggttac
gatagaagaatgagcggatggagggtggagatcgagagaggttaatcatcggacaggttcgatttg
gagaggatcacataaaccttcgtccaaggCGGATCCgatgacatgactggagttgggttattgg
acttggggctcgatctagactcgcaacacatgagatatgaactcgggtgcaaatgagtccaatccatct
gaaaacagttcaaatttattcgttaatattaatggtgtttaattaattatttatttatcttaaccatgattgcttg
tattggagaccgaggcagaaaaattaatagattaaaaataaaatgaaataacaaaaaatagaaatctt
aaatcaattaaatggaatccggacccgattagagCGGGTCgcatatgataaatccgacccgctg
ccatccgctatCGCATCGGGTCagcgtgagactgacgtggcacgcgcgccactgttacttg
gtacaccaagcgtcacagcatcacacaaagggagtgcttcgcgcactcgcagaaacgcccgtcatc
tcctcgattaaaatttatatgcggacaaggt  cggtccttcgattccaaccgttcgatgatctcgcata
GGGATCGcttccggacgtacgccgtcggatgttatcgttggttaaatgacgttaatacccttgcc
ctcggtttcttgtgcctccctcacgcctctcgcatgtgatcagttgctaatccaactggtcatgacgt
ACGATCgatcgaaaaacccgtagctagctagctagctagctagctcgatcgctagctcgctag
ctcgatcgctagctcagagctaagctcgctagctagctcgatcgctagat 

 1-Aminocyclopropane-
1- carboxylate synthase 
(BACS1) 

 U88062.1  ggtggctgtgggtgcgtgctacatgccatgcacggatgtcctaaaagattgcggggcggtctctcg
ctggctcggtcaatgtttccactcgatacaaggtagttaagaaggtcgtcctGACACAacggt
aaaccgtcagattaaggcggtttgctagcttataatggtcaaagagacgcctACGACAataaa
tgacctgtaaagtagaagaacgattgctgagcgttgatggcgattgatattttgatgatggagcaaa
aatgaatctaaatctaaatatcagtatcttc 

 Lectin  JX628603.1   cccaaaataacatcgttAGAGAGgaggatagttgacctccttcattctctcccataaatatgta
ggaactcagggatatacgatttccctagataacacaatctcctttgtacgcgcggttttctattttacga
gtttttacatgtcaagcttcgcaagatgacgaacaccttttagaaaattTGAGATttttattttctat
ttttccactgcatatgtgatgtcgcccttagatttccctatggttgtgtcatattgatacttatacataaga
acttttTGAGATgatatattaccttggattccttgttaCGAGATcatttgtggcttacaaaatt
atctttgtattatgaattgtccatcaagtatttttaatttattttttataaattcttaaaagatcctagaacgtta
atccctttggatcaatatat  aaaagtgacatacgacttagtaaaaatcaaataaaattaaatataaatat
atatttatgaagaataaaataaaattttgtattacttaatcatatcttacagatctacgatctgcaccatca
aacccaaaaataAAAGGGgcatatctctcctacgtagccgaagtattgaactctcaagtctc
cccaacacgtttccatgtgtcgaccgccacgccatatccttatccgctcctctttaattattgaccacac
caccatccgtgatcgtcgccagtcacgtcttcgtcgtCGAGAGgctctacacgaccctcgtca
cgtgatacacgctttcctcgaggaagccacggaCGAGGGggtgagcggtacacctccattcc
accccgacatcagagccatggcgatccgctataagtagcctctctccctcttccccaacattatcttc
tgcagaagAAAGGGaggagtttggtgcacacaacacgatggTGAGAGgctctctatac
acacagttttctgtctgtggaacagtttggttacctccgtgcgttatgtgttgacgtcga 

 Chitinase (ChiI2)  GU391235.2  attagaggagaagcataggccgaagaaacTTTTCCtattggtgaaagagacacacacaag
aaaaagaggagcgagagagagaaggaagcgccactcttgactggtcttgtccatgagcaattaa
ttatttgtcgactaatgagctactaacattaatgtcacagagagcaatagatgagaagctgtagactt
ggtcgcaggacttatccgaagacttgcctctgcgATTTCCcacatgcacctcatttggtccaaa
ggaagcttcacagcgggcaggaatccatttctctatataagcaccacctcccacccacaccaccacc 

(continued)
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 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 Chitinase (ChiI1)  GU391234.2   cttcttggtatggattcaattcagctttttctgaagctggaggacaaccacacactggcgaccagacta
aaagtgataactctgtcccAGAAATaagttcttaagtgttgatttctctggaagaatctgag
AGAGATcactgtcatgtggatccatctagtttcgactccagcAGAGATcatagacaacgt
atcgaacaagaacaaaaggagaaggtagtcaatctacagacttggtttttgtttttacatcttaaatag
aagtatatggctctcaccaatatgcatcttGGAGATggtcaatgcacacaccattatttgc
AGAAATggaatgattgtttctatggcatgaaccattgacgtcctgaccttagggaagaagcat
aaacttctcttaaaaatcaaaggaaaacctctcaacaccgtgatttatcaatttttgctctaaa  ttgag
tttaatttagaTGTGATgtgaaaaccttataactatcagttcttcatcatttctaagatggtttatgag
caatttattttaaaaaaaactctTGTGATaagcttttataccctcatatttaattttatcaagagtgctc
cttttatttaaaattatgataatacccttgaattgattgatttggtccaatCGAGATgtcttaatccaa
atcagtttgattcggatcagatcctttcgaatcaagtcaaatcagatcccttccactaactcataaaccat
ctccacttcctccttctccctctctcctttggcttccttctcttctccctcctctcactcctcctactccacca
cctcccacccacaccaccaccaccaccactgctaaggagg 

 1-Aminocyclopropane-
1- carboxylate oxidase 
(ACO) 

 AF221107.1   gaCAACAGggtgaattggcatcatcatcctttacctgtccctgatttgagctgtagtgctgcgctc
agccagcgttttatcgaagaagatAAACATgcgtgagcctacatgcgccaaagcttgccggca
agtcatgcatagctgcAAACATgtgacaggcaccgaaccaacaattgaagaagatacgat
AAACATgcgtgagcctacatgcaccaaagcttgccgacaagttatgtttgggtgcacaatgt
gtcctcatcttacttgcacatctgctgttgcaCAACAGcagattgcatggaggtgttttttccgg
caatgcaatctttgatgttggttctcttttctcccttcttgcattgtttatagctctgtttcttgtgctcttctt
tcacgtagattcatagcgtagcttaagttgttatagattacctgctttactgggcAAACTTgtgca
acccaggaatattcccatgtgcaccttcttcctgttttcctctgtcaaactgttctgttcatgatgaggca
gcaccgaatctaagagaaatatcctaatgttgattgatttaacctcataAAACTTgaagcagaa
tatgcttgccgctttcatgtgatcaattgaattgtttgcttgcttcacgagaacaccacattctgaacc
cattgctttcttgtggccaccaaccggagaaagggagtctataTAACTAgccgagcgaggat
tttcccatgacctgttcatctcacgtagagatggtgatttggttatagttatagcgatctatgatcgaag
aatgagaaaatacccagataacggagatccatgcgtcaccagatggaacctcggccgagtgaca
ctgtttgcacaccggatacttcatgttcacggcaatggcCGACATgccgaacagccatcgagc
gttgaatgataggcaggaatggcccatttctcacatatgagagggatacgagtggaaagggcgc
tctaatgagctgtgaatcgaaacaatttctacctatcgatccctgttcttttg  atatgaagtatagc
CAACAGgtcaagagaagacgagtacacacgcatcgccgatgctgtgacgttactttctgaggt
tggcaatttgtcactacaatccaagcggaagccatgcacgcgaggcgtcgccatggaagaac
tcaaCAACATgatgccttcccgggtctcctcaaaggggagagaccgatggaagcagcc
AAACTTggtccccgatcgtgatgggacgcgagaggtggaagcaaggagggtggagaa
caaggccaaaggtggtggggctgagagatggccaactgggtcaccttatggaatcggctccgt
tacgtcttccactgctgttgctctcgtcgatagatccttctcCAACTTtgcttcttcattcatttcg
tccctcgacgtcaagaacgcctataaattgcctggtaatcagcagcacctagcacactccagata
gaaaggacaagtgcaatcagggaagaaagagcgtgtc 

 Lectin  DQ979391.1   cccaaaataacatcgttAGAGAGgaggatagttgacctccttcattctctcccataaatatgta
ggaactcagggatatacgatttccctagataacacaatctcctttgtacgcgcggttttctattttac
gagtttttacatgtcaagcttcgcaagatgacgaacaccttttagaaaattTGAGATttttatttt
ctatttttccactgcatatgtgatgtcgcccttagatttccctatggttgtgt  catattgatacttataca
taagaacttttTGAGATgatatattaccttggattccttgttaCGAGATcatttgtggctta
caaaattcatctttgtattatgaattgtccatcaagtatttttaatttattttttataaattcttaaaagatc
ctagaacgttaatccctttggatcaatatataaaagtgacatacgacttagtaaaaatcaaataaa
attaaatataaatatatatttatgaagaataaaataaaattttgtattacttaatcatatcttacagatct
acgatctgcaccatcaaacccaaaaataAAAGGGgcatatctctcctacgtagccgaagt
attgaactctcaagtctccccaacacgtttccatgtgtcgaccgccacgccatatccttatccgct
cctctttaattattgaccacaccaccatccgtgatcgtcgccagtcacgtcttcgtcgtCGAGAG
gctctacacgaccctcgtcacgtgatacacgctttcctcgaggaagccacggaCGAGGG
ggtgagcggtacacctccattccaccccgacatcagagccatggcgatccgctataagtagcct
ctctccctcttccccaacattatcttctgcagaagAAAGGGaggagtttggtgcacacaac
acgatggTGAGAGgctctctatacacacagttttctgtctgtggaacagtttggttacctcc
gtgcgttatgtgttgacgtcga 
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 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 NAC domain-
containing 
transcription factor 
NAC68 (NAC68) 

    KP861890.1  taaaaaaaactctccaagtacaacgttggcttcttttttcctttaagaaagagaaatgggagaccttttact
ttcttccgtacttcggaggACACGTgacaaacaagtaatttgctgtccgatgttctaaaatgaata
aaaaagtggtgtgaatactgtttgtcaaaaccaacccACACGTgacagaaatgaaagggtcaa
cgaaaaggactcgactgctccgcggtcatgcccttttaccgaaggtttgctcgcatcagaaaccttg
gcgtcggctgagaattttctaaagccgccgcattaatccccagtcgtatgactttgtgttcctttcg
ACACGActgactgggcGCATATggattcatcatctaaagtacctaattaatcaaagaattat
ccgatgcataatgctcaattaaggactcaactcggatcaggcgtcaataggacaagaatggcttgc
ttggtggacaagaaagagactcCTACGTgcggaaatgcaaggcgcccagatgcaatgcac
gggcacggcgatggggcgtctcaacagtgaccatccagaaaccctaacgggtgatggcaccg
cctcccaaggttttaactggggacgtactcatcacggcccccgtaactgtgtcaccacctttcctc
ttccttgtctcttttcgccatctccaggtccaatggatccatgtgtcatcattccatgttctctatgaaac
cctagctcgctgtcagtcctcatcccTCACGTgagctgaagggttctgagcaagggagacg
tacatattcatgtcgtgaatccccctccttGCACAAcggctgcgtaattaacagtgctagtccc
tccgactccaaattccatctcgtcttcatgcaattcatACATGTgttcggtatgcgtacactaagc
aataatgagaattcataccaaatgtaGCACAAgaaacaaaattgatatgaaacgatgaaaac
acagaaatgaagtaaaaaaaatatatagagcattaaggtgaattatgcataaataaatatcatataat
atgaattatgcattaatatgtaaatttacctagactgaacggtttggggttccagcatgggtaggtgt
ctgcgggcaccagcgcgttggtcttcgccaccttgaccaatgcggtcggccgcctcacgcgaag
cttcccggatcccACACGTggttgctgcgactcatccattcccctatgtatccaACACGA
tgggagttcaaagtatctc 

 Sucrose-phosphate 
synthase (SPS) 

    AY850374.1  ggatttaattaattagtaataattattcTTGTTGtatttatttgtttatttcttattataacctcagtgtcc
tctcagttacagaaacgaaaaggtgcttactgtaaggtgcgggcgacctgacgcttaacgtacgc
ggataagcgtatcgccgttggattcttataggtcacgaatcttagagccaaacaccgccggaggat
gcgaacgacacacgaatcttcaagccgaaaggctgatctccaatgctGTGTTGtctccgacg
agcaccggcagattcccaagagcgacgaacctcgaatcgtcgtcgttgattctgatggtttgcttat
ctcgaagcaacagtgttcatatccaacggtcgagaATGTTGttcgcacgaccccattcgtgcg
gtctggtcacgccgtgtcgttgtgggggacgcttctcttccccgtgtctctcgcttctttcttacatcgc
cgcacatatattgattgcctccacccgagagagagagagaaagaaagagagagagagagagaac
ttctcctcctccctctccTTGTTGtctcttctgttcttgtcagttcgatcatggcggggaacgattgg
atcaacagctaTCTGGAggcgatcctggacgccgggccctccatcgacgcggccaagtcct 

 ACT1  AF285176.1   accttagtctgAGAGCTctgatgcactagatcgtaaacccactcttaggattatccgagaatacc
caccctacaaatcgagcctacctttccacacttacatcacatatctaccgccgaggctgatcttttctc
ttattaataaggtgctgaaagcccactaccgacaagaactcaataagtacaagcaaggcagcaacc
agtgcttccaatacggatagaggaagttcagactcaagccggccagttgcagcctGCAGCT
caggtacccttagactcaaaccggGCAGCTcgagccttgaactcaccaattacagactgaaa
ccggGCAGCTcaagccttggatcgatcggtcaaagactaaaacgagcttccccaaggccct
aacccggcagcaacagaattaacccaatgagtataagaattgaaccggtaagtataaggctagttc
cagtccaaaagtaagaattgcactaatgggtctcaggcttAGAGCTagtggcaacagaatgg
agccggtaaatcaaagcctgtagtggtaggaactcggacaaagactcagaattacacctatgagt
cgaagccaacaagcagacaagccgacaagacacggatagacaagcagacaaaccacacttta
gtcaagtactctttcgacatttgcatcgagccaagtcactactaatgtgacgcggcagcgttgttgca
cgg  gaaaacggaaaaaatcttagaaatctggTCAGCTattaggggaaatctggtcactgcc
aaaaaacccgggttttgtcaagaaatcctcgaaattgacCCAGCTattagcggaaatccggtt
gctaccaaaaaacacgggttttggtggacgcccaccccgcctcaaccttccaacaccgcacgtca
tgccggacctgatccgacggcctagatgaccctgatccgagctccatcggacgattggcgttccct
ctcgagACAGCTcattgacgaacacaaaaggcatattcgacttccgtgtatagctcaagcgac
aaaacactgggtttaatctttttattcgacattctctgtgggatccgcaacacgtatcctaaatcccata
agtcgagttaatagaaagaccatttaagctgtctcgtcgctgggtagagacacaggagctgcttgtt 
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 Name 
 GenBank 
accession  Motif sequences on promoter regions 

 Banana promoter and 
melon promoter 

    BD268975.1   gctattaaggcttgatcccaagaccctcgctctctatcttcgcaacaactcacgtcattgttattggttcc
ctttttgccttcgtctcaaatgtctcatattgtataatcttcaagaagggtattcacgacctcctacgat
GAAGGAgtgcaccctcgtctgctttcgtttcttatcattgcttcgttagggaaacataataactc
ggGAAGGAgacacaaacaatgtttatagtgatgagtcatgtaagGAAGGAga
GAAGAAagttgtgtcgtgattgcctccttccccttaacctttgttggatgaaaaagatcattag
gactcgaaattttaaaaggtggaGAAGGAgacccaagataccctcctcatagcaagat
aagagatatccgagatgaatgtgaGGAAGAAaacgatagcaaacgatgtaagttatcatg
aaaaTAAAGAgaaaatatgagaacctcatgatgaggctttagtgtcacctcgataat
TAAAGACGAGGAtaacaacgtgacaacaataaccaacaagggacataaacgataaa
ggcgttgattgacgagaccaaagtcgaacataataatatttttttaagataaaaaaaaaagta
AAAGGAtgtattttaGAAGAAAAGAAataaaagattataatttttttgagaatttgtc
cgaatacgaatatatattattttgaatattaattaaaTAAAGAtaccaacgcgtcgctttggttc
atcgtctttctttaacgcggcggacgggaacgtgaggccgacaaaggtttcatgattcctagtgg
cgtctttatgatttccactctgatgctgatggaaacgtgagcggcgAAAGAAgcgccaca
attgatcgaagcgctcctctataaatggcgagtaccgggagggagcctcaagcagtgccttgt
cccggttgattcgagtcccgtcctccgatttcgtgcaagaagagaagggaatcgagcgagat
ggcggagAAAGGAtcggtgatcgggtgccacaccatcgcccagtggaaccggcagct
ccaactcgccagcgagtccgggaagctggtaaggttccgacttgctcgaccctttgtgtttgctt
ctanggttttgggggtaaatgtccattgcgacctcgtcatggaaacaccaactcttttcttgcacta
aaaacccngcattggcAGAGGAgctttatatgccgagcttagaattttagactcagggtt
ttgagtcattctttATAGGAttttatgagttgatattattttctatgctctatctgttgatttatattgg
tctaagatcattgttattgtgcaagaattttacAGAGGGaaaggtaatgacagaaaaagaaa
ggagagtgccatcaaatgctatttgggtgccaagggacaaatttgttctgatgccatgttccatt
ctttgaccctaatgtctaatatcaatggtatctgaattaaacgatgtcattgtgacggtggatgtcta
atgtctaagttacagaaaacAAAGGAgggtgtcatcaaatgctattatctggtaattggatg
ccaaggggcaaattatcatggtgtctaatcaatgatatctaatttaaaggctactgcctaaagccca
accttttcttcctttatttattttaattgttaactctttatttgaactttt   atattctgtgtgtactccacttaatt
gagcatatcaagttctgtcaaactaagtctatcaaacttttggtggtgaagctgatgattccaagaga
tcaGGAAGAtctttctattcaacatccatgttttttcttataccattgtttacaacttagttacatctttt
cttccgttcctgtttcataaatgcatatttattttctgaaaaatgtaaagctaaacagagtcgaaatctatc
aaactgctgcatctcttgttggctcTAAAGAtttgtctggtttacaggtggtcgtagatttcactt
cttcatggtgtggtccttgccgtatgattgccccgttcttcgctgagctagctaataagttcaccgat
gccatcttccTAAGGGtggacgtcaatgagctgaaggtaaaaactatcaacatgcagattaa
actcgtgccgctgttgtttgcgaggtgaaattatgtttctaattctccaacctgtgtcaccaaacggc
AGAGGGttgccctggactgtgcgatcgagacactgccaaccttcatcttcctgaggcaggg
aaacattgtggatcgcgttgttggtgctcgtaaagatctgttgccGAAGAAgattgagctcca
catgaggaactgaatgctcgcttgcagtattagtgtcggtgttgggt  cgtgaactcggagattttgt
ggggttagaataaacatatgtactgaattccatcggttcatgattatattaactattgaataa
actagtctttcatcc 
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   Table 11.6    Promoters used in  genetically modifi ed bananas     

 Promoters (may 
include derivates)  Type  Source  First report 

 35S  Viral  Caulifl ower mosaic virus (CaMV)  Sági et al. ( 1992 ) 

 Sc  Viral  Sugarcane bacilliform badnavirus 
(ScBV) 

 Schenk et al. ( 1999 ) 

 My  Viral  Banana streak badnavirus (BSV)  Schenk et al. ( 2001 ) 

 BT  Viral  Banana bunchy top virus (BBTV)  Dugdale et al. ( 1998 ) 

 T1200  Viral  Taro bacilliform badnavirus (TaBV)  Yang et al. ( 2003 ) 

  Nos   Bacterial   Agrobacterium tumefaciens   May et al. ( 1995 ) 

  Mas   Bacterial   Agrobacterium tumefaciens   Remy ( 2000 ) 

 Emu  Recombinant     Maize,  Agrobacterium   Sági et al. ( 1995 ) 

 Gelvin super-promoter  Recombinant   Agrobacterium tumefaciens   Remy et al. ( 1998 ) 

 Ubi1  Plant  Maize  Sági et al. ( 1995 ) 

 Adh1  Plant  Maize  Dugdale et al. ( 2001 ) 

 Act1  Plant  Rice  May et al. ( 1995 ) 

 REG-2  Plant  Rice  Chong-Pérez et al. ( 2013 ) 

 TUB-1  Plant   Arabidopsis   Atkinson et al. ( 2004 ) 

 ubq3  Plant   Arabidopsis   Chakrabarti et al. ( 2003 ) 

 Ahas  Plant   Arabidopsis   Matsumoto et al. ( 2002 ) 

 act2p  Plant   Arabidopsis   Matsumoto et al. ( 2002 ) 

 HSP18.2  Plant   Arabidopsis   Chong-Pérez et al. ( 2012 ) 

 Gmhsp17.6-L  Plant  Soybean  Chong-Pérez et al. ( 2012 ) 

 PR-10  Plant  Alfalfa  Vishnevetsky et al. ( 2011 ) 

 Act1  Plant     Banana  Hermann et al. ( 2001 ) 

 EFE  Plant  Banana  Sunil Kumar et al. ( 2005 ) 

 ACC  Plant  Banana  Wang and Peng ( 2001a ) 

 ACO1  Plant  Banana  Wang and Peng ( 2001b ) 

 MusaDHN-1  Plant  Banana  Sreedharan et al. ( 2015 ) 

 17-1  Plant  Banana  Santos et al. ( 2009 ) 

 RGC2  Plant  Banana   a  

 Exp4  Plant  Banana   b  

 Exp1  Plant  Banana   b  

 Ext  Plant  Banana   b  

 MT2A  Plant  Banana   b  

 ACS  Plant  Banana   b  

 BAC  Plant  Banana  Ghosh et al. ( 2012 ) 

 EXP  Plant     Banana  Ghosh et al. ( 2012 ) 

 GLU  Plant  Banana  Ghosh et al. ( 2012 ) 

   a   www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/dir107-3/$FILE/dir107rarmp.pdf     
  b   www.ogtr.gov.au/internet/ogtr/publishing.nsf/content/dir109-3/$FILE/dir109rarmp1.pdf      
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11.6        Conclusion 

 Promoter analysis in banana has been performed 
using different methods, including  in silico  and 
experimental.  In silico  approaches still need to 
fully simulate functionality and promoter activity 
patterns in plants. Novel banana promoters 
should be discovered and used in the heterolo-
gous expression of genes. Furthermore, the gen-
eration of intra- or cisgenic banana plants should 
lead to a better acceptance for consumptions and 
facilitate risk analysis for granting permission for 
cultivation.     
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    Abstract  

  The banana is one of the most important staple fruit crop which feed mil-
lions of people around the globe. In the era of climate change, banana 
cultivation and production is seriously hampered by different biotic and 
abiotic constraints. Abiotic stresses arise from adverse environmental con-
ditions which can hinder yield stability every cropping season, thus reduc-
ing food security adversely. Improved genetic material and breeding 
methods can help in solving the abiotic stress, challenges such as drought, 
salinity and temperature stress. Scientifi c advancements in the twenty-fi rst 
century through advanced molecular technology and approaches have 
been made for a robust banana improvement programme. The develop-
ment of climate resilient crops can be achieved by combining traditional 
breeding, tissue culture, and biotechnological approaches. This chapter 
reviews some of the basic aspects related to genetic transformation of 
banana along with some advanced techniques for further improvement. 
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Embracing modern biotechnological tools combined with tissue culture 
and breeding techniques is imperative for developing abiotic stress- 
tolerant/stress-resistant banana.  

  Keywords  

  Banana   •   Genetic engineering   •   Transformation   •    Agrobacterium    •   Abiotic 
stress   •   Molecular markers  

12.1       Introduction 

 The present scenario of global climate change 
seriously hampers the  agroecosystems   through 
changes in the key variables, such as tempera-
ture, pattern of rainfall, drought and water log-
ging. These changes not only affect crop 
productivity but are also responsible for the 
decline in the food quality. Wheeler and von 
Braun ( 2013 ) suggested that, in the coming 
decades, the climate change will result into 
shrinkage of food availability along with reduced 
accessibility and stability of food supply around 
the globe. Banana and plantains are important 
fruit crops for food security, and they may prove 
to be a useful resource for livelihood and eco-
nomic stability under poor environmental condi-
tions. Bananas and plantains ( Musa spp .) are the 
perennial herbs which were grown on 10.6 mil-
lion ha in 2011 with an average fruit yield of 13.6 
tha −1  (FAO  2013 ). There are about 1000 dessert 
and cooking cultivars of banana and plantain 
reported which have been developed through 
 inter and intraspecifi c hybridization   of wild dip-
loid ( Musa acuminata  and  Musa balbisiana ) 
ancestors. Yield is a prime trait which breeders 
and farmers use for the selection of new varieties. 
However, various environmental stresses damage 
banana crop year after year and reduce the yield. 
Abiotic stress, in particular drought, salinity and 
low temperature, can cause major yield reduc-
tions. From the ancient times, moulding and 
manipulation of available natural resources have 
been going on to fulfi l the fi eld demands, and it is 
the hallmark of different civilizations. Genomics 
research related to   Musa  species   has developed 
rapidly since the year 2000. ‘The Global Musa 
Genomics Consortium’ coordinates the research 

in various aspects of genomics and domestication 
of the banana. The major aim of the consortium is 
to assure the sustainable production of banana by 
integrating genetic and genomic approaches. In 
the current century, the advancement in genetic 
concepts immensely helped to look into the crop 
design and enable breeders and genomic scien-
tists to fi nd and evaluate those genes which are 
responsible for agronomic traits. Towards this 
pursuit some of the research groups utilize the 
advanced genetic technologies to develop culti-
vars with benefi cial agronomic traits which 
encompass biotic and abiotic stress tolerance/
resistance. On the other hand, the  germplasm   col-
lections provide valuable resources for search for 
agronomically important traits along with con-
servation of biodiversity. The combination of sci-
entifi c knowledge and skill to exploit the gene 
pool opened up a new vista of opportunities in 
the development of  Musa  genomics for the 
future. This chapter focuses on the progress 
towards the development of stress-tolerant 
banana cultivars through genetic manipulation 
and tissue culture based on  in vitro  approaches 
for sustainable agriculture and food security.  

12.2      Breeding   in Banana: Present 
and Future 

 Conventional breeding is time consuming and 
tedious for banana owing to inherent partheno-
carpy, polyploidy, sterility, long life cycle, etc. 
The oldest breeding programme in banana is the 
Fundacion Hondureña de Investigacion Agricola 
(FHIA, Honduras). The FHIA initially focused 
on breeding dessert bananas but later on also 
started breeding in plantains (Ortiz and Swennen 
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 2014 ). Ortiz ( 2013 ) also reported that the culti-
vars (mostly triploids or 2 n  = 3× = 33) show fruit 
parthenocarpy and sterility, which makes the 
crossbreeding of this crop challenging. According 
to MusaNet ( 2012 ), the genetic base of triploid 
banana and plantain cultivars appears narrow due 
to their developmental programme which 
involves 20–25 meiosis events which make them 
very fragile in comparison to wild species and 
diploid cultivars of banana. Though a few reports 
on the use of breeding in the development of 
biotic stress-tolerant banana plants are available, 
there are no reports noteworthy available for the 
generation of abiotic stress-tolerant banana 
through crossbreeding. Today, breeding in dip-
loid banana remains an important  activity   for 
genetic enhancement of banana (Amorim et al. 
 2011 ). Some of the advanced techniques, such as 
marker-assisted breeding, doubled haploid pro-
duction and next-generation sequencing, are 
likely to accelerate the improvement of the dip-
loid cultigen pool. Intermediate diploid-breeding 
sources may enhance genetic gains in different 
cultigens of banana and plantain. The chromo-
some doubling of diploid species and further use 
of their derivative(s) to produce triploids (by 
4×–2× crossing) could be another approach for 
incorporating diversity in the breeding pool 
(Goigoux et al.  2013 ; Tomepke and Sadon  2013 ). 
Moreover, the sterility in the breeding lines is a 
problem, but Jenny et al. ( 2013 ) indicated that 
fertility could be restored in the breeding lines 
(4×) by colchicine treatment to their respective 
ancestors. Based on these reports, it can be con-
cluded that a multidisciplinary approach can lead 
to overcoming different hurdles of development 
of abiotic stress-tolerant plants.  

12.3     Role of Cell/ Tissue Culture   
in Improvement of Banana 

 Cell/tissue culture is not only used in mass multi-
plication of banana and plantain but also plays a 
crucial role in crop improvement through the pro-
duction of desirable variants. Together cell/tissue 
culture and genetic engineering can successfully 
be used to incorporate valuable agronomic traits 

in banana and plantain. The biotechnological 
research along with cell/tissue culture and omics 
approaches could be utilized simultaneously for 
the production of abiotic stress-tolerant banana 
and plantains. To incorporate a valuable and 
important agronomic trait in the  Musa  genome, 
development of explants is a prerequisite which 
is dependent on the nature and type of source tis-
sue or cells. Several research fi ndings reported 
different types of sources of explant along with 
their respective merits and demerits. In vitro 
regeneration of banana has the potential to pro-
vide genetically uniform and disease-free plant-
ing material apart from being the prerequisite for 
the improvement of crop by genetic transforma-
tion. Regeneration in banana has been well docu-
mented in literature by  organogenesis  , 
embryogenesis and through protoplast cultures as 
discussed in this chapter. 

12.3.1      Organogenesis   

 Different types of explants have been used for 
initiating in vitro cultures through organogene-
sis in banana, namely, shoot tips, zygotic 
embryos, immature male fl owers, leaf sheaths 
and corms. Each of the varieties of explants 
used in tissue culture provides its own advan-
tages and disadvantages. Shoot tips are widely 
used as starting material because they are sim-
ple and easy to culture from a wide range of 
 Musa  genotypes (Banerjee and De Langhe 1985 ; 
Vuylsteke  1989 ). Shoot tips do not require 
access to the fi eld and are independent of fl ow-
ering season, unlike other methods. Leaf sheaths 
and corms also have the advantage that the 
methodologies can be applied to many banana 
varieties irrespective of the genotype. 
Regeneration from leaves and corm slices has 
been reported by Okole and Schulz ( 1996 ) and 
Venkatchalam et al. ( 2006 ). Male infl orescence, 
when utilized as an explant, reduces the rate of 
contamination compared to suckers and pro-
duces more number of shoots in culture condi-
tions. Okole and Schultz ( 1996 ) used micro- cross 
sections of leaf segments and reported the for-
mation of adventitious shoot and callus.  
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12.3.2      Somatic Embryogenesis   

 In bananas and plantains, an embryogenic callus 
can be induced from a suitable explant, in a semi- 
solid medium. Embryogenic cell suspension 
(ECS) with a high regeneration capacity is pre-
pared by transferring embryogenic calli into liq-
uid medium (Fig.  12.1 ). The ECS can be used for 
mass clonal propagation and to regenerate proto-
plasts in banana (Strosse et al. ( 2004 ). More 
importantly being single celled, they are the 
explants of choice for inducing mutations and for 
genetic transformation experiments. The ECS 
could be initiated from different explant sources, 
e.g. zygotic embryos, rhizome slices and leaf 
sheaths, immature male/female fl owers, multiple 
meristem cultures (scalps) and bracts. Recently 
Nurain et al. ( 2014 ) developed the most effi cient 
banana regeneration system for ECS derived 
from immature male-fl ower clusters by including 
L-proline and L-glutamine in embryo develop-
ment media.

   The use of highly differentiated  rhizome   and 
leaf tissues for induction of embryogenic calli 
has not been explored effectively. The Male- 
fl ower technology uses the starting material from 
fl owering plants (Escalant et al.  1994 ). However, 
this method has its own limitations of poor 
embryogenic response of male fl owers soon after 

harvest, seasonal dependence, fi eld work and is 
not applicable in cultivars which do not produce 
male fl owers. Female fl owers can be used in 
place of male fl owers; however, it is not useful on 
a large scale. On the other hand, scalps, which are 
highly compact meristem cultures derived from 
proliferating meristem cultures, are very promis-
ing explants (Fig.  12.2 ).

   Establishing ECS in banana has several limi-
tations. An elaborate material preparation phase 
is required for obtaining scalps, which are gener-
ally used as the explants for induction of embryo-
genesis. Embryogenic responses are often very 
low and vary for different varieties and cultivars. 
The response of the embryogenic calli to give rise 
to regenerable cell suspensions is also very low, 
which is about 20–50 %. Consequently, the syn-
chronized cell suspensions have to be maintained 
for long periods. The longer generation and 
maintenance time of these cultures in liquid 
medium proportionately increases their chance of 
contamination. Thus the ECS cultures need to be 
checked periodically for bacterial contamination, 
if any. The regeneration potential of cells in sus-
pension decreases with time. The cell suspension- 
derived plants may show somaclonal variation, 
which may range from 2 % to 99 %. Since the 
establishment of  Musa  ECS is labour intensive 
and time consuming and the embryogenic capac-

  Fig. 12.1    ( a )  Embryogenic cell suspension (ECS)   of  Musa  sp. var. Matti cultured on regeneration medium ( bar  = 1 cm) 
and ( b ) torpedo-stage embryos regenerating from ECS ( bar  = 2 mm)       
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ity is lost over time, cryopreservation of a small 
amount of the ECS will be helpful (Panis et al. 
 2004 ).  

12.3.3      Protoplast Culture   

 Protoplasts represent a single cell system which 
has potential to regenerate plants. This method 
has been used for the development of transgenic 
banana plants by the incorporation of transgene 
using electroporation (Sagi et al.  1994 ). There 
are different research groups who isolated proto-
plasts from explants such as infl orescence, basal 
tissue of the youngest leaf, etc. The best  results   
were obtained when embryogenic cells and cell 
suspensions were used as a source of explant 
(Matsumoto and Oka  1998 ).  

12.3.4     Somaclonal Variation 

 A genetic change in the plants that occurs natu-
rally during conventional as well as  in vitro  prop-
agation is referred to as somaclonal variation. 
While the incidence of somatic mutations is low 
in bananas propagated conventionally, it is fre-
quent in micropropagated material and often con-
strains regeneration by somatic embryogenesis 
(Strosse et al.  2006 ). Somatic mutations are lim-
ited to nonreproductive  cells  , particularly when 
the regeneration follows the callus phase. These 
variations are associated with a mutation like 
point mutation, gene duplication and rearrange-
ment of chromosomes along with changes in 
chromosomal complements (Babita et al.  2013 ). 
Stress in tissue culture is the most common cause 
of this variation in banana and plantains, and it is 

  Fig. 12.2    Different stages of 
regeneration of scalps of  Musa  
sp. var. Matti: ( a ) scalp 
formation ( bar  = 1 cm), ( b ) 
regeneration of multiple shoots 
from scalps ( bar  = 1.2 cm), ( c ) 
rooting of shoots ( bar  = 1,2 
cm), ( d ) hardening of 
regenerated plantlets ( bar  = 8 
cm), and ( e ) hardened plants in 
the glasshouse ( bar  = 10 cm)       
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more frequent when the plants are propagated by 
meristematic cells. Several improved banana cul-
tivars have originated through somaclonal varia-
tion (Heslop-Harrison and Schwarzacher  2007 ). 
Therefore, it can be concluded that somaclonal 
variation is important for genetic improvement of 
banana. Somaclonal variants of banana might be 
able to withstand different types of abiotic 
stresses.  

12.3.5     Mutagenesis 

  Mutagenesis   is a traditional method for inducing 
novel genetic variation in both sexually and asex-
ually propagated species. Mutation-derived vari-
eties have been released in a wide range of plant 
species including banana (Ahloowalia et al. 
 2004 ). It can be a non-transgenic alternative to 
create genetic modifi cation in crops. The most 
commonly reported chemical mutagen is ethyl 
methanesulphonate (EMS). It induces primarily 
GC-AT base-pair transition mutations (Greene 
et al.  2003 ). To develop a platform suitable for 
vegetatively propagated species, Jankowicz- 
Cieslak et al. ( 2012 ) treated banana shoot apical 
meristems with EMS. The plantlets were recov-
ered and screening for induced mutations was 
performed. A large number of GC-AT transition 
mutations were identifi ed and were stably inher-
ited in subsequent generations. Therefore, geno-
typic insights into the fate of totipotent cells after 
mutagenesis were investigated, and banana 
improvement through induced  mutations   was 
suggested.   

12.4     Development of Abiotic 
Stress-Tolerant Banana 
Through  Tissue Culture   

 Tissue culture is a reliable technique, which has 
enabled the evaluation of tolerance to environ-
mental stresses because it allows manipulation of 
plants  in vitro . Said et al. ( 2015 ) used tissue 
culture- based  in vitro  selection method to develop 
drought stress-tolerant banana plantlets. This 
study concluded that pretreating the plantlets 

with low concentration of trehalose is most effec-
tive in combating drought stress. They artifi cially 
induced polyethylene glycol (PEG)-mediated 
drought stress by increasing the strength of PEG 
(by 1, 2 and 3 %). To combat the PEG-mediated 
drought stress, the plantlets were pretreated with 
different concentrations (20, 60 and 100 mM) of 
trehalose to test the best suited concentration 
which showed the most prominent effect in resist-
ing the drought stress. Several research fi ndings 
suggested that trehalose is a putative signalling 
molecule while others assumed its direct role in 
stress tolerance by their physical interaction with 
the membrane lipids, which maintain the struc-
tural integrity of the cell wall during stress 
(Iondachescu and Imai  2008 ). In  2010 , Stolker 
hypothesized in his thesis report that trehalose 
performs the protective function during stress by 
scavenging of reactive oxygen species (ROS). 

 In another tissue culture-based  in vitro  study, 
Bidabadi et al. ( 2012 ) attempted to select and 
characterize the water stress-tolerant lines of 
 Musa  spp., with AAA genome through ethyl 
methane sulphonate (EMS) based mutagenesis. 
In this study, PEG at three different concentra-
tions (10, 20 and 30 g L −1 ) was used to induce 
water stress followed by mutagenesis of shoot 
tips. They demonstrated that the tolerant lines 
showed higher fresh weight and proliferation rate 
as compared to the control plants under water 
stress condition. The tolerant lines also showed 
signifi cant increase in the biomass as compared 
to the control plants with higher proline content. 
Signifi cant decrease in the MDA, H 2 O 2  content 
and water loss from leaves of mutated plantlets 
was observed as compared to non-mutated lines 
after PEG treatment. 

 Mahmood and his co-workers ( 2012 ) reported 
the enhancement of water stress tolerance in the 
shoot tip cultures of banana (  Musa acuminata    cv. 
‘Berangan’, AAA). This was achieved by the 
exogenous application of methyl jasmonate 
(MeJA) prior to imposition of PEG-induced 
water stress. They used various concentrations 
(5–160 μM) of MeJA before and during the PEG 
treatment. Signifi cant improvement in the prolif-
eration rate was achieved with increasing level of 
MeJA up to 80 μM in comparison to the untreated 
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plants. These fi ndings suggest that MeJA  treat-
ment   leads to the restriction of PEG-mediated 
water stress in banana possibly through the sup-
pression of oxidative damage which was evident 
from the signifi cant reduction in H 2 O 2  and MDA 
content of banana plantlets. Therefore, manipula-
tion of pathways involving MeJA may result in 
enhanced drought tolerance in banana as indi-
cated in this study.  

12.5     Development of Abiotic 
Stress-Tolerant Banana 
Through Genetic 
Manipulation 

 There are a few reports on the development of 
abiotic stress-tolerant banana through genetic 
manipulation. The genes used for this purpose 
have been listed in Table  12.1 . However, with 
rapid advances in the genomics for resistance 
gene  identifi cation and cloning   in banana and 
other species, more useful genes in banana will 
be successfully transferred. One of the plant- 
specifi c hydrophilic transcriptional regulator pro-
teins (abscisic acid stress and ripening-induced 
protein, ASR) is involved in sucrose stress, salt 
stress and wounding in banana (Miao et al.  2014 ; 
Henry et al.  2011 ). Henry et al. ( 2011 ) reported 
four members of   Musa Asr  gene  , and all these 
exhibited two structural patterns, i.e. they had 
two exons separated by one intron and have 
‘ABA/WDS’ (abscisic acid/water-defi cit stress) 
domain. Two members of  Asr  gene family pos-
sessed two versions which corresponded to the 
two sub-genomes of   Musa acuminata    and   Musa 
balbisiana   . However, their role in salt tolerance 
in banana is not yet known. Miao et al. ( 2014 ) 
evaluated the role of banana ASR1 in salt stress 
tolerance by overexpressing it in  Arabidopsis . 
The results of this study showed that  MaASR1  
was preferentially expressed in roots and leaves 
at 4 h of stress and the expression gradually 
decreased later. There was a low expression of 
 ASR  which was evident in fruits, rhizomes and 
fl owers as compared to the root and leaves. 
Overexpression of  MaASR1  induces salt stress 
tolerance in   Arabidopsis    by a reduction in the 

expression of the ABA/stress-responsive genes 
without affecting the expression of either ABA- 
independent pathway or biosynthesis pathway 
genes. Therefore, the  MaASR1  could be a prom-
ising candidate gene, the overexpression of which 
led to enhanced salinity tolerance as well as toler-
ance to drought and/or abscisic acid-mediated 
stresses in banana and plantain. As an important 
gene, it can be further validated and intensively 
characterized by identifi cation of its targets. 
Functional characterization of  MaASR1  will 
improve our understanding of the molecular 
mechanisms of interaction of  MaASR1  in 
enhancement of salt stress tolerance.

   The plants manifest various cellular defence 
mechanisms during stress conditions. One of the 
mechanisms to resist the stress is reduction of 
cellular water potential. The cell produces certain 
proteins, enzymes, metabolites, etc. to tide over 
the unfavourable conditions.  Dehydrin (DHN)   is 
a multifamily of hydrophilic proteins present in 
plants that is produced in response to water and 
cold stress. Shekhawat et al. ( 2011 ) identifi ed and 
characterized a  SK-3-type dehydrin   
( MusaDHN-1 ) gene and further overexpressed it 
in banana to check its effi cacy towards abiotic 
stress tolerance. By the study of expression pro-
fi le, they found that  MusaDHN-1  was highly 
expressed in leaves under several abiotic stresses 
such as drought, salinity, cold, oxidative and 
heavy metal stress. Signalling molecules like 
abscisic acid, ethylene and methyl jasmonate 
treatment also induced the expression of 
 MusaDHN-1 . The accumulation of proline was 
higher, while the level of malondialdehyde was 
lower under stress condition in transgenic lines in 
comparison to the control plants. Therefore, it 
can be concluded that MusaDHN-1 affi rmatively 
helps in salinity and drought stress tolerance in 
banana. This can help in harnessing the produc-
tion of stress-tolerant banana and plantains. 

 Another group of proteins called the  aquapo-
rins   are membrane channel proteins and central 
players in plant water relations which facilitate 
transport of water and small neutral solutes 
(Maurel et al.  2008 ). In response to different 
environmental stimuli, aquaporins regulate water 
transport. To elucidate the role of aquaporins in 
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abiotic stress, Sreedharan et al. ( 2013 ) cloned 
and characterized a plasma membrane intrinsic 
protein gene ( MusaPIP1;2 ) from banana. Their 
fi nding showed that MusaPIP1;2 protein is local-
ized in plasma membrane of transformed banana 
cells. The constitutive expression led to better 
abiotic stress tolerance by lowering of  malondial-
dehyde levels   but elevating the level of proline, 
relative water content and photosynthetic effi -
ciency as compared to their control counterparts 
under imposed abiotic stress treatments. Similar 
stress tolerance levels were observed in  in vitro  
and in  in vivo  assays when  MusaPIP1;2  was 
overexpressed under dehydrin protein promoter 
(Sreedharan et al.  2013 ). In a similar study, PIP1 
subfamily  AQP  ( MaPIP1; 1 ) gene from banana 
was cloned and overexpressed in  Arabidopsis  
plants (Xu et al.  2014 ). The localization study of 
 MaPIP1;1  was done through its fusion with 
 green fl uorescent protein (GFP)  , and it was con-
fi rmed that MaPIP1;1 was localized in the plasma 
membrane in transformed plants. The transgenic 
 Arabidopsis  plants showed an increment in pri-
mary root elongation, root hair numbers and sur-
vival rate under imposed salinity and drought 
stresses. The cytosolic ratio of K + /Na +  was also 
high in the transgenic plants as compared to the 
control plants which showed that  MaPIP1;1  is 
directly responsible for imparting stress tolerance 
by adjustment of cellular osmotic potential in the 
transgenic lines. In continuation of the previous 
study on aquaporin, Sreedharan et al. ( 2015 ) 
identifi ed another aquaporin gene,  MusaPIP2;6 , 
by comparing EST data sets of stressed and non- 
stressed banana tissue. This gene has putative 
function in salt stress signalling in banana. It was 
further characterized by overexpressing in banana 
plants. It was evident that the overexpression of 
 MusaPIP2;   6    either under constitutive promoter 
or under inducible promoter resulted in higher 
salinity tolerance in transgenic banana 
(Sreedharan et al.  2015 ). They also supported the 
fi ndings of Xu and co-workers ( 2014 ) about the 
cellular localization of aquaporins in the plasma 
membrane. The banana plants overexpressing 
 MusaPIP2;6  had better photosynthetic effi ciency 
and lower membrane damage under imposed 
saline stress. The aquaporins are also involved in 

the regulation of complex metabolic processes as 
well as in certain physiological and developmen-
tal processes, including seed germination, stoma-
tal movement and leaf water transport (Maurel 
et al.  2008 ). In continuation of the previously 
reported role of aquaporin (AQP) in water stress 
tolerance, recently Hu and co-workers ( 2015 ) 
identifi ed 47 banana  AQP  genes ( MaAQPs ) based 
on the banana genome sequence which were 
clustered into four subfamilies. AAQP-like or 
major intrinsic protein (MIP) domains were 
found conserved in all banana AQPs. The 
MaAQPs had highly specifi c  intronic sequences   
of two to four introns for each subfamily. They 
found that  MaAQP  genes were also expressed 
during fruit development and postharvest ripen-
ing; a number of  MaAQP  genes were strongly 
induced under stress conditions. 

 The  pathogenesis-related class 10 (PR-10) 
genes   are one of the integral components of the 
plant defence system and have been shown to be 
transcriptionally responsive across a large range 
of abiotic stress conditions such as drought, 
salinity, heat and cold stresses, heavy metals, 
wounding and UV exposure (Xie et al.  2010 ; 
Takeuchiet al.  2011 ; Jain et al.  2012 ). Several 
proteins with similarities to the PR-10 family 
members were shown to be up-regulated in pea-
nut callus cultures exposed to salt stress condi-
tions, in a study undertaken by Jain et al. ( 2006 ). 
The overexpression of a peanut salinity-induced 
PR-10 gene ( AhSIPR10 ) in tobacco exhibited 
enhanced tolerance to salt, heavy metal (ZnCl 2 ) 
and  mannitol-induced drought stress   (Jain et al. 
 2012 ). Xie et al. ( 2010 ) reported that two PR10 
proteins showed higher abundance in maize, 
which resulted in tolerance to multiple abiotic 
stresses including wounding and biotic stresses. 
Towards development of stress-tolerant banana, 
Rustagi et al. ( 2015 ) overexpressed salinity- 
induced pathogenesis-related class 10 protein 
gene from  Arachis hypogaea  ( AhSIPR10 ) in 
indigenous banana cv. Matti (AA). The role of 
 AhSIPR10  in abiotic stress tolerance was evident 
from experiments where transgenic banana over-
expressing  AhSIPR10  performed better when 
exposed to NaCl-induced salinity and mannitol- 
induced drought stress (Rustagi et al.  2015 ). The 
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transgenic plants showed higher membrane sta-
bility under stress conditions with less accumula-
tion of electrolytes and higher chlorophyll 
retention than the control plants. Despite the 
ubiquitous presence of PR10 proteins across sev-
eral plant species, their involvement in combat-
ing both abiotic and biotic stress conditions 
sensed by plants and their functional mechanism 
is still unclear. Some of the  PR-10 proteins   exhib-
iting RNase activity inhibit the growth of patho-
gens through direct cytotoxic impact on 
pathogens possibly by participating in the induc-
tion of plant cell apoptosis and development of 
hypersensitive reactions (Filipenko et al.  2013 ). 
This needs to be explored and understood in 
diverse stress conditions and stress defence sig-
nalling network. 

 In addition Goulas et al. ( 2007 ) demonstrated 
that vegetative storage protein (VSP), a homolog 
of PR-10 protein, exhibited  in vitro  cryoprotec-
tive role in autumn and winter conditions which 
may endow chilling stress tolerance in plants. 

 Plant  stress-associated proteins (SAP)   contain-
ing A20/AN1 zinc fi nger domains are associated 
with different stress response pathways. In their 
study, Sreedharan et al. ( 2012 ) identifi ed a  SAP  
gene ( MusaSAP1 ) from banana and characterized 
it by overexpressing it in banana plants. They con-
cluded that the expression profi le of  MusaSAP1  
gene was up-regulated in salinity, drought, ther-
mal and oxidative stress as well as by treatment 
with  abscisic acid (ABA)  . Cellular localization 
study conclusively emphasized that MusaSAP1 
protein is incompletely translocated to the 
nucleus. The stress endurance characteristic of 
transgenic banana plants was better as indicated 
by reduced malondialdehyde levels in transgenic 
leaves subjected to drought and salt as compared 
to the control counterparts in both  in vitro  and  in 
vivo  assays. The transgenic banana plants also 
displayed strong up-regulation of a polyphenol 
oxidase (PPO) transcript by wounding and methyl 
jasmonate treatment. The outcome of this study 
showed a positive role of  MusaSAP 1 in stress 
amelioration pathways of banana. 

 Apart from  plant-associated proteins  , several 
transcription factors have been identifi ed, the 

overexpression of which in heterologous sys-
tems resulted in abiotic stress tolerance in sev-
eral plants. The WRKY transcription factors are 
involved in the transcriptional reprogramming of 
various key processes, including abiotic or biotic 
stress conditions in plants (Rushton et al.  2010 ). 
Shekhawat and Ganapathi ( 2013 ) expressed 
 MusaWRKY71  in banana and found that the 
transgenic banana had enhanced tolerance 
against oxidative and salt stress, which was evi-
dent from better photosynthetic effi ciency and 
higher membrane stability. The quantitative 
RT-PCR analysis for expression of putative 
downstream genes of transgenic expressing 
 MusaWRKY71  showed differential expression 
patterns of WRKY family, PR proteins family 
and chitinase family genes. These fi ndings sug-
gest that  MusaWRKY71  is involved in the tran-
scriptional reprogramming of diverse stress 
responses in banana. 

 There are other factors involved in regulating 
gene expression. These include microRNAs or 
miRNAs which are noncoding RNAs and are 
involved in post-transcriptional regulation of 
gene expression. These fascinating molecules are 
fi ne-tuned with plant growth and development 
and also perform a pivotal role under diverse 
biotic and abiotic stresses. Although plant miR-
NAs have been extensively studied in certain 
model and crop plant systems, there are hardly 
reports available on their role in fruit crops such 
as banana. To explore the horizon of miRNAs in 
gene regulation, recently Ghag et al.( 2015 ) inves-
tigated the small RNA expression profi les of two 
economically important banana cultivars (Grand 
Naine and Rasthali). A total of 170 and 244 miR-
NAs were identifi ed in cv. Grand Naine and cv. 
Rasthali, respectively. To validate the role of 
miRNAs, they overexpressed   Musa  miRNA  156    (a 
common miRNA in both cultivars) in banana. 
The transgenic plants overexpressing the 
 MusamiRNA  156  showed stunted growth with 
alteration in leaf anatomy. This research provides 
a foundation for further investigation at the omics 
level to search for factors which might be opera-
tional in the development of this peculiar 
morphology.  
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12.6     Modern Technologies 
for Improvement of Banana 
Under Abiotic Stress: Future 
Perspective 

 Increased production of bananas and plantains 
under abiotic stresses is a major challenge. In the 
last few decades, scientists have successfully 
developed new molecular technologies to help in 
improving crop varieties at a faster pace. Recent 
developments in genomics, high-throughput 
sequencing and phenotyping platforms have 
changed conventional breeding to molecular 
breeding. The progress in breeding of plantain 
and banana has been hindered due to complex 
genetic background of  Musa  species .  However, 
the new technologies have emerged as having a 
great promise for banana improvement. 

12.6.1     Association Mapping 
and  Marker-Assisted Breeding   

 Genetics and genomics studies help in identifi ca-
tion of genes related to useful traits. Genetic 
mapping in  Musa  has been restricted due to lack 
of large segregating, rendering poor male and 
female fertility and low level of seed viability. 
Therefore, quantitative trait loci (QTLs) analysis 
with large mapping populations of  F  2  or recombi-
nant inbred lines, backcross or doubled haploid 
plants is not feasible. However, association map-
ping (also called linkage disequilibrium map-
ping) may be an alternative approach for 
identifi cation of genes related to the trait of inter-
est and valuable alleles in  Musa . In association 
mapping, a set of accessions is genotyped with 
large number of genetic markers, and phenotypic 
data are collected for different traits. Genes 
which are associated with important traits are 
identifi ed by marker-trait association analysis. 
Germplasm banks a diversity of  Musa  accessions 
which can be used in marker-trait association 
analysis. 

 The  Musa  Germplasm Information System 
(MGIS) (  http://www.crop-diversity.org/mgis/    ) is 
a key source of  Musa  germplasm diversity con-
taining 2330 accessions managed in 6 collections 

around the world. It contains valuable informa-
tion on passport data, botanical classifi cation, 
morpho-taxonomic descriptors, molecular stud-
ies, plant photographs and GIS information on 
these banana genetic resources. Over 1200  Musa  
accessions are deposited and maintained in the 
genebank at the Biodiversity International  Musa  
Germplasm Transit Centre (ITC) in Belgium. 
Screening of banana germplasm for abiotic stress 
resistance needs to be conducted on priority basis 
so that accessions with better gene pool can be 
used for developing improved varieties of banana. 
Data collected from multiple environments will 
provide an opportunity for modelling ‘stress 
impacts’ on crops (Kole et al.  2015 ). The collec-
tions held in  MGIS   may play a role in candidate 
gene discovery. Once genes controlling stress 
resistance have been mapped, identifi cation of 
different alleles available at that locus can be 
achieved. Genetic variability present in the 
sequence of the gene may help in the identifi ca-
tion of the best alleles for stress resistance that 
can be used for future banana improvement 
programmes. 

 Marker-assisted breeding in banana will be 
advantageous over conventional breeding due to 
relatively long life cycle of banana. The key to 
successful integration of marker-assisted breed-
ing into conventional breeding programmes will 
depend on identifying markers which are closely 
associated with agronomic traits (Muthamilarasan 
et al.  2013 ). Molecular markers are a powerful 
tool to reveal genetic variability through DNA 
analysis and have been widely used in different 
species for assessing genetic diversity (Mondini 
et al.  2009 ). Different PCR-based genetic mark-
ers, including amplifi ed fragment length poly-
morphism (AFLP), random amplifi ed 
polymorphic DNA (RAPD) and simple sequence 
repeats (SSR), have been successfully applied in 
genetic diversity and phylogenetic studies of 
banana (Opara et al.  2010 ; Carreel et al.  2002 ; 
Creste et al.  2003 ). Youssef et al. ( 2011 ) used the 
sequence-related amplifi ed polymorphism 
(SRAP) technique for accessing genetic diversity 
and phylogenetic relationships among 40  Musa  
accessions. Cheung and Town ( 2007 ) identifi ed 
352 SSR loci in  M. acuminata  Calcutta 4 bacte-
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rial artifi cial chromosome (BAC) end sequences. 
Approximately 1500 diversity array technology 
(DArT) markers were developed in  Musa  species 
by the Generation Challenge Program, which is 
applicable to develop dense genetic maps (Kilian 
 2007 ). A genetic map with 11 linkage groups 
consisting 167 SSRs and 322 DArT markers 
spanning 1197 cM was developed in an F 1  prog-
eny developed from a cross between ‘Borneo’ 
and ‘Pisang Lilin’, two genetically distinct 
accessions of  M. acuminata  (Hippolyte et al. 
 2010 ). High-throughput technologies based on 
single nucleotide polymorphism (SNP) or 
insertion- deletion (indel) offer advantages over 
other marker systems such as RFLP, RAPD or 
AFLP because of high abundance and polymor-
phism (Dillon et al.  2007 ). Due to advancement 
of  next- generation sequencing (NGS)   technolo-
gies, genome sequences of many plants are 
available in GenBank. The banana reference 
genome sequence ( Musa acuminata ) has been 
released (D’Hont et al.  2012 ), and new results 
were generated from sequence analyses. Droc 
et al. ( 2013 ) developed putative SNPs from the 
RNA-Seq data of Pahang and DH-Pahang geno-
types of   Musa acuminata      . Overall, 2 689 intra-
genotype SNPs were generated in Pahang, 
covering 1 SNP every 1 394 bp of physical map. 
All the genetic and phenotypic information 
related to molecular markers and maps, quantita-
tive trait loci, genetic diversity and a short 
description of genetic resources of banana are 
stored in the TropGene DB (Hamelin et al. 
 2013 ). 

 Once closely associated markers are identi-
fi ed, they can be used in marker-assisted selec-
tion (MAS). The advantage of MAS over 
conventional plant breeding techniques is that 
large number of advanced breeding lines can be 
screened in shorter time period as large fi eld tri-
als and diffi cult phenotyping procedures can be 
eliminated if closely associated marker is avail-
able. Currently, many MAS projects have been 
successfully carried out in food crops to increase 
the resilience to changing climate and various 
diseases (Varshney et al.  2013 ; Kole et al.  2015 ) 
and will continue in the future to ensure food 
security. The banana being a new crop for 

genomic research is lagging behind but hopefully 
in the future will benefi t from MAS.  

12.6.2     Tilling 

  Targeted induced local lesions in genomes 
(TILLING)   is a variant of mutation method 
which help in creating changes in the gene of 
interest (Comai and Henikoff  2006 ). Ecotilling 
was used for the identifi cation and characteriza-
tion of SNPs and small insertions/deletions 
(indels) to fi nd polymorphism in  Musa  species 
(Till et al.  2010 ). This method is high throughput 
and has high accuracy. Gene target regions of 
about 700–1600 bp size are amplifi ed using fl uo-
rescently labelled gene-specifi c primers for eco-
tilling using enzymatic mismatch cleavage. 
Hybridization of polymorphic amplicons after 
denaturing and annealing generates heterodu-
plexed molecules. Single-strand-specifi c nucle-
ase CEL I present in crude extract of celery juice 
is used to cleave mismatched regions in other-
wise double-stranded duplex. Fluorescent- 
labelled digested products are resolved on 
denaturing polyacrylamide gel electrophoresis 
(PAGE) as shown by Till et al. ( 2006 ). Eighty 
banana and plantain accessions were used to dis-
cover and characterize nucleotide  polymor-
phisms   using the ecotilling approach. Over 800 
novel alleles were obtained by tilling 14 gene 
targets from these accessions.  

12.6.3      Genome Editing   

 Another recent form of mutagenesis, called 
genome editing or targeted genome engineering 
is predicted to have great success in generating 
new varieties in the near future (Voytas and Gao 
 2014 ). Targeted double-strand DNA breaks are 
generated in the genome at or close to place of 
gene target using sequence-specifi c nucleases 
such as  zinc fi nger nucleases (ZFNs)   and tran-
scription activator-like effector nucleases 
(TALENs). The DNA break can be exploited to 
introduce desirable changes in the specifi c DNA 
such as insertion or deletion and repaired by non- 
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homologous end joining (NHEJ) or homologous 
recombination (HR). Genome editing has poten-
tial of genetic engineering into elite varieties of 
crops in an effi cient and precise manner. Recently, 
additional method of genome editing based on 
the bacterial type II CRISPR (clustered regularly 
interspaced short palindromic repeats)/Cas 
(CRISPR-associated) immune system has been 
identifi ed (Belhaj et al.  2013 ). A customizable 
small noncoding RNA guides the targeted break-
age of genomic DNA in CRISPR/Cas system. 
This results in DNA modifi cations by both 
 non- homologous end joining (NHEJ) and 
homology- directed repair (HDR) mechanisms. 
Although this method is still in infancy, the plants 
generated using genome editing technology may 
have more social acceptance than genetically 
engineered crops (Ronald  2014 ).   

12.7     Conclusions 

 Despite being a staple crop, banana cultivation 
faces many challenges such as sterile nature of 
cultivated banana varieties, very few sources of 
resistance and high polyploidy levels. Modern 
agricultural techniques such as genetic manipula-
tion of plants can be practised for developing abi-
otic stress-tolerant banana varieties by 
transferring resistant genes into the banana 
genome without having an effect on other useful 
characteristics of a given cultivar. The successful 
transformation of several genes conferring abi-
otic stress resistance and high transformation 
effi ciency with improved tissue culture methods 
has been achieved in various cultivars of banana. 
From a practical application perspective, further 
evaluation of transgenic banana possessing abi-
otic stress tolerance is required. Multilocation 
fi eld trials of these genetically modifi ed plants 
will be the next phase of transgenic research. 
Although there are large collection of accessions 
of banana, exploration of the factors responsible 
for conferring abiotic stress tolerance in these is 
still awaited. Molecular breeding which includes 
genetic engineering and conventional breeding 
using DNA markers has potential to breed for 
stress-tolerant plants in the future. In conclusion, 

genetically improved varieties of banana can be 
derived from transgenic technology, chemically 
induced mutation or recent technologies such as 
genome editing. These techniques can help in 
reducing the impact of abiotic stresses in plants 
and enhancing sustainable agriculture and food 
security.     
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      Transgenic Technologies 
for Bacterial Wilt Resistance                     

     Leena     Tripathi     ,     Jaindra     Nath     Tripathi    , 
and     Jerome     Kubiriba   

    Abstract  

  Banana production is severely affected by bacterial diseases jeopardizing 
the food security of millions of inhabitants in countries where farmers 
depend upon banana as staple food. Bacterial diseases like  Xanthomonas  
wilt, Moko, blood, and Bugtok are the most important diseases threatening 
banana cultivation in several tropical and subtropical countries. Genetic 
improvement of banana through classical breeding is diffi cult due to the 
lack of resistant germplasm, sterile nature, and long generation time. 
Transgenic technology can complement classical breeding for developing 
bacterial disease-resistant varieties. Some success has been achieved for 
developing host plant resistance in order to control banana  Xanthomonas  
wilt (BXW) disease. Currently, the transgenic bananas expressing either 
sweet pepper  Pfl p  or  Hrap  gene are under evaluation for resistance to 
 Xanthomonas  wilt disease in fi eld trials in Uganda. Management of bacte-
rial diseases through cultural practices like removal of male buds and use 
of pathogen-free seed material and disinfected cutting tools can contain 
outbreak of diseases although these are not absolute solutions for control 
of bacterial diseases. In this chapter, we have discussed various manage-
ment practices as well as existing transgenic technologies to control bacte-
rial diseases of banana.  

  Keywords  

  Banana   •    Xanthomonas campestris  pv.  musacearum    •   Transgenic 
technology  

13.1       Introduction 

 Bacterial diseases are production constraint for 
many crops throughout the world. The outbreaks 
of some of the bacterial diseases have shattered 
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economies of several countries. The bacterial dis-
eases may be systemic causing death of the entire 
plants, or it may be vascular causing yellowing 
and wilts or locally causing rot, spots, blights, 
and cankers or may be of a mixed nature. 
 Bacterial diseases   of bananas (Moko, blood, 
Bugtok, and  Xanthomonas  wilt) are very destruc-
tive, and they have devastated the banana produc-
tion in various tropical and subtropical countries. 
Moko, Bugtok, and blood, caused by   Ralstonia 
solanacearum    species complex, are among the 
major biotic constraints for production of dessert 
and cooking bananas (Sequeira  1998 ). Moko and 
Bugtok diseases are caused by   Ralstonia sola-
nacearum    phylotype II, whereas blood disease is 
caused by   Ralstonia solanacearum    phylotype IV 
(Fegan and Prior  2004 ). Moko is an important 
disease devastating banana and plantain produc-
tion in Latin America, Caribbean, and the 
Philippines (Thwaites et al.  2000 ). However, 
Bugtok is an endemic disease affecting only 
cooking bananas in the Philippines (Thwaites 
et al.  2000 ). Blood disease has devastated banana 
production in Indonesian archipelago and there is 
risk of its spread to Australia and Papua New 
Guinea. Moko and blood diseases are systemic 
and their symptoms are similar: wilting of leaves, 
rotting of fruits, and vascular discoloration. 
However, symptoms of  Bugtok disease   differ 
from Moko and blood disease in that the symp-
toms are limited to the male buds and fl owers of 
bananas; there is no wilting and vascular discol-
oration generally does not extend beyond pedun-
cle (Thwaites et al.  2000 ).  Banana  Xanthomonas  
wilt (BXW) disease  , caused by  Xanthomonas 
campestris  pv.  musacearum , is only  reported   in 
Great Lakes region of East Africa (Tushemereirwe 
et al.  2004 ). 

 Generally, the plant diseases are managed 
through cultural practices, host plant resistance, 
chemicals, and regulations. The management 
practice varies from one disease to another 
depending upon the pathogen, the host, and the 
 environmental factors  . Once established, the bac-
terial diseases are diffi cult to control. Chemical 
control of bacterial disease is impossible, 
although several antibiotics have been tried. 
Antibiotics are not recommended for control of 

plant diseases because of the possibility of evolu-
tion of antibiotic-resistant strains of bacterial 
pathogens. Cultural practices including sanita-
tion, crop rotation, host eradication, and improve-
ment of crop environment can reduce pathogen 
levels or reduce the rate of disease development. 
The bacterial diseases can be managed cost- 
effectively through host plant resistance. 
Commercial growers and farmers favor resistant 
varieties if they are available. There is limited 
success in developing varieties resistant to bacte-
rial diseases through conventional breeding due 
to lack of germplasm exhibiting resistance 
against most of the  bacterial pathogens   and also 
because of the appearance of new pathogen 
strains. Biotechnology has unraveled several new 
options to control plant bacterial diseases. 
Transgenic technologies to develop disease- 
resistant plants through improving host’s regula-
tory mechanism or defense mechanism or 
expressing antimicrobial proteins are reported for 
several crops. This chapter reviews the attempts 
made for exploiting transgenic technologies for 
effective management of bacterial diseases and 
describes the progress on control measures of 
BXW disease.  

13.2     Banana  Xanthomonas  Wilt 
(BXW) Disease 

 Among all the bacterial diseases damaging 
 banana   cultivation worldwide, BXW is consid-
ered as the major menace to banana production in 
Great Lakes region of East and Central Africa 
(Tripathi et al.  2009 ). The disease was fi rst 
reported on  Ensete  (Yirgou and Bradbury  1968 ) 
and later on banana in Ethiopia (Yirgou and 
Bradbury  1974 ). Outside Ethiopia, BXW was 
fi rst noticed in Uganda in 2001 (Tushemereirwe 
et al.  2004 ) and then in the Democratic Republic 
of the Congo (DR Congo) (Ndungo et al.  2006 ), 
Rwanda (Reeder et al.  2007 ), Kenya, Tanzania, 
and Burundi (Carter et al.  2009 ). The disease 
affects production of all types of banana includ-
ing plantain, cooking, dessert, and juice- 
producing bananas (Ssekiwoko et al.  2006 ). 
BXW spreads very fast resulting in severe loses, 
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unlike those of other diseases which gradually 
increase losses over years. The impact of BXW is 
due to absolute yield losses and death of the 
mother plant (Tripathi et al.  2009 ). The economic 
losses due to this disease were estimated at US$ 
2–8 billion over a decade due to increase in price 
and production losses (Abele and Pillay  2007 ). 
The BXW disease causes yield losses through 
complete wilting of banana plant and rotting of 
fruits. Therefore, BXW disease jeopardizes the 
livelihood of millions of farmers growing bananas 
for food and cash. 

13.2.1      Causal Agent   

 The causative organism of BXW disease is rod- 
shaped, gram-negative bacterium, named as 
 Xanthomonas campestris  (Yirgou et al. 1968, 
1974). It has subsequently been retitled as  X. 
campestris  pv.  musacearum  ( Xcm ) (Young et al. 
 1991 ). The bacterium belongs to 
  Xanthomonadaceae    and produces yellow, circu-
lar,  mucoid  , slimy colonies (Tripathi et al.  2007 ). 
Previously,  X. campestris  pv.  musacearum  was 
considered to be a highly monomorphic pathogen 
with no genetic differences (Aritua et al.  2007 ). 
However, recent study on genome-wide sequenc-
ing reports the presence of two genetically dis-
tinct sub-lineages of the pathogen, one group 
including  X. campestris  pv.  musacearum  isolates 
from Burundi, Kenya, Tanzania, and Uganda and 
second group of isolates from DR Congo, 
Ethiopia, and Rwanda (Wasukira et al.  2012 ). 
This study indicates more than one introduction 
of BXW disease on banana in East Africa 
(Wasukira et al.  2012 ).  

13.2.2      Symptoms   of BXW 

 The main symptoms of BXW disease are yellow-
ing and wilting of leaves, immature and uneven 
ripening, and rotting of fruits (Fig.  13.1a, b ) with 
yellowish brown blotches and dark brown pla-
cental scars in the pulp (Tushemereirwe et al. 
 2004 ). Infection via insect transmission shows 
symptoms on different parts of fl owers including 

shrinking and rotting of the male buds, wilting of 
bracts, and browning of peduncle fi rst followed 
with further wilting of leaves occurring as the 
infection spreads to the complete plant. Cross 
sections of the pseudostem and rachis of infected 
plants show yellowish bacterial ooze. Ultimately, 
infected plants wilt completely and rot. 
Appearance of symptoms is very fast under 
favorable conditions and visible within 3–4 
weeks in fi elds and 2–3 weeks after artifi cial 
inoculation of  X. campestris  pv.  musacearum  in 
glasshouse (Tripathi et al.  2008 ). Symptom 
development differs with cultivars, growth phase 
of plant, and mode of disease transmission 
(Tripathi et al.  2009 ).

13.2.3         Disease Transmission   

 The  X. campestris  pv.  musacearum  infects 
banana plant mainly through two ways. Farming 
tools (pangas, hoes, knives) and browsing ani-
mals that infl ict damage to various parts of the 
plants (leaves, pseudostem, male bud, corm 
roots). When these tools infl ict a wound to a dis-
eased plant, they pick the bacteria and transmit 
them when they get to a clean plant. It is estab-
lished that the bacteria survive for several days 
on the farming tools, therefore very effective in 
spreading the bacteria from infected plants to 
clean plants. In areas where there is excessive use 
of tools, this is a major means of disease trans-
mission (e.g., Southeastern Uganda). In this case, 
the main agents spreading the disease are the 
farmers and the traders, but unfortunately they 
are unaware of this fact. The second main means 
of transmission is by insects that visit banana 
male buds to feed on sap that oozes out when the 
banana fl owers fall off. As the insects feed, they 
mechanically bring in bacteria from the infected 
plants visited earlier. The insects and other agents 
like sapsucking birds and bats are able to spread 
the disease from fi eld to fi eld. This is the main 
means of disease transmission in all parts of 
Uganda where farmers do not intensively use 
farming tools in their plantations, e.g., in planta-
tions of beer bananas (Pisang Awak commonly 
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known as Kayinja) in Central and Western 
Uganda. 

 The planting material from infected fi eld can 
also spread disease. Sometimes, the infected 
plants do not show symptoms during incubation 
period, which can be up to 3 or more months.   

13.3      Management   of BXW 
Disease 

 The bacterial wilt diseases are systemic, and once 
pathogens have established in banana plantation, 
their control becomes very diffi cult (Eden-Green 
 2004 ). The infected banana plants should be 
removed immediately in order to limit spread of 
the disease. At present there are no chemicals, 
biocontrol tools, or resistant cultivars available to 
control BXW (Tripathi et al.  2009 ). Therefore, 

the disease management should involve combi-
nation of approaches like exclusion, eradication, 
cultivation of disease-tolerant banana varieties, 
and protection. Once BXW disease appears in a 
plantation, there is no option other than removal 
of all diseased plants and leaving the fi eld 
unplanted or to follow crop rotation. Researchers 
at NARL, Kawanda, established that the bacteria 
survive no more than 45 days in soil rotting 
banana residues (Mwebaze et al.  2006 ). 
Conditions favoring rotting of plants also speed 
up natural destruction of the bacteria. There are 
only two known alternate hosts,  Canna  sp. and 
 Zebrina  sp., which are relatives of the banana 
plants (belong to the same plant family), of  X. 
campestris  pv.  musacearum  pathogen. 

 Currently, control of BXW is centered on pro-
tecting uninfected plants once the disease gets to 
an area as there is no effective curative measure 

  Fig. 13.1    ( a ) BXW-infected plants showing wilting of 
leaves; ( b ) diseased plants showing rotting of fruits; ( c ) 
completely wilted control non-transgenic plant in glass-
house; ( d ) transgenic plants showing no BXW symptom 

after artifi cial inoculation with pathogen under glasshouse 
conditions. Pictures ( c  and  d ) were taken 8 weeks post 
artifi cial inoculation       
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for affected plants. The control measures target 
and block the bacteria from getting transmitted to 
uninfected plants. The male bud of banana plants 
presents the extreme risk for  X. campestris  pv. 
 musacearum   infection  . Therefore, early removal 
of the male bud is an effective means of prevent-
ing the spread of bacterial pathogen through 
insects (Tinzaara et al.  2006 ). The removal of 
male buds is recommended for both affected and 
unaffected banana plants for limiting spread of 
the disease. The male buds should be removed by 
twisting the peduncle to break it with a forked 
wooden stick, instead of using cutting tools. 
BXW can be contained in banana fi elds if de- 
budding is applied effectively. However, removal 
of male buds has not been adopted well by farm-
ers (Kagezi et al.  2006 ), particularly in areas 
where farmers believe that the quality of the 
banana fruits especially for juice cultivars is 
affected by removal of male buds (Bagamba et al. 
 2006 ). 

 Previously, rouging the complete diseased 
banana mat was recommended to farmers 
(Tushemereirwe et al.  2004 ). Recently, it was 
demonstrated that it is feasible to only remove 
plants showing disease symptoms from the 
affected banana mat and the remaining unin-
fected plants on the same mat can be saved from 
BXW infection. This is feasible as insect- 
transmitted BXW infection starts from the fl ow-
ers of the banana plant and takes some time 
before reaching to the corm of the plant, which is 
connected to the other plants on the mat 
(Sekiwoko et al.  2006 ). The technique of single- 
stem removal has been confi rmed to be effective 
in control of BXW disease in Kenya, Democratic 
Republic of the Congo, and Uganda (Kubiriba 
and Tushemereirwe  2014 ). A 6-month fallow/
unplanted period is recommended to minimize 
the risk of reinfection of newly planted banana 
plants in previously diseased fi elds (Tripathi 
et al.  2009 ). The mechanical spread of  X. camp-
estris  pv.  musacearum  can be limited by disin-
fecting the cutting tools used for pruning or 
removing of diseased plants. Suspending the use 
of cutting tools in infected banana fi elds is crucial 
for control of BXW (Tushemereirwe et al.  2006 ). 
The  X. campestris  pv.  musacearum  bacterium 

can survive up to 22 days on cutting tools stored 
at room temperature (Buregyeya  2010 ). 

 Effective control of BXW disease is only pos-
sible if the cultural practices are advocated along 
with institutional approaches that effectively 
mobilize stakeholders using the technologies 
(Kubiriba et al.  2012 ). Other stakeholders from 
government and nongovernment organizations 
involved in rural development also contributed to 
the planning, generation, and promotion of these 
technologies. It also reported that sometimes 
farmers could change recommended practices in 
order to suit their conditions (Bagamba et al. 
 2006 ). The cultural practices are proved to be 
effective for managing the BXW disease in those 
areas where they have been deployed carefully 
and consistently (Tushemereirwe et al.  2006 ). 

 The farmers’ knowledge and their  decision   to 
control plant diseases depend upon suitability of 
improved technologies (Sherwood  1997 ). More 
than 80 % of the farmers growing bananas in 
Uganda understand BXW disease and its diagno-
sis, spread, and control, due to massive aware-
ness campaigns (Muhangi et al.  2006 ). Even 
though most of the banana farmers know control 
of BXW, only 30 % of them applied the knowl-
edge to manage BXW (Tushemereirwe et al. 
 2006 ). Therefore, participatory approaches were 
used, which has resulted in control of BXW dis-
ease to below 5 % for over 3 years in some of the 
major banana-growing areas in Uganda (Kubiriba 
et al.  2012 ). Majority of the farmers participating 
in farmer's fi eld school managed the BXW dis-
ease in their banana plantations. 

 The most striking strategy for controlling 
BXW is to use disease-resistant plants. Yet, no 
banana cultivars are known showing high resis-
tance against  X. campestris  pv.  musacearum . A 
few banana cultivars may escape insect- 
transmitted infection as they have male fl owers 
with persistent bracts that protect the infl ores-
cence against insects contaminated with  X. camp-
estris  pv.  musacearum . These include East 
African highland cooking banana cultivars such 
as “Nakitembe” and “Mbwazirume”. The lack of 
natural resistance in banana against  X. campestris  
pv.  musacearum , along with the diffi culties asso-
ciated with conventional breeding of banana and 
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labor demanding cultural practices, favors a 
transgenic technology to control BXW.  

13.4     Transgenic Technologies 
for  Resistance to Bacterial 
Diseases   

 Plants have well-developed defense mechanism 
to fi ght against pathogens. Transgenic technolo-
gies have potential to enhance host plant resis-
tance against pathogens by either expressing 
resistance genes (Keen  1999 ) or overexpressing 
defense genes (Bent and Yu  1999 ; Rommens and 
Kishore  2000 ). 

 Resistance (R) genes have been identifi ed and 
cloned from different plants for use against sev-
eral pathogens (Bent  1996 ). These R-genes facil-
itate resistance against pathogens including 
bacteria, fungi, viruses, and pathogenic nema-
todes. Many R-gene products share structural 
motifs, which specify that resistance against vari-
ous pathogens may be through similar molecular 
or chemical pathways. The R-gene  Pto  from 
tomato ( Lycopersicon esculentum  Miller) dem-
onstrated resistance against several strains of 
 Pseudomonas syringae  pv.  tomato  (Martin et al. 
 1993 ; Kim et al.  2002 ). Transgenic tomato 
expressing  Pto  gene also showed resistance 
against bacterial pathogen  Xanthomonas camp-
estris  pv.   vesicatoria    and the fungal pathogen 
 Cladosporium fulvum  (Mysore et al.  2003 ). 

 Several R-genes ( Bs1 ,  Bs2 , and  Bs3 ) confer-
ring resistance in a “gene-for-gene” fashion have 
been cloned from pepper (Hibberd et al.  1987 ). 
Their corresponding avirulence genes ( avrBs1 , 
 avrBs2 , and  avrBs3 ) have also been identifi ed in 
 X. campestris  pv.  vesicatoria  and shown to be 
fundamental for resistance (Minsavage et al. 
 1990 ; Swanson et al.  1988 ). The pepper  Bs 2 gene 
confers resistance to bacterial spot disease of 
tomato caused by  X. campestris  pv.  vesicatoria , 
which has the corresponding bacterial avirulence 
gene,  avrBs2  (Tai et al.  1999 ). The  RPS 4 gene 
from  Arabidopsis  provides resistance against  P. 
syringae  pv.  tomato  containing  avrRps4  
(Gassmann et al.  1999 ). 

 Broad-spectrum durable disease resistance is 
very important for control of bacterial diseases. 
The maize  Rxo 1 gene provides resistance against 
 Xanthomonas oryzae  pv.  oryzicola  causing bac-
terial streak disease in rice and  Burkholderia 
andropogonis , which causes bacterial disease in 
the sorghum and the maize (Zhao et al.  2005 ). 
The  Arabidopsis RRS1  gene provides broad- 
spectrum resistance to various strains of  R. sola-
nacearum , which also cause Moko disease in 
banana (Deslandes et al.  1998 ). Similarly, over-
expression of  Arabidopsis NPR1  gene provides 
resistance to bacterial pathogens (Cao et al. 
 1998 ). Overexpression of  Arabidopsis NPR1  or 
the rice  NH1   gene   enhanced resistance to the rice 
bacterial blight pathogen  X. oryzae  pv.  oryzae  
and the blast pathogen  Magnaporthe grisea  
Herbert (Chern et al.  2005 ; Yuan et al.  2007 ; 
Quilis et al.  2008 ; Feng et al.  2011 ). The rice 
 Xa21  gene also conferred resistance against  X. 
oryzae  pv.  oryzae , causing bacterial leaf blight 
disease (Song et al.  1995 ; Wang et al.  1996 ; 
Yoshimura et al.  1998 ). 

 Once infected, plants employ different 
defense-related approaches in order to survive 
from pathogen attack. These approaches include 
induction of pathogenesis-related (PR) genes, 
strengthening of cell walls, accumulation of phy-
toalexins, and induction of salicylic acid (SA) 
pathway. A hypersensitive response (HR) is the 
initial defense response, which limits spread of 
pathogens from the infection site. HR leads to 
systemic acquired resistance (SAR), which 
induces expression of many PR genes, resulting 
in resistance against various pathogens (Durrant 
and Dong  2004 ). 

 Plant disease resistance can also be achieved 
by inserting antimicrobial peptides (AMPs) 
(Cary et al.  2000 ; Li et al.  2001 ) and enhancing 
the plant defense (Keller et al.  1999 ). AMPs have 
a broad-spectrum antimicrobial activity against 
bacterial and fungal pathogens and are safe to 
plants and mammals. Several AMPs like lyso-
zymes (Düring et al.  1993 ), magainins (Zasloff 
 1987 ), cecropins (Boman and Hultmark  1987 ), 
attacins (Hultmark et al.  1983 ), thionins (Molina 
et al.  1993 ), and defensins (Broekaert et al.  1995 ) 
are well documented. Lysozyme, which can be 
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obtained from bacteriophages, hen eggs, or cows, 
is a hydrolytic enzyme and part of the immune 
system of animals. Lysozyme attacks the murein 
layer of bacterial peptidoglycan, which results to 
death of both gram-negative and gram-positive 
bacteria by weakening their cell wall. Expression 
of the lysozyme gene showed resistance against 
plant pathogenic bacteria in transgenic potato 
(Düring et al.  1993 ), tobacco (Trudel et al.  1995 ), 
and apple (Ko  1999 ). 

 The magainins are antimicrobial proteins 
secreted from the skin of the African clawed frog 
( Xenopus laevis ) (Zasloff  1987 ). Transgenic 
tobacco expressing magainin analog MSI-99 or 
Myp-30 showed resistance against bacterial and 
fungal pathogens (Li et al.  2001 ; De Gray et al. 
 2001 ; Chakrabarti et al.  2003 ). The cecropins iso-
lated from hemolymph of  Hyalophora cecropia  
are antibacterial lytic peptides, which kill gram- 
negative and gram-positive bacteria by creating 
transient ion channels in the outer phospholipid 
membranes (Durell et al.  1992 ). Different types 
of cecropins including native (cecropin B), syn-
thetic (Shiva-1, D4E1), and mutant (SB-37, 
MB39) showed antimicrobial activity against 
bacterial pathogens like  Erwinia carotovora ,  E. 
amylovora ,  P. syringae ,  R. solanacearum ,  and X. 
campestris  (Nordeen et al.  1992 ; Kaduno-Okuda 
et al.  1995 ; Rajasekaran et al.  2001 ). Cecropin 
expressing transgenic tobacco plants conferred 
resistance against  P. syringae  pv.  tabaci  causing 
wildfi re disease (Huang et al.  1997 ). Transgenic 
potato expressing Shiva-1 and SB-37 showed 
resistance against  E. carotovora  (Arce et al. 
 1999 ). The expression of SB-37 in transgenic 
apple also showed increased resistance to fi re 
blight disease caused by  E. amylovora  (Norelli 
et al.  1998 ). Poplar plants expressing D4E1 con-
ferred resistance to  Agrobacterium tumefaciens  
and  X. populi  (Mentag et al.  2003 ). 

 The attacins are antibacterial proteins pro-
duced by  Hyalophora cecropia  pupae (Hultmark 
et al.  1983 ). Attacin expressed by transgenic pear 
and apple demonstrated enhanced resistance to 
fi re blight disease caused by  E. amylovora , under 
glasshouse and fi eld conditions (Norelli et al. 
 1999 ; Reynoird et al.  1999 ). Transgenic apple 
expressing attacin in the intercellular space has 

conferred resistance to fi re blight disease (Ko 
et al.  2000 ). The thionins is another group of 
plant antimicrobial proteins, which inhibit bacte-
rial pathogens (Molina et al.  1993 ). Transgenic 
tobacco expressing alpha-thionin gene from bar-
ley conferred resistance against  P. syringae  
(Carmona et al.  1993 ). Defensins isolated from 
mollusks, acari, arachnids, insects, mammals, 
and plants are also source of antimicrobial pro-
teins. Plant defensins from  B. oleracea  and  B. 
campestris  demonstrated resistance to bacterial 
leaf blight disease of transgenic rice (Kawata 
et al.  2003 ). 

 Resistance genes enhance the hypersensitive 
response (HR) in nonhost plants through the 
release of the elicitor from bacterial pathogens. 
The HR is characterized by robust and localized 
cell death at the point of pathogen infection form-
ing a physical barrier, which prevents spread of 
pathogen (Mehdy  1994 ). In addition, HR also 
induces plant defense responses in the surround-
ing and even distal parts of the plants leading to 
systemic acquired resistance (SAR) (Xie and 
Chen  2000 ). Elicitor-induced resistance can pro-
vide broad-spectrum resistance. Therefore, trans-
genic technologies using defense genes may be 
more ideal and it might provide resistance for 
bacterial as well as fungal pathogen. 

 The  ferredoxin-like amphipathic protein 
(PFLP)   and  hypersensitive response-assisting 
protein (HRAP)   isolated from the sweet  pepper   
( Capsicum annuum  L.) are plant proteins, which 
intensify HR (Lin et al.  1997 ; Chen et al.  2000 ). 
The expression of  Pfl p  gene in transgenic tobacco, 
tomato, orchids, calla lily, and rice has demon-
strated resistance against various bacterial patho-
gens such as  Erwinia ,  Pseudomonas ,  Ralstonia , 
and  Xanthomonas  spp. (Huang et al.  2004 ,  2007 ; 
Liau et al.  2003 ; Tang et al.  2001 ; Yip et al.  2007 ). 
The transgenic plants overexpressing  Pfl p  gene 
showed disease resistance through hypersensitive 
response and enhanced production of active oxy-
gen species (AOS) (Dayakar et al.  2003 ; Haung 
et al.  2004 ). 

 The  Hrap  gene can protect plants from bacte-
rial pathogen infection and belongs to hypersen-
sitive cell death (HCD)-associated genes (Chen 
et al.  2000 ). The HRAP protein dissociates the 
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multimeric forms of harpin PSS  into dimers and 
monomers triggering hypersensitive cell death 
(Chen et al.  2000 ). The HRAP protein has a sig-
nal peptide, which leads its secretion into extra-
cellular space and its transcription is activated 
early during incompatible interaction of sweet 
pepper with  P. syringae  (Chen et al.  1998 ,  2000 ). 
The expression of the  Hrap  gene in tobacco and 
 Arabidopsis  plants conferred resistance against 
virulent bacterial pathogens (Ger et al.  2002 ; 
Pandey et al.  2005 ).  

13.5     Development of  Transgenic 
Bananas   Resistant to BXW 
Disease 

 Transgenic technologies facilitating transfer of 
useful genes across species have been shown to 
offer numerous advantages to circumvent the 
natural bottlenecks to breed banana for its 
improvement. It provides a cost-effective alterna-
tive to develop banana varieties resistant to BXW 
disease, due to lack of high resistance among 
banana genotypes. In order to stably integrate 
transgene into plant genome, availability of effi -
cient and reproducible transformation and regen-
eration protocols is most important. Even though 
transforming a monocot species is diffi cult, 
genetic transformation of banana is routine in 
few labs (Becker et al.  2000 ; Sagi et al.  1995 ; 
Ganapathi et al.  2001 ; Khanna et al.  2004 ; 
Tripathi et al.  2012 ,  2015 ). 

 Researchers at IITA and NARL developed 
transgenic bananas expressing sweet pepper 
 Hrap  or  Pfl p , in order to determine if these genes 
can confer resistance to BXW disease. Both  Hrap  
and  Pfl p  genes have been demonstrated effi cacy 
for control of several bacterial diseases. These 
genes have been acquired from the patent holder 
Academia Sinica through the African Agricultural 
Technology Foundation (AATF). 

 Embryogenic cell suspensions (ECS) of 
banana cultivars “Sukali Ndiizi” and “Nakinyika” 
were transformed through  Agrobacterium - 
mediated procedure, and hundreds of indepen-
dent transgenic lines expressing  Hrap  or  Pfl p  
gene were generated (Tripathi et al.  2010 ; 

Namakwaya et al.  2012 ). The generated trans-
genic events were validated for presence of gene 
by PCR analysis. The integration and low copy 
number of transgene was confi rmed by Southern 
blot analysis. All the PCR-positive transgenic 
lines were evaluated for resistance against  X. 
campestris  pv.  musacearum  by artifi cial inocula-
tion of in vitro plantlets in the laboratory as 
described by Tripathi et al. ( 2008 ). About 
50–60 % of transgenic lines tested did not develop 
any disease symptoms, confi rming that the  Hrap  
or  Pfl p  gene can enhance resistance against  X. 
campestris  pv.  musacearum . The transgenic lines 
showing enhanced resistance were further evalu-
ated in glasshouse using potted plants. The 
majority of transgenic lines showing enhanced 
resistance with in vitro assays also did not 
develop any symptoms of BXW disease after 
artifi cial inoculation of potted plants in the glass-
house, whereas control non-transgenic plants 
developed symptoms and wilted completely (Fig. 
 13.1c, d ). The results from laboratory and glass-
house confi rmed that transgenic bananas express-
ing  Hrap  or  Pfl p  gene provide high resistance to 
BXW (Tripathi et al.  2010 ; Namukwaya et al. 
 2012 ). The transgenic lines exhibiting strong 
resistance to BXW were further characterized by 
molecular analysis to check the expression of 
transgenes. 

 The best 65 resistant lines showing high resis-
tance against  X. campestris  pv.  musacearum  
under screenhouse were further evaluated in a 
confi ned fi eld  trial   at NARL, Kawanda, Uganda. 
The majority of transgenic lines showed signifi -
cantly higher resistance in comparison to non- 
transgenic control plants (Tripathi et al.  2014b ). 
Both mother and ratoon crops of 11 transgenic 
lines (7  Hrap  lines and 4  Pfl p  lines) were found to 
be highly resistant showing 100 % disease resis-
tance, whereas non-transgenic control plants 
wilted completely. The fi eld trial results also con-
fi rmed the successful transfer of the disease resis-
tance trait from mother to progeny in several 
lines. The fl owering and yield (bunch weight and 
fruit size) of BXW-resistant transgenic banana 
lines was comparable to un-inoculated control 
non-transgenic plants of same varieties (Tripathi 
et al.  2014b ). The best ten lines were further 
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planted in second confi ned trial to test durability 
of disease resistance trait and agronomic perfor-
mance. As bacterial pathogens evolve fast, there 
is risk of breaking down of resistance with single 
gene-based resistance. To minimize this, we are 
developing transgenic banana varieties using 
stacked genes ( Hrap - Pfl p ) for durable high resis-
tance to BXW disease. 

 We have also identifi ed additional transgenes 
providing resistance to BXW. These genes can be 
stacked in order to develop enhanced and durable 
disease resistance. We tested the potential of rice 
pattern recognition receptor (PRR), XA21, for 
providing resistance against  X. campestris pv. 
musacearum  as it has been reported to confer 
resistance to the rice pathogen  X. oryzae  pv.  ory-
zae  (Ronald et al.  1992 ; Wang et al.  1996 ). 
Transgenic banana cultivar “Gonja manjaya” 
(AAB) expressing rice  Xa21  was generated and 
tested for resistance against  X. campestris  pv. 
 musacearum  through rapid bioassay and in glass-
house using potted plants. In both assays, about 
50 % of the  Xa 21 transgenic  lines   tested showed 
complete resistance to BXW, whereas non- 
transgenic control plants develop severe symp-
toms and wilted completely. Our results 
confi rmed that the expression of the rice  Xa21  
gene in transgenic banana provides enhanced 
resistance to BXW disease (Tripathi et al.  2014a ).  

13.6     Conclusion 

 Banana  Xanthomonas  wilt (BXW) is one of the 
most signifi cant diseases and is considered as the 
biggest menace to banana production in the East 
and Central Africa, which is the largest banana- 
producing region and where most of the bananas 
are grown by smallholder farmers for local con-
sumption. The use of disease-resistant varieties is 
considered the timely, economically, and ecolog-
ically friendly approaches to control bacterial 
diseases. However, the development of banana 
varieties resistant to bacterial diseases through 
classical breeding is restricted, as sources of 
germplasm displaying resistance against bacte-
rial pathogens has not been identifi ed yet. As 
BXW is spreading rapidly and devastating banana 

production across East Africa, genetic engineer-
ing can provide an effi cient, safe, and viable way 
to develop BXW-resistant banana varieties. 
Transgenic bananas expressing sweet pepper 
 Hrap  or  Pfl p  gene demonstrated enhanced resis-
tance to BXW under glasshouse and fi eld condi-
tions. These transgenic lines will be further tested 
in multi-location trials in order to test them in dif-
ferent environmental and climate conditions. 
These BXW-resistant varieties will enhance the 
resources available to control the disease and 
save livelihoods of millions of people who 
depend upon banana as staple food. The trans-
genic technology using  Hrap  and  Pfl p  may also 
control other bacterial diseases of banana like 
Moko, Bugtok, or blood disease effecting banana 
production.     
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    Abstract  

  Banana is an important crop grown worldwide. Panama disease caused by 
 Fusarium oxysporum  f.sp.  cubense  (Foc) is more devastating and causes 
100 % yield loss in many cultivars of banana. Foc is known to exist as four 
important races (races 1, 2, 3 and 4) of which races 1 and 4 are of serious 
concern as it attacks the commercially acceptable banana cultivars across the 
globe. Foc has been continuously evolving and hence pathogen variability has 
posed a great challenge to banana industry. Genetic modifi cation of banana 
has been a widely accepted tool due to the limited success of conventional 
breeding. Current review highlights on the application of genetic engineering 
for imparting resistance against  Fusarium  wilt which has been the main goal 
of researchers worldwide. We discuss the various strategies that have been 
employed involving PR-related genes (defensin gene), antimicrobial genes 
(Ace-AMP1 gene), antiapoptosis gene and RNAi-mediated approach – host-
induced gene silencing (HIGS) that confers a certain level of tolerance towards 
pathogen infection. Further the cisgenic approach utilizing R genes and native 
cell-death genes from  Musa  spp. has also proven promising. However the 
fi eld trials that help to assess the effi ciency of genes in situ are lacking in many 
of the studies. The understanding of host-pathogen interaction in terms of 
defence and pathogen- related pathways and the study of pathogenicity mech-
anism help in identifying critical genes for targeting pathogen and to evolve 
resistant cultivars employing cisgenic and transgenic approaches.  
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14.1       Introduction 

  Bananas   and  plantains   are perennial crops and 
vegetatively propagated and belong to Musaceae 
family of the order Zingiberales. The heart of the 
species is considered to be either from Malaysia 
(Simmonds  1962 ) or Indonesia (Horry et al. 
 1997 ). The majority of the cultivated or edible 
banana is derived by inter- and intraspecifi c 
hybridization of diploid species, namely,   Musa 
acuminata    (AA) and   Musa balbisiana    (BB) 
(Osuji et al.  1997 ). They are triploid and sterile 
and produce fruit by parthenocarpy (Simmonds 
 1962 ). The worldwide yield of banana is majorly 
affected by several abiotic and biotic factors. The 
abiotic factors responsible for low banana yield 
are poor soil fertility, drought, heat and salinity, 
and the biotic factors include fungal, bacterial, 
viral diseases and pests. The major fungal dis-
eases are panama disease caused by  Fusarium 
oxysporum  f.sp.  cubense  (Foc), black Sigatoka 
caused by   Mycosphaerella fi jiensis    and yellow 
Sigatoka caused by   Mycosphaerella musicola   . 

Among them,  Fusarium  wilt represents the top 
six important plant diseases in the world (Ploetz 
and Pegg  1997 ) and was fi rst discovered in 
Brisbane, Queensland, Australia, during 1876 
infecting banana plants var. Sugar (Silk AAB) 
(Bancroft  1876 ).  

14.2      Fusarium  Wilt Disease 

14.2.1      National and International 
Scenario   

  Fusarium  wilt is caused by a soilborne necrotro-
phic fungal pathogen   Fusarium oxysporum  f.sp. 
 cubense    (Snyder and Hansen  1940 ). By 1950, the 
pathogen had spread to all the banana-producing 
regions of the world with an exception of 
Mediterranean, Melanesia and Somalia islands in 
the South Pacifi c (Ploetz  2000 ) (Fig.  14.1 ). 
During 1890–1960 around 40,000 ha of banana 
cultivar Gros Michel was affected by Foc race 1, 
and estimated economic loss was around US$23 

  Fig. 14.1    Global widespread of  Fusarium oxysporum  f.sp.  cubense  (Source:   http://panamadisease.org/map    , Food and 
Agriculture Organization  2014 )       
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billion. Banana industries depended on Cavendish 
cultivars, which was resistant to Foc race 1 
instead of susceptible Gros Michel variety 
(Stover  1990 ). Later in 1990s, it was reported in 
Asia that an extremely virulent strain of Foc – 
TR4 – affected the Cavendish cultivars and other 
banana varieties which were susceptible to Foc 
race 1 and 2. The loss incurred by Foc – TR4 – 
was estimated to be about US$400 million. The 
disease has spread since then to Taiwan, 
Indonesia, Malaysia, Philippines, China and 
northern Australia. Recently, outbreak of this dis-
ease has been reported in Mozambique and 
Jordan (García Bastidas et al.  2014 ).

14.2.2         Pathogen and Disease Cycle   

  Fusarium oxysporum  f.sp.  cubense  is a soilborne 
fi lamentous fungal phytopathogen causing wilt 
symptoms in banana plants. Based on their host 
specifi city, Foc has been distinguished into four 
races referred to as 1–4 (Moore et al.  1993 ). 
There are three types of asexual spores produced 
by Foc, macroconidia, microconidia and chla-
mydospores (Fig.  14.2 )    (Nelson  1991 ). 
Macroconidia are fusiform, slender, foot-shaped 
basal and tapered apical cells, four to eight celled 
(Jones  2000 ). Chlamydospores are thick-walled, 
asexual, globose spores, usually formed singu-
larly or in pairs, but may also be found in clusters 
or short chains.

14.2.2.1       Disease Cycle 
 The penetration of the host plant by  F. oxysporum  
involves adhesion of the pathogen to the host sur-
face. In response to primary and secondary root 
exudates, chlamydospores germinate and infect 
the root tips or epidermal cells near the root cap 
or within the zone of elongation (MacHardy and 
Beckman  1981 ; Beckman  1990 ). The pathogen 
moves inter- and intracellularly through the roots 
of parenchyma tissue until it reaches to protoxy-
lem vessels (Mai and Abawi  1987 ). The fungus 
persists within the xylem by producing the micro-
conidia and toxins and, thereafter, spreads to the 
neighbouring large reticulate vessels through the 
pits along with plant sap. The pathogen occludes 
the xylem vessel, causes wilt symptom and ulti-
mately leads to the death of the plant. The disease 
cycle is repeated when the chlamydospores ger-
minate and invade a new host plant (Stover  1962 ) 
(Fig.  14.3 )   .

   Studies on the mode of infection and coloniza-
tion of Foc in banana roots and rhizome region 
have been carried out by Li et al. ( 2011a ) with a 
green fl uorescent protein (GFP)-tagged Foc TR4 
isolate. It was found that chlamydospores get 
attached to banana roots and root hairs and then 
penetrate through root tips at the time of natural 
wound. A network of fungal hyphae is formed on 
root caps and elongation zone of banana roots at 
11 and 15 days postinoculation (dpi) with Foc in 
cv. Brazil. The vascular space of rhizome fi lled 
by fungal spores and hyphae resulted in the disor-
ganization of surrounding tissue. Xiao et al. 
( 2013 ) reported maximum hyphal load in the 
psuedostem compared to roots and rhizome 
region of the infected plant.    

14.3     Host-Pathogen Interaction 

 The availability of genome sequences of banana 
and different Foc races, as well as trancriptome 
and proteomic profi les of banana roots in 
response to Foc infection, is useful in understand-
ing the molecular mechanisms underlying the 
Foc-banana interactions. 

  Fig. 14.2    Schematic representation of different types of 
spores produced by  Foc   (Smith  2007 )       
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14.3.1     Molecular and Biochemical 
Mechanism of the Host 

 The host response to pathogen infection is deter-
mined by the rate and extent of defence mecha-
nism induced in the roots and vascular system of 
the banana. The pathogenicity mechanism of 
pathogen involved in banana vascular wilt dis-
ease development determines success or failure 
of resistance in the host. 

14.3.1.1      Cell Wall Fortifi cation   
 The banana genes involved in synthesis of phenyl 
propanoids (phenylalanine ammonia lyase) and 
cell wall strengthening (lignin-forming anionic 
peroxidase) were activated due to Foc infection 
as a fi rst line of defence (Li et al.  2013a ). The 
phenolic compounds produced in the phenyl pro-
panoid pathway polymerize to form lignins, lig-
nans, neolignans, fl avonoids and anthocyanins 
that strengthen the cell wall to prevent the patho-
gen entry. 

 De Ascensao et al. ( 2000 ) showed that the 
increased fl ux through the phenyl propanoid 
pathway resulted in incorporation of esterifi ed 
derivatives of cinnamic acid and benzoic acid 
into the cell wall fraction as part of the antimi-

crobial defences activated in the root tissue of 
banana cultivar ‘Goldfi nger’ towards the cell 
wall- derived elicitor from the pathogen Foc, 
TR4. De Ascensao and Dubery ( 2003 ) reported 
the accumulation kinetics of polymerized pheno-
lic monomers such as lignin and lignin-like 
polymers which reached maximum values after 
24 h. Anterola et al. ( 2002 ) reported the upregu-
lation of  caffeoyl-CoA O-methyltransferase 
(CCOMT)  , a branch point enzyme of monoli-
gnol biosynthesis in moderately resistant banana 
‘Nongke No.1’ in response to pathogen infec-
tion. Monolignols synthesized from PAL form 
lignins to fortify the cell walls implying that lig-
nifi cation played an important role in cell wall 
strengthening as an inducible defence mecha-
nism of banana roots against Foc race 4 (Li et al. 
 2013b ). 

 Melida et al. ( 2011 ) found alpha-1,4-glucan- 
protein synthase (UDP forming) associated with 
the formation of polysaccharoses, viz., hemicel-
lulose and xylose, as cell wall components bene-
fi cial for the formation of physical barriers was 
upregulated in highly resistant ‘Yueyoukang I’ 
indicating complex cell wall formation as one of 
the effective defence strategies in response to 
fungal infection.  

  Fig. 14.3    Disease initiation 
and life cycle of Foc in a 
banana plant (  http://www.
nt.gov.au/d/Content/File/p/
Plant_Pest/786    )       
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14.3.1.2      Reactive Oxygen Species   
 The accumulation of reactive oxygen species, 
namely, superoxide anion radical (O 2 •−), 
hydroxyl radical (.OH) and hydrogen peroxide 
(H 2 O 2 ) termed as ‘oxidative burst’, occurs fi rst 
during Foc-banana interactions. Li et al. ( 2011b ) 
reported ‘oxidative burst’ resulting in enhanced 
levels of H 2 O 2  accumulation in the resistant iso-
line Williams-8818-1 as one of the key factors in 
banana resistance to Foc race 4 invasion. The 
genes encoding germin-like protein involved in 
the production of reactive oxygen species are 
among the strongest Foc-induced genes (Li et al. 
 2013a ). The roles played by series of oxidative 
enzymes like peroxidase, superoxide dismutase, 
polyphenol oxidase and catalase that function in 
ROS scavenging were relatively higher in resis-
tant hybrids than susceptible hybrids of banana 
(Kavino et al.  2007 ). 

 SOD transcripts were found upregulated until 
72 h in the resistant isoline, but not in the suscep-
tible isoline (Li et al.  2011a ). However the pro-
tein IN2-1 that functions as glutathione 
peroxidase and helps in ROS scavenging in vari-
ous stresses (Dixon et al.  2002 ) was upregulated 
in susceptible ‘Brazil’ and moderately resistant 
‘Nongke No.1’ indicating that maintenance of 
elevated levels of ROS is a prerequisite for effec-
tive defence to combat pathogen infection. Li 
et al. ( 2012 ) reported the activity of membrane- 
localized NADPH oxidases (or respiratory burst 
oxidase) being upregulated in the resistant banana 
as a counter-effect of Foc TR4 infection corre-
sponding to the previous observations in wheat, 
cotton and cucumber after infection by the 
 Fusarium  wilt fungal pathogen (Dowd et al. 
 2004 ). 

 ROS targets the Ca++ permeability in the cell 
membrane via activation of the elicitor- stimulated 
cyclic nucleotide-gated channels (CNGCs) – 
Ca 2+  infl ux – viz. CNGC 1, CNGC 5 and CNGC 
6, after PAMP perception in  Musa  that initiates 
all subsequent defence reactions (Li et al.  2012 ).  

14.3.1.3     Salicylic Acid/Jasmonic Acid/
Ethylene Biosynthesis 
and Signalling 

 The plant immune  system   is regulated by three 
important hormone signalling molecules, such as 
salicylic acid (SA), jasmonic acid (JA) and ethyl-
ene (ET) in response to abiotic and biotic stresses 
(Chisholm et al.  2006 ). NPR1-like genes, the 
positive regulator of SA, namely, MNPR1A and 
MNPR1B, were reported from banana after Foc 
treatment. The reduced sensitivity to Foc in 
GCTCV-218 was partially attributed to the higher 
and an earlier expression of both MNPR1A and 
PR1 after Foc treatment. 

 JA/ET  pathways   are reported to be involved in 
defence response to necrotrophic pathogens, her-
bivore and injury in  Arabidopsis thaliana  (Zarate 
et al.  2007 ). Proteomic analysis revealed differ-
ential expression of proteins associated with hor-
mone (JA, ABA and auxin) signalling pathways 
in banana. The  lipoxygenase (LOX)     -like gene 
expression in addition to  allene oxide synthase 
(AOS)     -like unigene was indicative of elevated 
levels of JA in the resistant mutant than in the 
susceptible wild type (Li et al.  2012 ). Interestingly, 
fi ve genes encoding  ethylene-responsive tran-
scription factors (ERFs)      involved in ethylene bio-
synthesis and signalling pathways were among 
the strongly induced genes by  Fusarium  infec-
tion, indicating the role of hormone in banana 
response to infection. Generally, the ethylene sig-
nalling pathway depicts major role for resisting 
necrotrophic pathogens such as  F. oxysporum  
(van et al.  2006 ). Overexpression of ERF1 in 
 Arabidopsis , a transcription factor that activates 
ethylene-responsive genes, enhances resistance 
to  F. oxysporum  f.sp.  conglutinans  and f.sp.  lyco-
persici  (Berrocal-Lobo and Molina  2004 ).  

14.3.1.4      Signal Transduction   
 Host defence mechanisms were activated by sig-
nal pathways induced as a result of pathogen 
infection. R gene product activates plant defence 
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mechanisms. To date, a number of R genes iso-
lated from banana cultivars are known. Chen 
et al. ( 2007 ) reported wild cultivar   Musa acumi-
nata    (AA) as source of six RCGs which showed 
resistance to  Fusarium  wilt caused by Foc race 4. 
The deduced amino acid sequence showed that 
two genes, WNB1 and WNB2, contained 
NR-ARC domain, whereas WST1 to WST4 con-
tained serine/threonine kinase domain. The resis-
tance showed by Cavendish banana may be 
attributed to the expression of NBS-type resis-
tance protein RIN4/RPM1 complex. Also BAK1 
(BRASSINOSTEROID INSENSITIVE 
1- associated receptor kinase 1), a receptor kinase 
of brassinosteroid signalling pathway and the 
innate immune response, was highly induced in 
both Foc1 and Foc TR4-inoculated roots (Li et al. 
 2002 ; Chinchilla et al.  2007 ). The defence path-
way in addition to PAMP-mediated innate immu-

nity is negatively regulated by WRKY40-like 
gene (Pandey et al.  2010 ; Xu et al.  2006 ) which 
was suppressed by Foc, thus enhancing activation 
of the defence pathway. Wall-associated kinase 
(WAK)-like genes were found to be induced by 
both Foc races. The  chitin elicitor-binding pro-
tein (CEBiP)      and the chitin elicitor receptor 
kinase (CERK1) that recognizes chitin oligosac-
charides, a representative general elicitor induc-
ing defence responses, were upregulated in the 
resistant mutant ‘Nongke No  1’   (Li et al.  2012 ) 
(Fig.  14.4 ).

14.3.1.5         Pathogenesis-Associated 
Genes and Defence   

 Foc infection-induces expression of many PR 
genes such as thaumatin-like genes, antimicro-
bial phytoalexins and antifungal hydrolytic 
enzymes such as chitinases, 1,3-glucanases. A 

  Fig. 14.4    Response of the resistant Cavendish banana mutant ‘Nongke No 1’ against Foc tropical race 4 (Foc TR4), 
(Hofi us et al.  2007 )       
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number of defence-related genes have been iden-
tifi ed for their role in disease resistance for a 
number of fungal pathogens (Hoshikawa et al. 
 2012 ). During the initial stages of infection by 
fungus, the activity of defence gene PR1 and 
functions of the actin pathway play an important 
role in cell polarization defence by releasing and 
channelizing antimicrobial compounds and sedi-
ment barrier material to the site of infection for 
cell wall enforcement (Kobayashi and Hakuno 
 2003 ; Bae et al.  2005 ). This protein was found 
upregulated in moderately resistant ‘Nongke 
No.1’ suggesting protection offered by cell 
 polarization hampers early-stage fungal infection 
in moderately resistant ‘Nongke No.1’ cultivar 
than in highly resistant ‘Yueyoukang I’ and sus-
ceptible ‘Brazil’. Two PR5-like (thaumatin-like) 
and PR4-like (endochitinase) genes were found 
to be upregulated by both Foc 1 and Foc 4 strains 
at 1–2 days postinoculation.   

14.3.2     Pathogenicity Mechanism 
of  Foc   

 Genome analysis revealed a large number of 
putative virulence-associated genes in both Foc 
race 1 and 4 genomes, including genes putatively 
involved in root adhesion, cell wall degradation, 
detoxifi cation of toxin, transport, secondary 
metabolite biosynthesis and signal 
transductions. 

 Guo et al. ( 2015 ) identifi ed fi ve and six adhe-
sin genes in Foc1 and Foc4 genomes, respec-
tively, required for adhering to host tissues. Three 
putative secreted proteins (SPs) encoded by Foc 
were found signifi cantly homologous to INF2A, 
INF2B effectors of  P. infestans  (Huitema et al. 
 2005 ) and PosjNIPw of  Phytophthora sojae  
(Qutob et al.  2002 ) which are able to elicit hyper-
sensitive response or induce necrosis in host 
plants, suggesting the involvement of secreted 
proteins in Foc-banana interaction. The SIX cod-
ing genes secreted by Foc for pathogenicity 
involve three orthologs of SIX1, namely, Six1a, 
Six1b and Six1c in Foc4 genome while only one 
copy of SIX1 in Foc1 genome functional at veg-
etative and postinfection stage. Ma et al. ( 2010 ) 

reported chromosome 14 of Foc1 harbouring SIX 
effector genes, namely,  SIX5 ,  SIX6  and  SIX7  as a 
‘pathogenicity’ chromosome and demonstrated 
that the transfer of lineage-specifi c chromosomes 
between genetically isolated strains leads to the 
emergence of new pathogenic lineages in  F. oxy-
sporum . Fraser-Smith et al. ( 2014 ) used PCR and 
sequencing approach to identify variation in  Foc - 
 SIX8  to differentiate race 4 from race 1 and 2 iso-
lates and also subtropical and tropical races of 
Foc. 

 Fungi have evolved diversity of enzymes to 
overcome the chemical barrier synthesized in the 
host, viz., cytochrome P450s (CYP) of fungal 
origin is required for biosynthesis of secondary 
metabolites and detoxifi cation of toxic com-
pounds (Ichinose  2012 ). Both Foc genomes 
encode a great number of putative CYP genes 
similar to the fungal CYP sequences of monoox-
ygenase gene BcBOT1 involved in phytotoxin 
biosynthesis in  Botrytis cinerea  and the demeth-
ylase genes PDAT9 and PDA6-1 that participate 
in detoxifying the phytoalexin pisatin from gar-
den pea. Also few peroxidases were putatively 
implicated in the removal of toxins synthesized 
by the host. Foc1 encodes 25 peroxidases similar 
to the catalase peroxidases, VlcpeA from 
 Verticillium longisporum  (Singh et al.  2012 ) and 
CPXB from  M. oryzae  (Tanabe et al.  2011 ) that 
break down hydrogen peroxide (H 2 O 2 ) generated 
by the host plant during the fungal infection. Li 
et al. ( 2013c ) reported the presence of beauveri-
cin and fusaric acid in all tissues of wilt-infected 
banana correlating with the virulence of FOC 
isolates. Importantly, relative to the Foc race 1 
isolate (Foc1), the Foc race 4 isolate (Foc4) has 
evolved with few expanded gene families of 
transporters and transcription factors for trans-
port of toxins and nutrients for better adoption to 
host environments and contribute to pathogenic-
ity to banana. 

 In fungi, the two-component regulatory sys-
tem serves signifi cant roles in recognition and 
adaption of the environmental change. 
Accordingly it was found that Foc1 and Foc 4 
could modulate the expression of different  histi-
dine kinase (HK)   and  response regulator (RR)      
genes resulting in activation of transcription or a 
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mitogen-activated protein kinase cascade during 
infection (Catlett et al.  2003 ). Guo et al. ( 2015 ) 
revealed 115 genes encoding putative GPCRs 
indicating the conservation of G protein- mediated 
signalling pathway in ascomycete fungi (Fig. 
 14.5 ).

14.4         Biotechnological 
Approaches for Disease 
Resistance 

 Genetic modifi cation of banana using biotechno-
logical approaches is considered as a path towards 
increasing the value of this crop as conventional 
breeding is limited due to its long generation time 
(up to 2 years), narrow genetic base, seedless 
nature, male sterility, low female fertility and 
polyploidy nature.  Genetic engineering   has 
played a vital role in developing transgenic plant 
in banana as it is amenable to transformation due 
to ease of integration, potential low copy number 

and importantly integration into transcriptional 
active regions of chromosomes (Koncz et al. 
 1989 ). Isolation and stable expression of genes 
determine the success of transgenics. Table  14.1  
summarizes  Agrobacterium -mediated transfor-
mation of banana for  Fusarium  resistance. 
Different approaches enabled to achieve fungal 
resistance are discussed below.

14.4.1       Cisgenic Approach 

 Cisgenesis is the introduction of native genes and 
promoters isolated from related species or from 
the crop plant itself. Stacking of resistance genes 
as a strategy is more feasible as the existing vari-
eties can be improved directly using genes from 
the gene pool of breeders. Marker-gene-free 
transformation protocols are main tools for cis-
genesis in plants for resistance and quality breed-
ing of vegetatively propagated heterozygous 
crops, such as potato and banana. The linkage- 

  Fig. 14.5    Signalling pathway activated in Foc4 during infection (Guo et al.  2015 )       
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drag- free cisgenic approach is the most attractive 
and embodies the possibility to stack resistance 
genes found in related wild species. 

14.4.1.1      Resistance Gene (R Gene)      
 Resistance (R) genes in plants play an essential 
role in preventing disease. R genes encode recep-
tors for Avr gene-dependent molecules of patho-
gen (  Staskawicz     et al.  1995 ). The pathogen-derived 
protein recognition leads R gene product to 
 activate plant defence mechanisms. The majority 
of known plant resistance genes contain NBS and 
LLR domains. The conserved motifs within 
NBS/LLR domains have been exploited to iden-
tify new resistance gene analogue for effective 
genetic transformation and generation of disease- 
resistant plant using natural disease resistance 
gene pools which are prevailing in resistant 
germplasm. Peraza-Echeverria et al. ( 2008 ) char-
acterized R gene candidate of NBS type (RGA 2) 
from  Musa acuminata  spp.  malaccensis , a resis-
tant cultivar for  Fusarium  wilt resistance. Sun 
et al. ( 2010 ) isolated 20 different types of RGAs 
from banana cv. Goldfi nger resistant to Foc race 
4. Phylogeny analysis of nucleotide sequence 
revealed that a homology percentage of 28–54 
exists among RGAs known for  Fusarium  wilt 
resistance such as Fom2, 12c-1, 12c and 12 in 
other crops.  M. acuminata  ssp.  malaccensis , 
which is a wild diploid subspecies of the  M. acu-
minata , has been found to be highly resistant to 
Foc4, and the resistance is controlled by a single 
dominant gene (Smith and Hamill  1999 ). 
Isolation and utilization of such R gene in the 
genetic transformation of banana impart resis-
tance to Foc4.  

14.4.1.2      Native Cell Death Genes   
 Foc causes cell death in banana tissues probably 
by modulating genes that negatively regulate the 
 plant cell-death (PCD)      pathway (Lam et al.  2001 ; 
Thaler et al.  2004 ). The PCD-associated proteins 
in plants, namely,  defender against death (DAD)      
domain protein, involved in glycosylation of pro-
teins for correct folding and activity, have been 
widely reported in crop plants, viz.,  Arabidopsis , 
rice and pea (Dong et al.  1998 ). Other such pro-
teins are the  Bcl-2-associated athanogenes (BAG)   

which function as cochaperones in diverse physi-
ological roles in cell survival, cell differentiation 
and stress responses (Doukhanina et al.  2006 ). 
The   Arabidopsis  BAG7 protein (AtBAG7)   is an 
ER-resident protein that restores cellular homeo-
stasis by facilitating effi cient protein folding 
(Williams et al.  2010 ). BAX inhibitor (BI) is a 
membrane-bound protein that blocks the caspase- 
mediated cell-death process in animal cells. The 
rice suspension cells treated with the cell wall 
extract of rice blast fungus  Magnaporthe grisea 
showed  marked decrease in the BI-1 (OsBI-1) 
gene (Matsumura et al.  2003 ). Ghag et al. ( 2014a ) 
postulated that transgenic banana constitutively 
overexpressing cell-death-related native genes 
can impart resistance to pathogenic fungi like 
Foc. In view of this, cell-death-related genes 
were isolated by treating the embryogenic cells 
with Foc culture and  Fusarium  toxin such as 
fusaric acid and beauvericin. The expressed cell- 
death- related genes like  MusaDAD1 ,  MusaBAG1  
and  MusaBI1  were overexpressed individually in 
transgenic banana cv. Rasthali plants. The 
resulted transgenic banana plants expressing 
 MusaBAG1  showed signifi cantly enhanced resis-
tance to  Fusarium  wilt disease compared to 
 MusaBI1 and   MusaDAD1    overexpressing trans-
genic plants.   

14.4.2     Transgenic Approach 
(Heterologous Expression) 

14.4.2.1      PR Protein Genes   
 Pathogenesis-related proteins are plant proteins 
produced in response to pathogen invasion. On 
the basis of their primary structure homology, 17 
families of PR protein have been currently identi-
fi ed. Among the PR proteins, hydrolytic enzymes 
(chitinase and glucanase), thionins and defensins 
are especially important. Overexpression of 
genes encoding for PR proteins in banana for 
 Fusarium  resistance has met with some success. 

 Hu et al. ( 2013 ) developed banana plant resis-
tant to wilt disease by introducing an endochitin-
ase gene ( chit  42) into cv. Furenzhi. The 
transgenic plants showed tolerance to wilt dis-
ease, even after 2 months of postinoculation. 
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Maziah et al. ( 2007 ) cloned gene encoding  β - 1 - 3 - 
 endoglucanase  and expressed the same in banana 
cv. Rasthali to assess the level of tolerance against 
wilt caused by Foc race 1. The highest level of 
expression of the gene and enhanced disease 
resistance against Foc race 1 was obtained. 
Similarly, Sreeramanan et al. ( 2006 ) expressed 
both  chitinase  and  β - 1 , 3-glucanase  gene in cv. 
Rasthali tolerance against Foc. 

 Ghag et al. ( 2012 ) conducted independent 
transformation of two fl oral defensin genes 
 phdef1  and  phdef2  into banana cv. Rasthali. The 
pot bioassay results demonstrated that transgenic 
plants expressing fl oral defensin gene showed 
less external and internal symptoms in contrast to 
control plants. Control plants succumbed to wilt 
disease after 6 weeks of postinoculation of Foc 
culture, whereas phenotypically normal trans-
genic plants showed mild symptoms and com-
pletely recovered within 3 weeks of 
postinoculation. These results indicated that the 
expression of defensin gene in the host plant 
enhanced resistance to  Fusarium  wilt, and it can 
be used with the other PR gene for gene stacking 
in order to develop pathogen-free trait. Recently, 
Ghag et al. ( 2014b ) isolated a defensin gene  Sm - 
 AMP -  D1  from chickweed  Stellaria  media against 
 Fusarium oxysporum . The  Sm - AMP - D1  defensin 
under in vitro condition showed inhibitory activ-
ity against Foc at IC50 value of 0.35, and the 
transgenic banana plants overexpressing  Sm - 
 AMP -  D1  showed enhanced tolerance to Foc 
under pot culture condition. Mahadavi et al. 
( 2012 ) transformed thaumatin-like protein ( tlp ) 
gene isolated from the rice into the banana  Musa 
sapientum  cv. Nangka (AAB)   . The transgenic 
plant overexpressing  tlp  gene exhibited enhanced 
resistance to  Fusarium  wilt compared to control 
plants after 30 days of inoculation with Foc race 
4 under pot culture condition.  

14.4.2.2      Antimicrobial Peptide Gene   
 The antimicrobial peptides are small peptides, 
globular, cationic and amphipathic in nature, 
enriched with cysteine amino acids, encoded by 
multigenic families. AMPs have a broad range of 
activity and widely distributed among plant king-
dom (Boman  1991 ; Hancock and Lehrer  1998 ). 

These peptides play a crucial role in the innate 
immunity and act as a fi rst line of defence barrier 
in the plant system for various invading phyto-
pathogens. Pei et al. ( 2005 ) transformed human 
 lysozyme  gene into banana plant cv. Taijiao 
(AAA). Transgenic plants overexpressing human 
 lysozyme  showed enhanced resistance against 
 Fusarium  wilt disease not only in pot condition 
but also in containment fi eld condition. 
Overexpression of  pfl p  gene in banana cv. Pei 
Chiao and cv. Gros Michel showed very less per-
centage of severity on exposure to Foc race 4 
over a period of 9 weeks indicating their potenti-
ality for resistance against Foc, apart from its role 
in controlling bacterial diseases (Yip et al.  2011 ). 

 Chakrabarti et al. ( 2003 ) cloned a magainin 
analogue ( MSI - 99 ), a small alpha helical peptide 
with 23 amino acids from the African clawed 
frog, that exerts broad spectrum activity to vari-
ous bacteria, fungi and protozoa, besides having 
antitumorigenic activity. The authors utilized the 
potential of this peptide for imparting resistance 
against Foc in banana cv. Rasthali. They devel-
oped transgenic banana cv. Rasthali with  MSI - 99  
gene after determining the lytic dose of the pep-
tide on the fungus where a concentration of 16 μg 
ml −1  and 128 μg ml −1  effectively inhibited spore 
formation and complete Foc inhibition, respec-
tively. Most of the transgenic banana plants 
developed were tolerant against the Foc under 
primary pot culture evaluation. 

 The   Allium cepa  antimicrobial protein1 (Ace- 
AMP1)   isolated from  Allium cepa  seeds shared a 
DNA sequence homology with nsLTPs. To date, 
successful utilization of  Ace - AMP1  in transgenic 
development has been reported for various bacte-
rial and fungal diseases due to its strong antimi-
crobial activity against number of phytopathogens 
(Cammue et al.  1995 ). Mohandas et al. ( 2013 ) 
developed transgenic banana with Ace-AMP1 
gene to assess the level of resistance against 
 Fusarium  wilt disease. ECS was transformed 
with the Ace-AMP1 gene by  Agrobacterium- 
 mediated transformation, and 148 individual 
transformants were developed. Gene integration 
and copy number were fi nally confi rmed by 
Southern hybridization which indicated stable 
integration of Ace-AMP1 gene in seven trans-
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genic plants derived from ECS. The expression 
level of Ace-AMP1 gene in three transgenic lines 
19, 14 and 6 was around 4.13–4.83 μg mg −1 , and 
in other lines it was found less than 4 μg mg −1 . 
The transgenic lines showed signifi cantly less 
percentage of disease index (PDI) compared to 
control plants over a period of 6 months under 
greenhouse condition. A contained fi eld trial was 
conducted with the approval of  Genetic 
Engineering   Appraisal Committee (GEAC)    and 
 No Objection Certifi cate (NOC)     from the state 
government of Karnataka with transgenic lines 
and non-transgenic plants challenged with the 
150 g Foc inocula containing 2.8 × 10 6  spores and 
mycelia g −1 . The results revealed transgenic lines 
showing less incidence (PDI, 46.67–86.67 %, and 
VDI, 41–44 %) compared to control lines which 
showed 94 % of VDI. The transgenic lines chal-
lenged with the pathogens, however, did not 
fl ower under fi eld conditions. Non-transgenic 
lines challenged or not challenged also got the 
infection and did not fl ower (unpublished data). 
The authors concluded that the role of dosage of 
the  Fusarium  spores to be used in such trials 
needs to be standardized and if expression level 
of Ace-AMP1 gene is increased in these plants 
higher level of resistance could be obtained.  

14.4.2.3      Antiapoptosis-Related 
Proteins   

 Antiapoptosis genes have been shown as promis-
ing candidate to engineer resistance against 
necrotrophic fungal pathogens which prefer dead 
tissues to trigger nutrient leakage for survival. 
Apoptosis could be inhibited by overexpressing 
antiapoptotic members such as Bcl 2, Bcl-xl from 
mammalian and Ced9 from  Caenorhabditis ele-
gans . These proteins can regulate activation of 
Bax and Bak thus preventing cytochrome C 
release in the cytosol and subsequent apoptosis 
event. Paul et al. ( 2011 ) stably transformed 
banana cv. Lady Finger with apoptosis inhibition 
related, namely,  Bcl - xL ,  Ced - 9  and  Bcl - 2 . They 
investigated the effect of individual gene on dis-
ease resistance against Foc race 1. Transgenic 
lines examined for the challenge with Foc race 1 
for a period of 12 weeks showed signifi cantly 
less internal and external disease symptoms than 

the wild-type susceptible Lady Finger banana 
plants. Among them  Bcl2  3′ UTR expressing 
transgenic line was highly resistant even after 
continuous exposure of transgenic plants for a 
period of 23 weeks. 

 Similarly, banana cv. Sukali Ndizi the most 
popular dessert banana in the East African region 
was transformed with a modifi ed form of  anti-
apoptosis   gene  ced9 . After 13 weeks of inocula-
tion with Foc, transgenic plants showed 
signifi cantly less disease severity compared to 
control plants (Magambo  2012 ).  

14.4.2.4      RNAi-Mediated Host-
Induced Silencing   

 The identifi cation and silencing of important 
genes required for the invasion, growth and 
pathogenesis of fungi-infecting plants offer an 
ideal strategy for fungal pathogen control in crop 
plants. RNA interference (RNAi) can serve as an 
emerging strategy for control of pathogens, 
through silencing of a vital gene associated with 
pathogens. Mumbanza et al. ( 2013 ) developed 
synthetic dsRNAs for adenylate cyclase, the 
alpha and delta subunit of DNA polymerase, 
which showed varying levels of inhibition of 
spore germination of both the fungi Foc and  M. 
fi jiensis  in vitro. Recently Ghag et al. ( 2014a ) 
reported the application of host-induced gene 
silencing (HIGS) technique against  Fusarium  
wilt resistance in banana cv. Rasthali. The trans-
genic plants with partial coding sequence of vel-
vet family genes ( VeA ,  VelB  and  VosA ) involved 
in fungal morphogenesis and  Fusarium  transcrip-
tion factor 1 ( ftf1 ) required for fungal coloniza-
tion and infection process were individually 
transformed into banana cv. Rasthali by 
 Agrobacterium- mediated gene transformation. 
The resulted individual transgenic banana plants 
expressing fungal gene-targeted siRNAs showed 
signifi cant tolerance towards  Fusarium  wilt dis-
ease even after 8 months post-Foc inoculation 
under greenhouse controlled condition. HIGS 
was also shown in  Arabidopsis  and in barley by 
expressing a dsRNA targeting the cytochrome 
P450 lanosterol C-14α-demethylase ( CYP51 ) 
enzyme of fungal origin encoded by three genes, 
namely,  CYP51A ,  CYP51B and CYP51C . The 
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resulted transgenic plants expressing stacked 
three genes showed enhanced resistance to 
 Fusarium  head blight (FHB) and root rot disease 
caused by  Fusarium graminearum  (Koch et al. 
 2013 ).    

14.5     Challenges 
and Opportunities 
for Enhancing Crop Disease 
Resistance via Transgenic 
Technology 

 Banana is an important monocot crop species, 
and molecular biotechnology offers great hope 
for improving banana for enhanced disease 
resistance and for other agronomically impor-
tant traits by overcoming the constraints 
imposed by the sterility of cultivated banana. 
The unravelling of defence mechanism of 
banana in response to infection aids effective 
disease control by molecular breeding. Many 
defence-related genes and pathways in  banana   
are different from existing pathways of rice and 
 Arabidopsis , model plants suggesting that the 
mechanisms underlying host defence in plants 
may be variable. The genes that specifi cally 
expressed in the incompatible interaction could 
play an important role in the interaction of 
banana and Foc, and their spatial and temporal 
expressions require further study. A dominant 
resistance trait conferring gene in banana is the 
I-like R gene can offer great potential for impart-
ing resistance to Foc. 

 Through transcriptomic profi ling, the differ-
entially expressed genes and putative signalling 
pathways identifi ed will hopefully accelerate 
research on resistance in  banana   to Foc and con-
tribute to a better understanding of the banana 
defence response to plant pathogens. Several 
defence-associated genes identifi ed in resistant 
banana roots by suppression subtractive hybrid-
ization can be employed for better resistance to 
different Foc races by stacking genes. The pro-
teomic profi le analysis and whole genome 
sequence of banana are favourable to investigate 
the complex defence mechanism and the effect of 
pathogenesis in banana.  

14.6     Conclusion 

 Genes that confer a broad spectrum resistance 
will be particularly helpful in genetic modifi ca-
tion of  Musa  for developing disease-resistant 
plants. The transcriptome data and gene expres-
sion profi les of different Foc races and availabil-
ity of the whole genome sequences of banana are 
very useful source of genes to be targeted for 
mediating resistance to  Fusarium  wilt disease. 

 Effi cient transgenic approaches for resistance 
in banana against  Fusarium  wilt have been 
attempted by overexpressing petunia fl oral defen-
sins, Ace-AMP1 gene, cell-death genes and 
HIGS in transgenic banana plants. Stacking of 
genes with different modes of action can also 
serve as an effective strategy to combat disease. 
Although the introduced genes are well defi ned, 
the fi eld trials are lacking in many of the 
experiments. 

 Since contained fi eld study will provide the 
opportunity to ascertain the effectiveness of gene 
in controlling the disease as well as enlighten on 
unexpected or undesirable consequences that 
have resulted from the transformation procedure, 
it is necessary to evaluate the effectiveness of 
genes in situ.     
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    Abstract  

  Bananas and plantains are the major staple food in the tropical and sub-
tropical regions. Currently the global banana production is affected by 
both quality- and yield-limiting by foliar fungal disease, the black sigatoka 
caused by  Mycosphaerella fi jiensis . The management of the disease by 
chemical approach has been relatively successful; however indiscriminate 
usage of chemicals has negative impact on human life and environment. 
Heavy reliance on fungicides has increased the chance of development of 
pathogen resistance. The conventional breeding approach can be a rela-
tively impressive strategy in the development of disease-resistant culti-
vars, but it has become increasingly diffi cult due to male sterility, narrow 
genetic bases, and polyploidy nature. The advances in molecular biologi-
cal techniques have provided the deeper insights into pathogen and plant 
defense mechanism, which have opened new avenue for the improvement 
of banana through genetic engineering. In the current review, the potential 
strategies used to enhance the resistance to sigatoka through genetic engi-
neering employing different approaches like overexpression of 
pathogenesis- related protein (PR) antifungal proteins and bacterial hydro-
lytic enzymes and utilization of RNAi-mediated gene silencing of 
pathogenesis- related protein encoded by pathogens are summarized.  
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15.1       Introduction 

 Globally,  Musa  spp. ( bananas and plantains  ) are 
the fourth most economically important staple 
food crop after rice, wheat, and corn. Presently, it 
is cultivated in around 150 tropical and subtropi-
cal countries across the world in an area of more 
than 10 million hectares with a total production of 
around 144 million tonnes (FAOSTAT  2013 ). It is 
considered as one of the fundamental food sources 
for millions of people. About 80 % of banana pro-
duced is directed to domestic market and about 
20 % enters into the export market. The produc-
tion of banana is threatened by several  abiotic and 
biotic factors  . Foliar disease known as black siga-
toka is one among the most destructive biotic fac-
tors causing huge economic loss in the world’s 
banana production (Stover and Simmons  1987 ; 
Carlier et al.  2000 ; Jones  2003 ; Arzanlou et al. 
 2007 ). The  black leaf streak disease (BLSD)         or 
black sigatoka leaf spot disease caused by 
 Mycosphaerella fi jiensis  (anamorph 
 Pseudocercospora fi jiensis ) is the most destruc-
tive member of the “sigatoka disease complex,” 
which includes   M. musicola    (anamorph  P. musae ), 
the causal agent of yellow sigatoka leaf spot and 
  M. eumusae    (anamorph  P. eumusae ), and the 
causal agent of  Septoria  leaf spot or  eumusae  leaf 
spot. The pathogen invades foliar system, signifi -
cantly reduces the photosynthetic area, and ulti-
mately causes the death of the leaves leading to 
premature ripening of the fruit and reduced bunch 
weight (Ploetz  2000 ; Carlier et al.  2003 ). The esti-
mated yield loss by black sigatoka in global 
banana production is more than 50–100 % 
(Mourichon et al.  1997 ; Ploetz  2001 ; Burt et al. 
 2002 ; Marciel Cordeiro and Pires de Matos  2003 ). 
The disease was fi rst reported in the Sigatoka 
Valley of Viti Levu in the Fiji Islands in 1963 
(Leach  1964 ). The sigatoka disease severely 
affects the world’s most popular banana Cavendish 
subgroups (AAA) as well as other genomic 
groups AA, AAB and ABB (Jones  2009 ). The 
control of disease by conventional breeding has 
been handicapped by the extreme low female fer-
tility or male sterility, long generation, and poly-
ploid nature of the plant (Ploetz  2006 ). However, 
the use of multiple fungicides at relatively high 
frequencies has been allowed to control the dis-

ease to some extent, but potentially damaging the 
environment and lives (Churchill  2011 ) and also 
increasing the cost of production by 25–30 % 
(Marı’n et al.  2003 ; Kema  2006 ). Meanwhile, 
genetic manipulation with diverse targeting 
approach (resistant genes) is the desirable option 
for obtaining resistance in susceptible plants.  

15.2     The Pathogen 

 The genus   Mycosphaerella       that belongs to the 
 Mycosphaerellaceae   (Schoch et al.  2006 ) is rep-
resented as one of the largest genera of ascomy-
cetes, containing nearly about 3,000 species and 
anamorph species of around 7,000 numbers 
(Aptroot  2006 ; Crous and Braun  2003 ; Crous 
et al.  2007 ). The pathogen is considered as the 
most destructive plant pathogens causing huge 
economic loss in important crops like acacia, 
banana, cereals, citrus, eucalypts, pines, sugar 
beet, strawberry, soybean, and many others (Farr 
et al.  1995 ; Crous and Braun  2003 ). The patho-
gen mainly infects foliar part of the plants, result-
ing in defoliation and thus reduced photosynthetic 
capacity. It also causes cankers on the stem and 
spots and specks/fruit lesions on fruits (Cortinas 
et al.  2006 ; Batzer et al.  2008 ). The infection of 
 Mycosphaerella  to the parts of the plants depends 
on the types of species under infection for, e.g., 
 M. citri  species, infects both foliar part and fruits. 
However,  M. nubilosa  infects only foliar part. 

 The taxonomy of  Mycosphaerella  is based on 
morphological characters of both anamorphs and 
teleomorphs (Crous  1998 ; Stewart et al.  1999 ; 
Crous et al.  2000 ). They belong to the class 
Dothideomycetes, order Capnodiales, and family 
Mycosphaerellaceae. The species have broad 
range of lifestyles ranging from saprobes and 
plant pathogens to fungal hyperparasites 
(Goodwin et al.  2001 ; Jackson et al.  2004 ) hemi-
biotrophic with a bipolar, heterothallic mating 
nature within the class. They are haploid for the 
major part of their life cycle, with a short dikary-
otic and diploid phase during sexual reproduc-
tion. Besides sexual reproduction, some 
  Mycosphaerella    species also produce haploid 
conidia in closed fruiting bodies or on free conid-
iophores under asexual reproductive cycle. The 
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recent molecular analysis revealed that the genus 
is poly- and paraphyletic in nature, involving at 
least two families, namely, Mycosphaerellaceae 
and Teratosphaeriaceae (Schoch et al.  2006 ; 
Crous et al.  2007 ). 

 The primary agents of  Mycosphaerella  spe-
cies that are responsible for the black sigatoka 
disease complex in banana and plantains are  M. 
fi jiensis ,  M. musicola , and  M. eumusae. M. fi jien-
sis  (M. Morelet) is a sexual, heterothallic fungus 
having   Pseudocercospora fi jiensis    (M. Morelet) 
Deighton as the anamorph stage. Yellow sigatoka 
is caused by   Mycosphaerella musicola    Leach ex 
Mulder (anamorph  Pseudocercospora musae ) 
(Jones  2000 ).   M. eumusae    (anamorph  S. eumu-
sae ) is the name proposed for the causal agent of 
 Septoria  leaf spot disease (Carlier et al.  2000 ). 

15.2.1      Disease Symptoms   

 The three pathogens of the sigatoka disease com-
plex cause unique symptoms on banana leaves, 
and it is diffi cult to distinguish (Henderson et al. 
 2006 ). Stages of development of black leaf streak 
disease are represented in Fig.  15.1 . Initially, tiny 
chlorotic specks appear on the lower (abaxial) 
surface of the leaf laminar after 14–20 days of 
infection. Later small specks become streaks and 
are running parallel to the leaf veins which 
coalesce to form larger streaks that vary in color 
from rusty red to dark brown to black, depending 
on the pathogen. The time interval between the 
appearance of specks, development of streaks, 
and following enlargement of necrotic spots var-
ies in length according to the type of cultivar and 
the severity of infestation (Mayorga  1990 ; 
Jacome and Schuh  1992 ; Fullerton  1994 ). These 
streaks eventually form fusiform or elliptical 
spots that aggregate, form a water-soaked border 
with variable degrees of a yellow halo, and, even-
tually, coalesce to cause immense leaf necrosis. 
This leads to considerable reduction in the photo-
synthetic capacity of the leaf and causes signifi -
cant defoliation. As a consequence, it reduces the 
yield by slower fi lling of fi ngers, fi nger size, and 
premature ripening of fruits (Ramsey et al.  1990 ; 
Romero and Sutton  1997 ).

15.2.2         Life Cycle   

 Both   M. fi jiensis    and   M. musicola    have unique 
nature of disease cycle with black sigatoka being 
much faster than yellow sigatoka in the earlier 
emergence of spots. Life cycle of the pathogens 
involves both asexual and sexual reproduction. 
Asexual reproduction (anamorph) occurs through 
the development of conidia which get dissemi-
nated for a short distance across the plant surface 
by water spill, whereas in sexual reproduction 
(teleomorph) ascospores are produced and dis-
seminated over long distances by wind, and it is 
reported to be the most important stage in disease 
spread (Amil et al.  2007 ; Gauhl et al.  2000 ). 
Conidia are produced at a younger stage (stages 
2–4) of the disease cycle, whereas ascospores are 
produced at later stage. Due to large amount of 
ascospores produced by  M. fi jiensis  than  M. 
musicola , ascospores are represented the main 
source of spread for  M. fi jiensis , while conidia 
are the main source of dispersal   M. musicola    
(Stover and Dickson  1976 ). 

 Infections begin with spores germinating on 
cigar leaf under higher humidity condition and 
temperature ranging from 25 to 29 °C (Gauhl 
et al.  2000 ). The epiphytic growth stage begins 
and symptoms gradually evolve from stage 1 to 
stage 6 (Fouré  1982 ). The germ tube penetrates 
into the leaf via stomata pore by producing an 
appressorium through which it directs a hypha 
(Stahel  1937 ; Meredith  1970 ; Stover  1980 ) to 
penetrate the palisade region intercellularly. The 
vegetative hyphae colonized in the substomatal 
region produce conidiophores, which grow out 
through the stomatal pore on the lower surface or 
abaxial region (Stahel  1937 ). The production of 
conidiophores begins at initial specks (Fig.  15.2 , 
stage 1) or at the fi rst streak stage (Fig.  15.2 , 
stage 2) up to the second spot stage (Fig.  15.2 , 
stage 5). Further multiple conidia are produced 
from each conidiophore between the second 
streak (Fig.  15.2 , stage 3) and second spot (Fig. 
 15.2 , stage 5) stages (Meredith and Lawrence 
 1969 ). The production of spermatia (male gam-
etes) occurs in spermagonia which start to 
develop from the substomatal chambers primar-
ily on the lower leaf surface at the second streak 
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(Fig  15.2 , stage 3) or fi rst spot (Fig.  15.2 , stage 4) 
(Liberato et al.  2009 ).

   The fi rst symptoms become apparent as small 
yellow specks or red-brown specks in  M. music-
ola  and  M. fi jiensis  infection, respectively (Gauhl 
et al.  2000 ). The small specks further aggregate 
to produce streaks, and symptom progression 
depends on the environmental factors, suscepti-
bility of the cultivar, and intensity of infestation 
(Meredith  1970 ). At the fi nal disease stage, 

mature lesion starts to coalesce and dry the leaf 
tissue by producing spermagonia and perithecia. 
These spermagonia protrude through stomatal 
pore that produces hyaline and single-celled, rod- 
shaped spermatia through the ostiole and fertilize 
with adjacent female receptive hyphae known as 
trichogynes. After fertilization pseudothecia, 
perithecia-like structures are formed within the 
mature lesion which contains oblong to club- 
shaped bitunicate  asci   (two-layered cell wall) and 

  Fig. 15.1    Stages of development of black leaf streak dis-
ease (A) Stage 2 - fi rst streak stage (B) Stage 3 - second 
streak stage (C) Stage 4 - fi rst spot stage (D) Stage 5 - second 
spot stage (E) Stages 5 and 6 - third or mature spot stage (F) 
Coalescence of streaks and spots on a severely infected leaf.

(G) All stages present on a single plant or leaf. (H & I) 
Rounded, nonstreak lesions and narrow leaf streak lesions 
present on young leaves of ‘water’ suckers. (J–L) Time 
course of symptom development on a ‘Grande Naine’ plant 
incubated in a growth chamber. (Source: Churchill  2011 )       

 

H.D. Sowmya et al.



231

contains ascospores (colorless, contains one sep-
tum and fusiform) (Crous et al.  2009 ).   

15.3      Management   of Sigatoka 
Disease 

 A number of measures have been implemented to 
manage black sigatoka disease. Among them, 
conventional breeding and chemical control 
methods remain the two major strategies to con-
trol sigatoka disease (Nwauzoma et al.  2002 ; 
Marín et al.  2003 ). However, cultural practices 
are laborious, requiring expensive inputs and 
more labor, thus increasing the cost of production 
(Ploetz  2001 ). 

 The identifi cation of resistant cultivar by con-
ventional breeding is the most impressive and 
eco-friendly method, but is impeded due to its 
long generation time (up to 2 years), narrow 
genetic base, male sterility, low female fertility, 
and polyploidy nature variability (Rowe  1984 ; 
Swennen and Vuylsteke  1993 ; Pillay et al.  2002 ). 

The control of sigatoka disease could be achieved 
by the frequent application of fungicides (Fouré 
 1983 ; Marín et al.  2003 ), such as  benzimidazoles   
(benomyl, carbendazim),  morpholines   (tride-
morph),  triazoles   (bitertanol, difenoconazole, 
cyproconazole, fl usilazole, fenbuconazole, hexa-
conazole, propiconazole, triadimenol, and tebu-
conazole), and  strobilurins   (azoxystrobin, 
trifl oxystrobin) along with the alternative appli-
cation with protectant fungicide such as  chloro-
thalonil   and  dithiocarbamates   (mancozeb). But, 
the annual cost to control the disease was esti-
mated to be around US$1,000/ha (Arias et al. 
 2003 ) which increased the production cost 
25–30 % of the total (up to $1,800), which is not 
economical for small growers in developing 
countries (Marín et al.  2003 ; Kema  2006 ). 
Besides, the application of fungicides has an 
adverse impact not only on the terrestrial and 
aquatic ecosystems but on cultivation due the 
 development   of resistance by the fungus to these 
fungicides (Mukhopadhyay and Mukherjee 
 1996 ; Castillo et al.  2000 ; Wesseling et al.  2005 ; 

  Fig. 15.2    Disease cycle of  M. musicola  on banana (Source: Henderson et al.  2006 )       
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Can˜as-Gutie’rrez et al.  2006 ; Vawdrey and Grice 
 2005 ; Amil et al.  2007 ).  

15.4     Transgenic Approach 

 Development of resistance cultivars through non-
conventional breeding strategy such as genetic 
engineering offers an alternative promising envi-
ronmentally safe and sustainable approach for 
banana improvement (Swennen  2003 ; Passos 
et al.  2013 ; Kovács et al.  2013 ). The advances in 
the molecular biology techniques have enabled to 
apply the diverse targeting approaches to develop 
resistant plants against fungal pathogens. 

15.4.1     Overexpression 
of  Antimicrobial Peptides      

 The most commonly used approach to engineer 
fungal resistance in plants is through the overex-
pression of antimicrobial peptides. They are 
cysteine- rich small, globular cationic, amphipa-
thic peptides encoded by multigenic families and 
widely distributed among the plant kingdom 
(Boman  1991 ; Hancock and Lehrer  1998 ). These 
peptides play an important role in the innate 
immunity and act as a fi rst line of defense barrier 
in the plant system against various invading phy-
topathogens. AMP molecules have broad range 
of antimicrobial activity at minimal inhibitory 
concentration by damaging the cells either by tar-
geting the cell membrane or targeting the intra-
cellular region and arrest the nucleic acid or 
protein or enzyme activity (Powers and Hancock 
 2003 ; Brogden  2005 ). These proteins are evolu-
tionarily conserved, expressed constitutively, or 
induced in response to various stress conditions. 
Due to their rapid mode of action at minimal 
inhibitory concentration, these peptides gained 
more importance for developing the crop resis-
tance to phytopathogens. Antimicrobial peptides 
from various sources have been utilized to confer 
resistance against number of fungal pathogens in 
an array of genetically engineered plant species 
(Parkhi et al.  2010 ; Hoshikawa et al.  2012 ). 
Cammue et al. ( 1993 ) demonstrated the utiliza-

tion of several antifungal peptide genes against 
 Mycosphaerella  spp. The resulted antifungal 
peptides showed inhibitory activity toward 
 Mycosphaerella  spp. under  in vitro  condition. 
Remy et al. ( 1998 ) developed the transgenic 
banana cv. Three Hand  Planty   expressing anti-
fungal gene Dm-AMP1 isolated from   Dahlia 
merckii       under the control of different promoters, 
CaMV35S promoter, super promoter and maize 
ubiquitin promoter individually. The resulted 
transgenic banana plant expressing Dm-AMP1 
gene driven by maize ubiquitin promoter showed 
1.3 % Dm-AMP1 expression in the leaf extract 
and the rest two promoters showed 6 to 16 fold 
and 9 to 30 fold lowerexpressionsrespectively. 
Further these transgenic banana plants were 
tested with  M. fi jiensis  under greenhouse condi-
tion to evaluate antifungal activity under  i  n vivo  
condition. In another study, the potential of anti-
microbial peptide MSI-99, a synthetic substitu-
tion analogue of magainin isolated from the skin 
secretions of the African clawed frog  Xenopus 
laevis , was utilized to impart resistance against 
 M. musicola  in banana cv. Rasthali. During the 
experiment Chakrabarti et al. ( 2003 ) cloned MSI- 
99 gene into two different plant protein expres-
sion vectors (pMSI164 and pMSI168) to target 
the peptide into the cytoplasm and extracellular 
spaces of the cells. The resulted transgenic plants 
targeting antimicrobial peptide intracellular 
space showed 40 % reduction, whereas transfor-
mants targeting extracellular space showed 
18–58 % reduction in lesion area development 
during in vitro detached leaf bioassay. 
Vishnevetsky et al. ( 2011 ) coexpressed the endo-
chitinase gene (TnEn-42) from   Trichoderma har-
zianum    and  stilbene synthase (StSy)   gene from 
grapes under the control of CaMV35S promoter 
and inducible promoter PR-10, respectively, 
together with superoxide dismutase gene CuZn- 
SOD isolated from tomato, under control of the 
ubiquitin promoter in banana cv. Grand Nain. 
Out of 12 transgenic lines tested, six transgenic 
lines showed signifi cantly reduced symptoms, 
and two transgenic lines exhibited signifi cantly 
reduced symptoms throughout 4 years of fi eld 
trial tested without any changes in the fruit qual-
ity and yield. The same transgenic lines also 
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exhibited tolerance to  Botrytis cinerea  in vitro  
bioassays. 

 Fungal cell wall-degrading enzymes like  chi-
tinases      and  glucanase   are commonly used to pro-
duce different fungal resistance crops 
(Moravcˇı’kova’ et al.  2004 ; Melander et al. 
 2006 ; Wally et al.  2009 ). Similar attempt was 
made in the control of sigatoka disease in banana. 
Kosky et al. ( 2010 ) introduced antifungal gluca-
nase gene along with another agronomically 
important antifungal protein AP24 osmotin in 
banana cv. “Navolean” ( Musa  AAB). They 
obtained 25 primary transformants of which one 
transgenic line showed signifi cantly enhanced 
tolerance to the foliar symptoms caused by siga-
toka compared to susceptible control under fi eld 
condition. Recently, Kovács et al. ( 2013 ) ana-
lyzed the potentiality of class I chitinase genes 
 RCC2   (targeted intracellular) and RCG3 (extra-
cellular) isolated from rice, in banana cv. Gros 
Michel against black sigatoka disease. The 
resulted transgenic banana plants were pheno-
typically normal. The plants expressing RCG3 
gene showed considerable delay in lesion devel-
opment and also exhibited ten times less lesion 
leaf area compared to susceptible control over a 
monitoring period of 108 days under  i  n vitro  
detached leaf bioassay. Besides, transgenic 
banana plant expressing RCG3 was more tolerant 
than RCC2. It might be due to the extracellular 
expression nature of RCG3 gene.  

15.4.2      RNAi-Mediated Host-Induced 
Gene Silencing   

 RNA-mediated resistance, that is, RNAi-induced 
gene silencing technique, emerged as a powerful 
tool to engineer pathogen-resistant plants by sup-
pressing or knocking down the expression of tar-
geted genes. It is a conserved regulatory 
mechanism that has been widely studied in 
eukaryotes, where small RNAs are utilized to 
silence the gene expression at post- transcriptional 
level. Using this strategy, it is possible to inhibit 
or modulate the expression of target genes in a 
phytopathogens which leads to reduction or com-
plete inhibition of infection, growth develop-

ment, or reproduction and eventually causes 
death of the pathogens. Proofs of concept of host- 
induced gene silencing (HIGS) using vital genes 
of fungal pathogens were recently reported on 
different fungal pathogens like   Fusarium oxyspo-
rum   ,   Blumeria graminis   , and   Bremia lactucae    
(Nowara et al.  2010 ; Ghag et al.  2014 ; 
Govindarajulu et al.  2015 ), suggesting traffi cking 
of dsRNA or siRNA from host plants into fungal 
pathogens. Recently, Mumbanza et al. ( 2013 ) 
conducted an  i  n vitro  self- and cross-species 
RNA inhibitory bioassay to assess the effect of 
synthetic dsRNA on spore germination and col-
ony formation by targeting different genes. 
During their experiment two target fungal patho-
gens   M. fi jiensis    and   Fusarium oxysporum    were 
used. All the tested synthetic dsRNA molecules 
showed varying levels of reduction in spore ger-
mination. The dsRNA for adenyl cyclase, DNA 
 polymerase   alpha subunit, and DNA polymerase 
delta subunit showed maximum reduction in 
spore germination of both tested fungi during 
both self- and cross-species test. Inhibition ranges 
of 79.8–93.0 % and 19.0–57.8 % were observed 
when Foc dsRNA was applied to Foc spores and 
 M. fi jiensis  spores, respectively. Similarly 34.4–
72.3 % and 89.7–98.9 % of spore germination 
were observed when  M. fi jiensis  dsRNA was 
treated to  M. fi jiensis  and  F. oxysporum  f.sp. 
 cubense , respectively.   

15.5     Conclusion 

 Molecular biology has provided the new avenue 
for the development of transgenic plants. Various 
defense genes like chitinases, osmotin, and 
magainin from both plant and animal source have 
been effectively cloned and expressed in banana 
against sigatoka disease. Currently, the trans-
genic plants developed using single gene have 
provided more or less moderate level of resis-
tance against pathogen. Development of the com-
plete resistant plant has been not achieved so far. 
The gene pyrimidine approach of developing 
transgenic plants has shown an increased level of 
resistance which is promising. Hence, gene 
stacking approach in the future would provide a 

15 Engineering Resistance to Sigatoka



234

resistance source for banana. RNAi is another 
specifi c gene silencing tool that has been 
employed to silence the target gene that would 
reduce infectivity of the pathogen. Identifi cation 
of the target gene for pathogen for RNAi is in 
progress and studies are limited to in vitro condi-
tions. Presently, the use of such technologies 
against sigatoka disease has not been used in the 
development of transgenic plant. Far most impor-
tantly, understanding of the host-pathogen inter-
action, chemical moieties that involved in 
activating the plants, and innate defense system 
of the host plant is necessary. Recently it was 
reported that how pathogen modulates the innate 
immunity of host plant has been successfully 
demonstrated in rice against rice blast disease.     

   References 

     Amil AF, Heaney SP, Stanger C, Shaw MW (2007) 
Dynamics of QoI sensitivity in  Mycosphaerella fi jien-
sis  in Costa Rica during 2000 to 2003. Phytopathology 
97:1451–1457  

    Aptroot A (2006)  Mycosphaerella  and its anamorphs: 2. 
Conspectus of  Mycosphaerella . CBS Biodivers Ser 
5:1–231  

    Arias P, Dankers C, Liu P, Pilkauskas P (2003) The world 
banana economy 1895–2002, FAO Commodity stud-
ies. Food and Agriculture organization of the United 
Nations, Rome  

    Arzanlou M, Abeln ECA, Kema GHJ, Waalwijk C, Carlier 
J, de Vries I, Guzman M, Crous PW (2007) Molecular 
diagnostics for the Sigatoka disease complex of 
banana. Phytopathology 97:1112–1118  

    Batzer JC, Mercedes Diaz Arias M, Harrington TC, 
Gleason ML, Groenewald JZ, Crous PW (2008) Four 
species of  Zygophiala  ( Schizothyriaceae ,  Capnodiales ) 
are associated with the sooty blotch and fl yspeck com-
plex on apple. Mycologia 100:232–258  

    Boman HG (1991) Antibacterial peptides: key compo-
nents needed in immunity. Cell 65:205–207  

    Brogden A (2005) Antimicrobial peptides: pore formers 
or metabolic inhibitors in bacteria? Nat Rev Microbiol 
3:238–250  

    Burt PJA, Rosenberg LJ, Rutter GJ, Ramirez F, Gonzales 
H (2002) Forecasting the airborne spread of 
Mycosphaerella fi jiensis, a cause of black Sigatoka 
disease on banana: estimations of numbers of perithe-
cia and ascospores. Ann Appl Biol 135:369–377  

   Cammue BPA, De Bolle MFC, Terras FRG, Broekaert 
WF (1993) Fungal disease control in Musa: applica-
tion of new antifungal proteins. In: Ganry J (ed) 
Breeding banana and plantain for resistance to dis-
eases and pests. In: Proceedings of the international 

symposium on genetic improvement of bananas for 
resistance to diseases and pests, Organized by CIRAD- 
FLHOR, Montpellier, &-9 September 1992, 
pp 221–225  

    Can˜as-Gutie’rrez P, Patin˜o LF, Rodrı’guez-Arango E, 
Arango R (2006) Molecular characterization of 
benomyl- resistant isolates of Mycosphaerella fi jiensis, 
collected in Colombia. J Phytopathol 154:403–409  

     Carlier J, Foure F, Gauhl F, Jones DR, Lepoivre P, 
Mourichon X, Pasberg-Gauhl C, Romero RA (2000) 
Black leaf streak. In: Jones RD (ed) Disease of 
Banana, Abaca and Enset. CABI Publishing, 
Wallingford, pp 37–47  

   Carlier J, Hayden H, Rivas G, Zapater M-F, Abadie C, 
Aitken E (2003) Genetic differentiation in 
Mycosphaerella leaf spot pathogens. In: Jacome L, 
Lepoivre P, Marin D, Ortiz, R, Romero R, Escalant JV 
(eds) Mycosphaerella leaf spot diseases of bananas: 
present status and outlook. In: Proceedings of the 
workshop on Mycosphaerella leaf spot diseases, San 
José, 20–23 May 2002. INIBAP, Montpellier. 
123–129  

    Castillo LE, Ruepert C, Solis E (2000) Pesticide residues 
in the aquatic environment of banana plantation areas 
in the North Atlantic Zone of Costa Rica. Environ 
Toxicol Chem 19:9  

    Chakrabarti A, Ganapathi TR, Mukherjee PK, Bapat VA 
(2003) MSI-99, a magainin analogue, imparts 
enhanced disease resistance in transgenic tobacco and 
banana. Planta 216:587–596  

     Churchill (2011) Mycosphaerella fi jiensis, the black leaf 
streak pathogen of banana: progress towards under-
standing pathogen biology and detection, disease 
development, and the challenges of control. Mol Plant 
Pathol 12:307–328  

    Cortinas MN, Crous PW, Wingfi eld BD, Wingfi eld MJ 
(2006) Multi-gene phylogenies and phenotypic char-
acters distinguish two species within the 
 Colletogloeopsis zuluensis  complex associated with 
 Eucalyptus  stem cankers. Stud Mycol 55:133–146  

    Crous PW (1998)  Mycosphaerella  spp. and their ana-
morphs associated with leaf spot diseases of 
 Eucalyptus . Mycol Mem 21:1–170  

     Crous PW, Braun U (2003) Mycosphaerella and its ana-
morphs. 1. Names published in Cercospora and 
Passalora. CBS Biodivers Ser 1:1–571  

    Crous PW, Aptroot A, Kang JC, Braun U, Wingfi eld MJ 
(2000) The genus  Mycosphaerella  and its anamorphs. 
Stud Mycol 45:107–121  

     Crous PW, Braun U, Groenewald JZ (2007) 
Mycosphaerella is polyphyletic. Stud Mycol 58:
1–32  

    Crous PW, Schoch CL, Hyde KD, Wood AR, Gueidan C, 
de Hoog GS, Groenewald JZ (2009) Phylogenetic lin-
eages in the Capnodiales. Stud Mycol 64:17–47  

   FAOSTAT Agriculture Data (2013)   http://faostat3.fao.
org/download/Q/QC/E    .  

    Farr DF, Bills GF, Chamuris GP, Rossman AY (1995) 
Fungi on plants and plant products in the United 
States. APS Press, St Paul  

H.D. Sowmya et al.

http://dx.doi.org/10.1094/PHI-I-2001-E0126-1001
http://dx.doi.org/10.1094/PHI-I-2001-E0126-1001


235

    Fouré E (1982) Les cercosporioses du bananier et leurs 
traitements. Comportement des variétés. Etude de la 
sensibilité variétale des bananiers et plantains à 
Mycosphaerella fi jiensis Morelet au Gabon (maladie 
des raies noires). II- Etude de quelques paramètres. 
Fruits 37:760–771  

    Fouré E (1983) Les cercosporioses du bananier et leurs 
traitements. Sélection de molecules fongicides nou-
velles. Activités comparées de différentes molécules 
fongicides sur Mycosphaerella fi jiensis Morelet, agent 
de la ‘maladie des raies noires’ des bananierset plan-
tains au Gabon. Fruits 38:21–34  

    Fullerton RA (1994) Sigatoka leaf diseases. In: Ploetz RC, 
Zentmyer GA, Nishijinia WT, Rohrbach KG, Ohr HD 
(eds) Compendium of tropical fruit diseases. American 
Phytopathological Society, St. Paul, pp 12–14  

      Gauhl F, Pasberg-Gauhl C, Jones DR (2000) Disease 
cycle and epidemiology. In: Jones DR (ed) Diseases of 
Banana, Abacá and Enset. CAB International, 
Wallingford, pp 56–62  

    Ghag SB, Shekhawat UKS, Ganapathi TR (2014) Host 
induced post-transcriptional hairpin RNA-mediated 
gene silencing of vital fungal genes confers effi cient 
resistance against Fusarium wilt in banana. Plant 
Biotechnol J 12:541–553  

    Goodwin SB, Dunkle DL, Zismann VL (2001) 
Phylogenetic analysis of  Cercospora  and 
 Mycosphaerella  based on the internal transcribed 
spacer region of ribosomal DNA. Phytopathology 
91:648–658  

    Govindarajulu M, Epstein L, Wroblewski T, Michelmore 
RW (2015) Host-induced gene silencing inhibits the 
biotrophic pathogen causing downy mildew of lettuce. 
Plant Biotechnol J 13:875–883  

    Hancock RE, Lehrer R (1998) Cationic peptides: a new 
source of antibiotics. Trends Biotechnol 16:82–88  

     Henderson J, Pattemore JA, Porchun SC, Hayden HL, 
Van Brunschot S, Grice KRE, Peterson RA, Thomas-
Hall SR, Aitken EAB (2006) Black Sigatoka disease: 
new technologies to strengthen eradication strategies 
in Australia. Australas Plant Pathol 35:181–193  

    Hoshikawa K, Ishihara G, Takahashi H, Nakamura I 
(2012) Enhanced resistance to gray mold (Botrytis 
cinerea) in transgenic potato plants expressing thionin 
genes isolated from Brassicaceae species. Plant 
Biotechnol 29:87–93  

    Jackson SL, Maxwell A, Neumeister-Kemp HG, Dell B, 
Hardy GESJ (2004) Infection, hyperparasitism and 
conidiogenesis of  Mycosphaerella lateralis  on 
 Eucalyptus globulus  in Western Australia. Australas 
Plant Pathol 33:49–53  

    Jacome LH, Schuh W (1992) Effects of leaf wetness dura-
tion and temperature on development of black 
Sigatoka disease on banana infected by Mycosphaerella 
fi jiensis var. difformis. Phytopathology 82:515–520  

    Jones DR (2000) Diseases of banana, Abacá and Enset. 
CABI Publishing, New York  

    Jones DR (2003) The distribution and importance of the 
 Mycosphaerella  leaf spot diseases of banana. In: 
Jacome L, Lepoivre P, Marin D, Ortiz R, Romero R, 
Escalant JV (eds) Proceedings of 2nd international 

workshop on Mycosphaerella leaf spot disease of 
bananas, Costa Rica. INIBAP 20–23, San José, 
pp 25–42  

    Jones DR (2009) Disease and pest constraints to banana 
production. Acta Horticult 828:21–36  

     Kema GHJ (2006) The pesticide reduction plan for 
banana. In: Soprano E, Tcacenco FA, Lichtemberg 
LA, Silva MC (eds) Anais XVII Reunião Internacional 
ACORBAT. Bananicultura: um negócio sustentável 
ACORBAT, Joinville, pp 3–4  

    Kosky RG, Chong-Pérez B, López-Torres J, Reyes M 
et al (2010) Plantain (Musa spp. cv. ‘Navolean’ AAB) 
transgenic plants from Agrobacterium tumefaciens- 
mediated transformation of embryogenic cell suspen-
sions. Biotecnol Veg 10:209–218  

     Kovács G, Sági L, Jacon G, Arinaitwe G, Busogoro JP, 
Thiry E, Strosse H, Swennen R, Remy S (2013) 
Expression of a rice chitinase gene in transgenic 
banana (‘Gros Michel’, AAA genome group) confers 
resistance to black leaf streak disease. Transgenic Res 
22:117–130  

    Leach R (1964) A new form of banana leaf spot in Fiji, 
black leaf streak. World Crops 16(60):64  

   Liberato JR, Peterson RA, Gasparotto L, Ferrari JT, Grice 
K, Porchun SC, Shivas RG (2009) Black sigatoka of 
banana (Mycosphaerella fi jiensis). Available at pest 
and diseases image library, species content page—
  http://www.padil.gov.au/viewPestDiagnosticImages.
aspx?id=431    ; Plant Biosecurity Toolbox/Info Sheet—
  h t t p : / / w w w . p a d i l g o v . a u / p b t / i n d e x .
php?q=node/46&pbtID=166      

   Maciel Cordeiro ZJ, Pires de Matos A (2003) Impact of 
Mycosphaerella spp. in Brazil. In: Jacome L, Lepoivre 
P, Marin D, Ortiz R, Romero R, Escalant JV (eds) 
Mycosphaerella leaf spot diseases of bananas: present 
status and outlook. In: Proceedings of the workshop 
on Mycosphaerella leaf spot diseases, San José, Costa 
Rica, 20–23 May 2002. INIBAP, Montpellier, 
pp 91–97  

       Marín DH, Romero RA, Guzmán M, Sutton TB (2003) 
Black Sigatoka: an increasing threat to banana cultiva-
tion. Plant Dis 87:208–222  

    Mayorga MH (1990) La Raya negra (Mycosphaerella 
fi jiensis Morelet) del plátano y del banano. I. Ciclo de 
vida del patógeno bajo las condiciones del Urabá. Rev 
ICA 25:69–77  

    Melander M, Kamnert I, Happstadius I, Liljeroth E, 
Bryngelsson T (2006) Stability of transgene integra-
tion and expression in subsequent generations of dou-
bled haploid oilseed rape transformed with chitinase 
and b-1,3-glucanase genes in a double-gene construct. 
Plant Cell Rep 25:942–952  

    Meredith DS (1970) Banana leaf spot disease (Sigatoka) 
caused by Mycosphaerella musicola Leach. 
Phytopathological papers, no. 11. Commonwealth 
Mycological Institute, Kew  

    Meredith DS, Lawrence JS (1969) Black leaf streak dis-
ease of bananas (Mycosphaerella fi jiensis): symptoms 
of disease in Hawaii, and notes on the conidial state of 
the causal fungus. Trans Br Mycol Soc 52:459–476  

15 Engineering Resistance to Sigatoka

http://www.padil.gov.au/viewPestDiagnosticImages.aspx?id=431
http://www.padil.gov.au/viewPestDiagnosticImages.aspx?id=431
http://www.padilgov.au/pbt/index.php?q=node/46&pbtID=166
http://www.padilgov.au/pbt/index.php?q=node/46&pbtID=166


236

    Moravcˇı’kova’ J, Matusˇı’kova’ I, Libantova’ J, Bauer M, 
Mlyna’rova’ L (2004) Expression of cucumber class 
III chitinase and Nicotiana plumbaginifolia class I glu-
canase genes in transgenic potato plants. Plant Cell 
Tissue Organ Cult 79:161–168  

   Mourichon X, Carlier J, Fouré E (1997) Sigatoka leaf spot 
disease, Musa Disease. fact sheet, Inibap, Montpellier 
8:4  

    Mukhopadhyay AN, Mukherjee PK (1996) Fungi as fun-
gicides. Int J Trop Plant Dis 14:1–17  

    Mumbanza FM, Kiggundu A, Tusiime G, Tushemereirwe 
WK, Niblett C, Bailey A (2013) In vitro antifungal 
activity of synthetic dsRNA molecules against two 
pathogens of banana, Fusarium oxysporum f. sp. 
cubense and Mycosphaerella fi jiensis. Pest Manag Sci 
69:1155–1162  

    Nowara D, Gay A, Lacomme C, Shaw J, Ridout C, 
Douchkov D, Hensel G, Kumlehn J, Schweizer P 
(2010) HIGS: host-induced gene silencing in the obli-
gate biotrophic fungal pathogen Blumeria graminis. 
Plant Cell 22:3130–3141  

    Nwauzoma AB, Tenkouano A, Crouch JH, Pillay M, 
Vuylsteke D, Daniel Kalio LA (2002) Yield and dis-
ease resistance of plantain ( Musa  spp., AAB group) 
somaclones in Nigeria. Euphytica 123:323–331  

    Parkhi V, Kumar V, LeAnne M, Campbell, Bell AA, Shah 
J, Rathore KS (2010) Resistance against various fun-
gal pathogens and reniform nematode in transgenic 
cotton plants expressing Arabidopsis NPR1. 
Transgenic Res 19:959–975  

    Passos MAN, Cruz VO, Emediato FL, Teixeira CC et al 
(2013) Analysis of the leaf transcriptome of Musa acu-
minata during interaction with Mycosphaerella musi-
cola: gene assembly, annotation and marker 
development. BMC Genomics 14:78  

    Pillay M, Hartman J, Tenkouano A (2002) Bananas and 
plantains: future challenges in Musa breeding. In: 
Kang MS (ed) Crop improvement, challenges in the 
twenty-fi rst century. Food Products Press, New York, 
pp 223–252  

    Ploetz RC (2000) Black sigatoka. Pestic Outlook 11:19–23  
    Ploetz RC (2001) Black sigatoka of banana: the most 

important disease of a most important fruit. Plant 
Health Instructor. doi:  10.1094/PHI-I-2001-0126-
1001    . Available at   http://www.apsnet.org/publica-
tions/apsnetfeatures/Pages/blacksigatoka.aspx    .  

    Ploetz RC (2006) Fusarium wilt of banana is caused by 
several pathogens referred to as  Fusarium oxysporum  
f. sp.  cubense . Phytopathology 96:653–656  

    Powers JP, Hancock RE (2003) The relationship between 
peptide structure and antibacterial activity. Peptides 
24:1681–1691  

    Ramsey MD, Daniells JW, Anderson DJ (1990) Effects of 
Sigatoka leaf spot ( Mycosphaerella musicola  Leach) 
on fruit yields, fi eld ripening and green life of bananas 
in North Queensland. Sci Hortic 41:305–313  

    Remy S, Buyens A, Cammue BPA, Swennen R, Sagi L 
(1998) Production of transgenic banana expressing 
antifungal proteins. Acta Horticult 490:433–436  

    Romero RA, Sutton TB (1997) Reaction of four Musa 
genotypes at three temperatures to isolates of 
 Mycosphaerella fi jiensis  from different regions. Plant 
Dis 81:1139–1142  

    Rowe P (1984) Breeding bananas and plantains. In: Janick 
J (ed) Plant breeding reviews. Wiley, Hoboken  

     Schoch CL, Shoemaker RA, Seifert KA, Hambleton S, 
Spatafora JW, Crous PW (2006) A multigene phylog-
eny of the Dothideomycetes using four nuclear loci. 
Mycologia 98:1043–1054  

     Stahel G (1937) The banana leaf speckle in Surinam 
caused by Chloridium musae nov. spec and another 
related banana disease. Trop Agric 14:42–44  

    Stewart EL, Liu Z, Crous PW, Szabo L (1999) 
Phylogenetic relationships among some cercosporoid 
anamorphs of  Mycosphaerella  based on rDNA 
sequence analysis. Mycol Res 103:1491–1499  

    Stover RH (1980) Sigatoka leaf spots of bananas and 
plantains. Plant Dis 64:750–756  

    Stover RH, Dickson JD (1976) Banana leaf spot caused 
by  Mycosphaerella musicola  and  M. fi jiensis  var.  dif-
formis : a comparison of the fírst Central American 
epidemics. FAO Plant Prot Bull 24:36–42  

    Stover RH, Simmons NW (1987) Bananas. Longman 
Group UK Ltd., Harlow  

   Swennen R (2003) Transgenic approaches for resistance 
to  Mycosphaerella  leaf spot diseases in  Musa  spp .  In: 
Jacome L, Leproive P, Martin D, Ortiz R, Romero R, 
Escalant JV (eds)  Mycosphaerella  leaf spot diseases of 
bananas: present status and outlook. Proceeding of the 
workshop on  Mycosphaerella  leaf spot diseases held 
in San José, Costa Rica on 20–23 May 2002. INIBAP, 
Montpellier  

    Swennen R, Vuylsteke D (1993) Breeding Black Sigatoka 
resistant plantains with a wild banana. Trop Agric 
70:74–77  

    Vawdrey LL, Grice K (2005) Field evaluation of strobi-
lurins, triazoles and acibenzolar to control Sigatoka 
disease in Australia. Infomusa 14:11–15  

    Vishnevetsky J, Thomas L, White JR, Palmateer AJ, 
Flaishman M, Cohen Y, Elad Y, Velcheva M, Hanania 
U, Sahar N, Dgani O, Perl A (2011) Improved toler-
ance towards fungal diseases in transgenic Cavendish 
banana (Musa spp. AAA group) cv. Grand Nain. 
Transgenic Res 20:61–72  

    Wally O, Jayaraj J, Punja Z (2009) Comparative resis-
tance to foliar fungal pathogens in transgenic carrot 
plants expressing genes encoding for chitinase, 
b-1,3-glucanase and peroxidise. Eur J Plant Pathol 
123:331–342  

    Wesseling C, Corriols M, Bravo V (2005) Acute pesticide 
poisoning and pesticide registration in Central 
America. Toxicol Appl Pharmacol 207:S697–S705      

H.D. Sowmya et al.

http://dx.doi.org/10.1094/PHI-I-2001-0126-1001
http://dx.doi.org/10.1094/PHI-I-2001-0126-1001
http://www.apsnet.org/publications/apsnetfeatures/Pages/blacksigatoka.aspx
http://www.apsnet.org/publications/apsnetfeatures/Pages/blacksigatoka.aspx


237© Springer Science+Business Media Singapore 2016 
S. Mohandas, K.V. Ravishankar (eds.), Banana: Genomics and Transgenic Approaches for Genetic 
Improvement, DOI 10.1007/978-981-10-1585-4_16

      Engineering Resistance to Viruses                     

     James     C.     Green    ,     Wayne     Borth    , and     John     S.     Hu    

    Abstract  

  Banana viruses are limiting factors for banana production in many countries 
where bananas are grown. The most devastating viral-caused disease of 
bananas in Hawaii and many areas of Asia, Africa, and the Pacifi c is banana 
bunchy top caused by banana bunchy top virus (BBTV). Once BBTV is pres-
ent in a plantation, it is very diffi cult to control. Control of the aphid vector 
using insecticides is ineffi cient and expensive and poses environmental risks. 
Removal of infected plants can effectively limit the spread of the virus but 
requires identifi cation of early infections and involves increased labor and 
chemical costs. No naturally occurring resistance is known in banana. New 
control strategies for the effi cient control of BBTV are needed. The recent 
development of transformation and regeneration systems for banana has made 
it possible to develop virus- resistant banana plants using genetic engineering. 
Several groups have investigated this possibility and utilized posttranscrip-
tional gene silencing (PTGS) or RNA interference (RNAi) approaches to gen-
erate BBTV resistance in several cultivars. To date, no viable transgenic lines 
have been developed that display durable BBTV resistance. Recent efforts and 
approaches to develop BBTV-resistant transgenic banana are reviewed in this 
chapter, and novel strategies to produce virus-resistant transgenic banana are 
introduced. Future potentials of using transgenic banana as alternatives for 
management of banana virus diseases are discussed.  
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16.1       Introduction 

  Bananas   ( Musa  spp.) are large monocotyledon-
ous perennial herbs of the family Musaceae order 
Zingiberales found in the tropics and subtropics. 
Bananas and plantains are one of the world’s 
most important food crops and represent a vital 
nutritional staple for millions of people in tropi-
cal and subtropical countries (Selvarajan and 
Balasubramanian  2014 ). Bananas are of signifi -
cant value to resource-poor farmers because 
bananas produce fruit year-round (Kumar et al. 
 2014 ). Bananas are propagated primarily through 
asexual methods such as vegetative divisions or 
micropropagation through tissue culture. Four 
major diseases of viral etiology are recognized 
for their importance including banana bunchy top 
caused by banana bunchy top virus (BBTV), 
banana streak caused by banana streak virus 
(BSV), banana bract mosaic caused by banana 
bract mosaic virus (BBrMV), and banana mosaic 
caused by cucumber mosaic virus (CMV). Efforts 
have been made to develop resistant transgenic 
plants in banana to BBTV but not to other viruses, 
as far as we know. This review focuses on BBTV 
research activities.  

16.2     Viruses of Banana 

16.2.1     Banana Bunchy Top  Virus   

  BBTV   is the most serious of the viral diseases 
affecting banana (Dale  1987 ). In many countries 
BBTV is a signifi cant limiting factor affecting 
banana production (Harding et al.  1991 ). BBTV 
is found in Southeast Asia, Taiwan, the 
Philippines, India, Africa, and most of the Pacifi c 
Islands including Hawaii, but has not yet been 
reported from the Americas (Burns et al.  1995 ). 
BBTV is transmitted by the banana aphid, 

 Pentalonia nigronervosa  (Beetham et al.  1999 ), 
in a semi-persistent manner with a minimum 
acquisition period of 4 h and a minimum inocula-
tion period of 15 min (Hu et al.  1996 ). Insects can 
retain the virus for up to 20 days after feeding, 
and no evidence has been found for transovarial 
passage (Hu et al.  1996 ) or for multiplication of 
the virus in the vector (Hafner et al.  1995 ). 

 BBTV is in the genus  Babuvirus  in the family 
 Nanoviridae  (Randles et al.  2000 ). BBTV has a 
multipartite genome consisting of at least six, and 
as many as 11 separate circular single-stranded 
DNA (ssDNA) components, each of about 1 kb, 
which are packaged individually into small (18–
20 nm) isometric virions (Burns et al.  1995 ). 
BBTV’s genome components each contain one 
large open reading frame (ORF), except DNA-1 
that encodes two proteins (Beetham 1999; 
Randles et al.  2000 ). The putative replication- 
associated protein (Rep) is encoded by DNA-1 
and has been shown to both initiate and direct the 
replication of BBTV (Horser et al.  2001 ). No 
function for DNA-2 has yet been determined 
(Horser et al.  2001 ). DNA-3 encodes the capsid 
or coat protein (CP) (Wanitchakorn et al.  1997 ). 
DNA-3 is localized in the nucleus and cytoplasm 
together with DNA-6, although DNA-6 can be 
redirected to the cell periphery by DNA-4 
(Wanitchakorn et al.  2000 ). DNA-4 encodes the 
putative movement protein (MP) and is localized 
in the cell periphery during infection 
(Wanitchakorn et al.  2000 ). DNA-5 encodes the 
cell cycle link protein (Clink) and contains an 
LXCXE motif involved in retinoblastoma-like 
plant protein (Rb) binding activity (Wanitchakorn 
et al.  2000 ). Clink may play an important role in 
the manipulation of the host plant’s cell replica-
tion cycle during S-phase through binding with 
Rb (Aronson et al.  2000 ). DNA-6 encodes the 
nuclear shuttle protein (NSP) (Gronenborn  2004 ) 
that, when expressed without interaction with 
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DNA-4, is targeted to the nucleus (Wanitchakorn 
et al.  2000 ). The NSP is transported to the cell 
periphery before intercellular transport 
(Wanitchakorn et al.  2000 ). All of the six ssDNA 
components of the BBTV genome share several 
highly conserved regions, including a stem-loop, 
a TATA box, a highly conserved region, and a 
poly-A coding region, in addition to the major 
ORF (Randles et al.  2000 ).  

16.2.2     Banana Streak  Virus   

  BSV   is in the  Badnavirus  genus of the 
 Caulimoviridae  family (James et al.  2011 ). BSV 
virions have a bacilliform shape, and the genome 
is a noncovalently closed double-stranded DNA 
of 7.4–8.0 kb and harbors three ORFs on the (+) 
sense strand (King  2012 ). ORF 1 encodes a 22 
kDa protein of unknown function and ORF 2 
encodes a 14 kDa protein, also of unknown func-
tion. ORF 3 encodes a large polyprotein of 210 
kDa that is proteolytically cleaved into the capsid 
protein, an aspartic protease (AP), a reverse tran-
scriptase with ribonuclease H (RH) activity, and 
an RNA binding (RB) protein (Harper et al.  1999 ; 
Harper and Hull  1998 ). There are two forms of 
BSV found in the genome of  Musa balbisiana  
(B): episomal BSV and endogenous BSV (eBSV) 
(refs). eBSV is a type of endogenous retrovirus 
sequence (ERVs) found in the B genome of 
banana (Chabannes et al.  2013 ). The eBSV form 
of the virus can be activated by temperature 
stress, water stress, micropropagation manipula-
tion, and genetic hybridization (Dahal et al.  2000 ; 
Dallot et al.  2001 ; Lheureux et al.  2003 ). 

 BSV has been confi rmed to occur in Asia, 
Africa, Australia, the Americas, and Europe 
(Lockhart  1995 ). BSV can result in yield losses 
from 6 to 90 % although today’s epidemics are 
limited primarily to Africa (Iskra-Caruana et al. 
 2010 ). Banana streak disease symptoms are char-
acterized by abnormal bunch development, dis-
tortion of leaves and petioles, necrotic and 
chlorotic fl ecking on leaves, and stem cracking 
(Dahal et al.  2000 ). Three species of BSV, banana 

streak OL virus (BSOLV), banana streak MY 
virus (BSMYV), and banana streak GF virus 
(BSGFV), are recognized by the International 
Committee on the Taxonomy of Viruses (ICTV); 
however, additional species may exist (James 
et al.  2011 ). BSV is transmitted in a semi- 
persistent manner by the mealybugs (Meyer et al. 
 2008 ).  

16.2.3     Banana Bract Mosaic  Virus   

  BBrMV   belongs to the  Potyvirus  genus of the 
 Potyviridae  family with virions that are fl exuous 
fi lamentous rods (Marie-line et al.  2008 ; Fauquet 
et al.  2005 ). The genome is ssRNA in the sense 
(+) orientation and consists of 9,711 nucleotides. 
Symptoms of BBrMV include mosaic streaks on 
the bracts of the banana infl orescence, spindle- 
shaped streaks scattered along the petioles, and a 
mottled discoloration of the pseudostem. 
However, these BBrMV symptoms may be con-
fused with the mosaic symptoms produced by 
CMV infections in banana (Rodoni et al.  1997 ). 
BBrMV is non-persistently transmitted by at least 
three species of aphids (Magnaye and Espino 
 1990 ; Munez  1992 ; Diekmann and Putter  1996 ). 
It has been reported from India and Sri Lanka 
(Diekmann and Putter  1996 ), from the Philippines 
(Bateson and Dale  1995 ), and from Thailand, 
Vietnam, and Western Samoa (Rodoni et al. 
 1999 ). The virus has been detected from infected 
banana plants by enzyme-linked immunosorbent 
assay (ELISA), immunomagnetic capture PCR 
(IC-PCR), and reverse transcription PCR 
(RT-PCR). Alternative hosts other than banana 
include cardamom ( Elettaria cardamomum ) in 
India (Siljo et al.  2012 ), abaca ( Musa textilis ) in 
the Philippines (Thomas et al.  1997 ), and fl ower-
ing ginger ( Alpinia purpurata ) in Hawaii (Wang 
et al.  2010 ). The virus can be transmitted through 
the vegetative planting  material and from banana 
to banana by sap inoculation, but attempts to 
mechanically inoculate herbaceous indicator 
plants have not been successful (Magnaye and 
Espino  1990 ; Munez  1992 ).  
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16.2.4     Cucumber Mosaic  Virus      

 CMV is in the  Cucumovirus  genus of the 
 Bromoviridae  family and has virions that are iso-
metric in shape and 28–30 nm in diameter 
(Lockhart and Jones  2000 ). The virions have the 
single-strand (+) sense RNA genome that is tri-
partite, consisting of three RNA molecules, des-
ignated RNA 1 (3,350 nucleotides), RNA 2 
(3,050 nucleotides) and RNA 3 (2,200 nucleo-
tides) that are encapsidated individually. In addi-
tion to the three genomic RNAs, a sub-genomic 
RNA (RNA 4) encoding the capsid protein is pro-
duced from RNA 3 (Roossinck  1999 ). RNA 1 
contains a single ORF that encodes the replicase 
protein with methyltransferase and helicase 
domains. RNA 2 encodes another replicase com-
ponent (2a), in addition to a suppressor protein 
(2b) that is expressed from sub-genomic RNA 
4A. RNA 3 encodes the movement protein (3a) 
and coat protein (3b), but the CP is expressed 
from sub-genomic RNA 4. The host range of 
CMV includes more than 800 species of plants. 
CMV can be transmitted by many aphid species 
including  Aphis gossypii ,  Rhopalosiphum mai-
dis ,  Myzus persicae ,  Macrosiphum pisi , 
 Rhopalosiphum prunifolia , and possibly 
 Pentalonia nigronervosa  (Magnaye and Valmayor 
 1995 ). 

 Different strains of CMV are known to occur 
throughout the world, where they can produce 
various symptoms depending on the host, the 
strain, and the temperature. The most common 
symptom is a mosaic on the leaves, but other 
symptoms may include leaf deformation or 
mosaic on the fruit. However, these symptoms 
may appear sporadically and be distributed 
unevenly throughout the plant. Other symptoms 
produced by severe strains include more severe 
leaf distortions and necrosis of emerging leaves 
or internal tissues that can lead to death of the 
plant (Lockhart and Jones  2000 ).   

16.3     Transgenic Resistance 
to BBTV 

16.3.1      Transgenic Approaches   
for Banana Bunchy Top  Virus 
Resistance   

 The severity of  BBTV   epidemics and their result-
ing yield losses, together with the lack of natural 
resistance, warrants investigation into applying 
transgenic techniques to confer resistance in 
desirable cultivars. Several groups have investi-
gated this possibility and utilized posttranscrip-
tional gene silencing (PTGS) or  RNA interference   
(RNAi) techniques in attempts to produce culti-
vars with durable resistance to BBTV (Elayabalan 
et al.  2013 ; Krishna et al.  2013 ; Shekhawat et al. 
 2012 ; Borth et al.  2011 ; Becker et al.  2000 ). 
Elayabalan et al. ( 2013 ) transformed the banana 
cultivar “Virupakshi” (AAB) using intron- hairpin 
RNA (ihpRNA) constructs with 440 bp of the 
5′-end and 440 bp of the 3′-end, in sense and anti-
sense orientation, respectively, of the BBTV Rep 
gene. The ubiquitin (Ubi) promoter was used to 
drive transcription, and a CRE intron was used as 
a spacer between the two partial fragments. These 
authors reported that the expression of ihpRNA 
led to enhanced resistance to BBTV in bananas in 
greenhouse. Krishna et al. ( 2013 ) transformed 
the Cavendish cultivar “Grand Nain” (AAA) 
using a similar approach utilizing hairpin struc-
tures. Their construct contained portions of 
DNA-1, DNA-3, DNA-4, and DNA-5 from 
BBTV that included a 642 bp intron as spacer 
region and the  CaMV  35S promoter to drive tran-
scription. They reported that viral symptoms 
were delayed by 3–6 months compared to wild-
type untransformed plants. Shekhawat et al. 
( 2012 ) transformed a “Rasthali” cultivar (AAB) 
using the ihpRNA approach with two constructs. 
One contained the full-length Rep coding 
sequence from DNA-1 and the other containing a 
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partial Rep coding sequence together with its 
5′-upstream regulatory region. These constructs 
were linked by the castor bean catalase gene as a 
spacer and driven by the  Zea mays  ubiquitin 
(Ubi) promoter. Partial BBTV resistance in these 
transgenic banana plants was indicated by the 
lack of symptom development in plants up to 6 
months following virus challenge, and the detec-
tion of small interfering RNAs (siRNAs) derived 
from the ihpRNA sequence, establishing that 
RNAi was the mechanism of resistance in these 
plants. 

 Becker et al. ( 2000 ) transformed the Cavendish 
cultivars “Grand Nain” and “Williams” (AAA) 
using constructs containing components from 
BBTV’s DNA-1, DNA-5, and DNA-6 that were 
co-transformed with constructs that contained the 
promoter from BBTV’s DNA-6 and a construct 
containing an internal ORF frame from BBTV’s 
DNA-1 or a construct containing an ORF from 
BBTVDNA-5 in an untranslatable form. These 
constructs all contained the Ubi intron fi rst exon 
and intron from the maize polyubiquitin-1 gene 
and were driven by either the Ubi promoter from 
the maize polyubiquitin-1 gene or the Pro pro-
moter from DNA-6 of BBTV. In this study, 
Becker et al. used microprojectile bombardment 
in lieu of  Agrobacterium -mediated transforma-
tion, to eliminate the possibility of chimeric 
plants that may be produced by  Agrobacterium - 
mediated transformation in banana. They 
reported transformation effi ciencies of about 
11 %. Although they were able to regenerate 
transgenic plants, no data was given on the resis-
tance or susceptibility of the transgenic plants. 

 The majority of the work reporting the  devel-
opment   of transgenic banana with BBTV resis-
tance utilized  Agrobacterium -mediated 
transformation. All protocols have utilized 
 embryogenic cell suspensions (ECS  ) derived 
from immature male embryos as the starting tis-
sue for transformation, with the exception of 
Krishna et al. ( 2013 ) who used “scalps” or shoots 
from multiple meristems of banana plants as their 
starting material. In addition to ECS, Elayabalan 
et al. ( 2013 ) utilized microcalli derived from 
ECS and noted that microcalli resulted in a high 
frequency of transformation. The use of  ECS   to 

establish a single cell origin of somatic embryos 
for regeneration of transgenic lines represents the 
most ideal explant due to the avoidance of regen-
erating chimeras (Huang et al.  2007 ). The regen-
eration of chimeras that may initially exhibit 
BBTV resistance but that later develop symp-
toms of BBTV infection after challenge is a prob-
lem that must be addressed in designing 
transformation protocols to develop BBTV- 
resistant germplasm in banana. 

 Shekhawat et al. ( 2012 ) reported that no 
DNAs from the CP, MP, or Rep genes could be 
detected by PCR in inoculated transgenic banana 
plants. Borth et al. ( 2011 ) reported that no CP 
gene sequences could be detected by PCR in 
inoculated transformed banana plants. This lack 
of expression of viral genes in inoculated trans-
formed banana plants represents a signifi cant 
accomplishment in the development of trans-
genic BBTV-resistant lines of banana. 

 Another strategy that utilizes a process termed 
“virus-activated cell death” has been developed 
by James Dale at the Queensland University of 
Technology (QUT)    in Australia (Dale et al. 
 2001 ). In banana plants transformed with a vec-
tor that contains portions of the BBTV genome 
linked with a transgene that codes for barnase, an 
RNA endonuclease derived from  Bacillus amylo-
liquefaciens , BBTV replication following infec-
tion, results in a hypersensitive response and 
subsequent death of the infected cells, thus pre-
venting the spread of the virus within the plant 
tissues. The mechanism of this response is 
unique: when BBTV infects cells of banana 
plants transformed with this construct, the Rep 
protein produced by the replicating BBTV recog-
nizes the stem-loop region (CR-SL) of the con-
struct and initiates the replication of the entire 
transgenic sequence as a multicopy circular 
extrachromosomal DNA; barnase is then synthe-
sized and degrades RNA in the infected cell 
resulting in death of the infected and potentially 
nearby cells. The CR-SL region is highly con-
served among all known BBTV isolates and will 
be recognized by the Rep protein of all known 
BBTV strains. Because intron sequences are 
located adjacent to each CR-SL region, both the 
intron and the CR-SL regions will be spliced out 
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of the transcript, leaving only the coding region 
of the barnase gene to be translated. The barnase 
transgene will only be activated during BBTV 
infection and will only be expressed in cells that 
are infected by BBTV. In the absence of BBTV 
infection, no functional transgene will be 
expressed. It is expected that the transgene pro-
tein will only be produced in inoculated and pos-
sibly adjacent cells and will not be present in 
other tissues such as fruit. Dale et al. ( 2001 ) then 
co-transformed embryogenic cell suspensions of 
banana with pRTBN6  and a selectable marker 
gene using microprojectile bombardment accord-
ing to Becker et al. ( 2000 ). Plants surviving anti-
biotic selection were tested by PCR to confi rm 
the complete integration of pRTBN6. Positive 
plants were multiplied and challenged with 
BBTV-viruliferous aphids. Several transgenic 
lines showed no typical symptoms of BBTV 
infection, but instead developed necrosis at the 
points of aphid feeding, presumably due to 
transgene- induced cell death. PCR and Southern 
hybridization failed to detect BBTV in these 
challenged transgenic lines, indicating that these 
plants are resistant to BBTV under greenhouse 
conditions (Dale et al.  2001 ).  

16.3.2      Field Evaluations   
of Transgenic Banana 
in Hawaii 

 Borth et al. ( 2011 ) transformed a “Dwarf 
Brazilian” cultivar (AAB) using four different 
constructs from the Rep gene of BBTV’s DNA- 
1: one construct contained the entire Rep ORF 
with a double point mutation; the second con-
tained the entire Rep ORF in antisense orienta-
tion; the third contained 455 bp of the Rep ORF 
including the stem-loop conserved region (SL- 
CR), the TATA box, and 361 bp of the 5-end of 
the Rep coding region all in antisense orienta-
tion; and the fourth contained the third construct 
fused with an antisense construct of the Rep 
ORF. The  CaMV  35S promoter and  AMV  
enhancer sequence were used to drive transcrip-
tion in all of the constructs. Embryogenic calli of 
banana cultivar “Dwarf Brazilian” that were ini-

tiated from immature male fl owers were used to 
produce  embryogenic cell suspensions (ECS)  . 
These cell suspensions were used as the source of 
explants for  Agrobacterium  transformations 
using the four constructs. Embryos formed from 
transformed ECS were germinated on media con-
taining antibiotics to select transformed lines. 
These lines have been evaluated for BBTV resis-
tance by challenge with viruliferous aphids in the 
greenhouse. Twenty transgenic lines displayed 
some degree of resistance to BBTV challenge. A 
1-acre plot at the Waimanalo Field Station of 
University of Hawaii on the island of Oahu was 
used for fi eld testing of the transgenic lines. All 
20 putatively BBTV-resistant banana lines were 
planted in fi ve separate fi eld trials. At the conclu-
sion of each of these fi eld trials, there were still 
individual plants from a few transgenic lines that 
had not developed BBTV symptoms.   

16.4     Conclusions 

 Banana viruses can cause devastating diseases of 
bananas in many parts of Asia, Africa, and the 
Pacifi c. Recently, BBTV has devastated the 
banana industry in several Africa countries. The 
development of BBTV-resistant banana plants 
through the use of genetic engineering offers the 
quickest way to develop banana plants with long- 
lasting, broad-spectrum resistance to the various 
strains of BBTV and other plant viruses affl icting 
banana. Transgenic banana plants that are resis-
tant to virus challenge in the fi eld and that also 
have good horticultural characteristics can be 
propagated and distributed to the public. The 
development of such cultivars will directly ben-
efi t banana growers in Asia, the Pacifi c, and 
Africa. 

 The work that has already been done by vari-
ous workers to produce transgenic banana culti-
vars with  virus resistance   shares several things in 
common. The use of  Agrobacterium -mediated 
transformation remains the method of choice in 
most of the studies with the exception of the 
work of Becker et al. ( 2000 ) who utilized micro-
projectile bombardment. Embryogenic cell sus-
pensions derived from immature male fl owers 
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are the most common tissue transformed because 
it minimizes the occurrence of chimeras in the 
resulting transgenic lines. Several strategies have 
been used to generate  virus resistance   in banana. 
Constructs utilizing the Rep gene from BBTV 
DNA-1, in both sense and antisense orientation, 
and constructs designed to generate ihpRNA 
structures in transgenic tissues appear to be the 
most promising approaches to achieve  virus 
resistance   by exploiting RNA silencing. The con-
stitutive promoter  CaMV  35S has often been 
used to drive transcription of introduced trans-
genes when high levels of transcription are 
needed. 

 New techniques for genetic engineering plants 
have become available in recent years. One of 
these new technologies involves the use of clus-
tered regularly interspaced short palindromic 
repeats (CRISPR) and CRISPR-associated pro-
teins (Cas proteins) (Richter et al.  2012 ). 
CRISPR-Cas molecules act as programmable 
endonucleases that make site-specifi c double- 
strand breaks (DSBs) in DNA (Jinek et al.  2012 ). 
Short CRISPR RNAs (crRNAs) are processed 
from CRISPR transcripts (pre-crRNAs) and 
serve as homing oligonucleotides impeding the 
replication of invading viruses (Doudna and 
Charpentier  2014 ). Site-specifi c DSBs made by 
CRISPR-Cas cause single point mutations gener-
ated through nonhomologous end joining (NHEJ) 
ultimately resulting in the activation of gene 
silencing directed against the target sequences. In 
transgenic plants the CRISPR-Cas system has 
been shown to reduce viral accumulation to con-
fer resistance to ssDNA viruses: bean yellow 
dwarf virus (BeYDV), beet severe curly top virus 
(BSCTV), and tomato yellow leaf curl virus 
(TYLCV) (Baltes et al.  2015 ; Ji et al.  2015 ; Ali 
et al.  2015 ). Unique CRISPR-Cas constructs that 
target conserved BBTV sequences may be 
designed and engineered into banana plants to 
produce transgenic banana plants that are resis-
tant to BBTV. In addition to NHEJ, site-specifi c 
homologous recombination (HR) is possible 
using CRISPR-Cas. The advantages of site- 
specifi c insertions are that they effectively elimi-
nate position effects that may act upon the 
inserted sequences and prevent the incorporation 

of transgenes into undesirable chromosomal 
locations (Matzke and Matzke  1998 ). Successful 
strategies that are based upon PTGS or RNAi 
mechanisms suggest that site-specifi c insertion 
directed by CRISPR-Cas of BBTV constructs 
could produce non-chimeric lines that have high 
transgene expression levels. CRISPR-Cas offers 
the potential to transform plants more precisely, 
allowing the introduction of transgenes at spe-
cifi c sites (Wilson et al.  1990 ; Lee et al.  2015 ). 

 Additionally, a Cry-related protein may be 
useful for conferring resistance to  P. nigroner-
vosa  in banana, potentially limiting the ability of 
the vector to spread BBTV between plants. The 
use of “stacked” or “pyramided” traits in trans-
genic plants to induce resistance to viruses and 
their vectors is another approach to create germ-
plasm potentially resistant to BBTV. Palma et al. 
( 2014 ) showed that the LC50 value of a Cry- 
related protein derived from  Bacillus thuringien-
sis  ( Bt ) against  Myzus persicae  was 32.7 μg/mL, 
the lowest value yet reported for Cry proteins 
against any member of the  Aphididae . Cry toxins 
from  Bt  consist of the N-terminal three-domain 
“toxic core” and the proteolytically labile 
C-terminal segment (Evdokimov et al.  2014 ). 
The high pH found in the gut of insects cleaves 
the two segments and activates the core toxin that 
binds with receptors in the gut membrane ulti-
mately, forming transmembrane pores that lead 
to cell death through osmotic shock (Gomez et al. 
 2007 ). Cry-type proteins expressed in the phloem 
of the banana at high levels may provide resis-
tance to the vector of BBTV. 

 Another newly developed technique with 
great potential benefi t is the use of an internal 
ribosome entry site (IRES) that may facilitate the 
stable long-term expression of transgenes in 
plants, but has yet to be tried in banana (Renaud- 
Gabardos et al.  2015 ). These novel approaches to 
generate durable BBTV and vector resistance 
hold great potential for the successful develop-
ment of transgenic BBTV-resistant germplasm in 
the future.     
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      Transgenic Approaches to Improve 
Resistance to Nematodes 
and Weevils                     

     Hugh     Roderick    ,     Leena     Tripathi     , and     S.     Poovarasan   

    Abstract  

  Banana and plantain are important staple crops for Africa and important 
fruit crops for Asia, Latin America and Caribbean islands. Several nema-
tode species and rhizome weevil ( Cosmopolites sordidus ) are major pests 
in banana that cause heavy damage and revenue loss. Pesticides and bio-
control agents control the pests, but pesticide residues pose severe envi-
ronmental problems. Conventional breeding is a diffi cult and slow process 
due to the limited sources of resistance, sterility of cultivated banana vari-
eties, polyploidy levels, long cropping cycle and the lack of rapid screen-
ing methods. Genetic engineering is considered as one of the eco-friendly 
and safer methods to control these pests. This review discusses the seri-
ousness of the problem, the status and source of pest resistance and the 
mechanisms involved. The availability of various genes with potential to 
control nematodes and weevils is discussed. Further, current efforts and 
future prospects for identifying natural resistance genes and RNAi-based 
defences with potential to control nematode and banana weevil in a trans-
genic approach are outlined and discussed. Nematode-resistant transgenic 
banana cultivars expressing rice or maize cystatin genes and peptides 
 evaluated under fi eld conditions and those weevil-resistant cultivars 
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 developed using papaya cystatin gene with enhanced inhibitory potential 
are discussed in the light of biosafety concerns.  

  Keywords  

  Nematode and weevil resistance   •   Protein and peptide based transgenic 
defences   •   Cystatin genes and peptides   •   Plant lectins   •   Insecticidal pro-
teins   •   Alpha-amylase inhibitors and chitinase enzymes   •   RNAi-based 
defences  

17.1       Introduction 

 Banana and plantain ( Musa  spp.) are cultivated in 
over 130 countries worldwide covering approxi-
mately 10 million hectares with an annual pro-
duction of 139 million tons (FAOSTAT  2014 ). It 
forms an important staple diet of Latin American 
and Caribbean islands, grown mainly for subsis-
tence and for local sale. In recent years, the 
income through banana cultivation has reduced 
drastically due to severe problems affecting 
banana cultivation. Several nematode species and 
rhizome weevil ( Cosmopolites sordidus ) are 
major pests that cause huge production losses. 

 Nematodes are key pests in many commercial 
dessert banana plantations, and they also dam-
ages both cooking banana and plantains. Root 
systems damaged by nematodes are less able to 
utilize nutrients and water, become susceptible to 
secondary infection and provide weakened 
anchorage to the plant. Plants with weakened 
root systems are prone to toppling, especially in 
strong winds and when bearing fruit leading to 
loss of the fruit. Banana suffers estimated losses 
to nematodes of 6 M tonnes/year, representing 
the consumption need of 60 M people in banana- 
dependent countries. Weevil is most severe in 
plantains and East African highland bananas. 
Weevils damage the corm of plants by making 
tunnels and rootstock. Damaged corm interferes 
with root initiation and sap fl ow in the plant, 
resulting in yellowing of leaves and wilting of 
plants particularly the young suckers. The suck-
ers fi nally die, whereas the older plants are 
retarded in their growth and produce small 
bunches. The weevil-damaged plants can easily 
be blown over by the wind. Pesticides are usually 

used to control nematodes and weevils, but pesti-
cide residue is a main concern considering the 
environmental and health problems. Genetic 
transformation is considered as one of the eco- 
friendly approaches for controlling weevils and 
nematodes.  

17.2     Nematodes 

  Nematodes   cause heavy damage to banana and 
plantain crops with approximately a 20 % reduc-
tion in productivity globally (Sasser and 
Freckman  1987 ). In areas prone to tropical storms 
and particularly in Africa, losses of 40 % or 
greater can frequently occur. Nematicide applica-
tion experiments in West Africa have shown that 
after three crop-cycles, the potential reduction in 
yields is 71 ± 16 % (Atkinson  2003 ), a region of 
the world where bananas and plantains provide 
>25 % of the carbohydrate intake of approxi-
mately 70 million people, corresponding to 10 % 
of their food energy (Ortiz and Vuylsteke 1996; 
Robinson 1996). Several nematodes are major 
pests of banana and plantain crops (Atkinson 
 2003 ; Brentu et al.  2004 ; Gowen and Quénéhervé 
 1990 ).  Radopholus similis  is considered the most 
damaging species. It has a life cycle of 20–25 
days which makes its population multiply rapidly 
and cause severe crop loss (Bridge et al.  1995 ; 
Haegeman et al.  2010 ; Price  2006 ). In severe 
infections with  R. similis , yield losses due to 
stunted growth are compounded by increased 
plant toppling in strong winds as a result of 
reduced root system anchorage (Gowen and 
Quénéhervé  1990 ). In the absence of  R. similis, 
Pratylenchus coffeae ,  Helicotylenchus multicinc-
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tus  and  Meloidogyne  spp. can also become severe 
constraints on banana plantations (Bridge et al. 
 1995 ; McSorley and Parrado  1983 ; Brentu et al. 
 2004 ; Price  2006 ). Secondary fungal and bacte-
rial infections frequently compound the direct 
damage nematodes cause (Duncan and Moens 
 2006 ). 

  Nematicides   are widely applied to soils in 
intensive banana plantations, but they are envi-
ronmentally toxic and a risk to human health 
(Atkinson et al.  2003 ). The prevalence of 
banana and plantain cultivation on small plots 
across the tropics also means that nematicides 
are inappropriate on the basis of both cost and 
grower safety. Nematode-tolerant and nema-
tode-resistant banana cultivars have been iden-
tifi ed, though the cultivars are only effective 
against single species of nematode (Lorenzen 
et al.  2010 ; Pinochet  1988 ). Concomitant nem-
atode species infection is common in banana 
and plantain growing areas. In Uganda, the 
largest producer of bananas and plantains in 
Africa (FAOSTAT 2014),  R. similis ,  H. multi-
cinctus  and  Meloidogyne  spp. are present in all 
banana-growing regions (Kashaija et al.  1994 ). 
Work in Costa Rica on the dessert banana culti-
var ‘Grand Naine’ identifi ed  R. similis, P. cof-
feae, M. incognita  and  H. multicinctus  causing 
signifi cant reductions in yield, with the multi-
species infections causing greater damage than 
single species (Moens et al.  2006 ). Similar 
work with the plantain cultivar ‘Apantu-pa’ in 
Ghana found that while  P. coffeae  caused the 
largest losses, the greatest necrosis and top-
pling, co- infection with  M. javanica  and  H. 
multicinctus  caused an increase in damage to 
the plant over any single species infection 
(Brentu et al.  2004 ). Conventional breeding has 
struggled to introduce the single species resis-
tance into economically important cultivars or 
develop hybrids with broad nematode resis-
tance (Lorenzen et al.  2010 ). A transgenic 
approach for nematode resistance is strongly 
favoured for bananas and plantains, both 
because of the diffi culty of developing an effec-
tive resistance through breeding and the avail-
ability of several proven anti-nematode genes.  

17.3     Banana Weevil 

  Banana and plantain production   in Africa is 
effected signifi cantly by rhizome weevil which is 
a serious pest (Ostmark  1974 ; Gold  1998 ; Gold 
and Messiaen  2000 ; Swennen and Vulysteke 
 2001 ; Fogein et al.  2002 ). The banana plantation 
decline (Gold et al.  1999 ) called ‘yield decline 
syndrome’ in Africa is associated with this wee-
vil. By the time the crop reaches the 4th cycle, the 
yield loss reaches 44 % (Rukazambuga et al. 
 1998 ). Crop losses up to 100 % are also reported 
in cases of severe infestation. Establishment of 
new plantations is diffi cult due to the persistence 
of this infection in soil (Sengooba  1986 ; Price 
 1994 ). The causal organism of this devastating 
disease is the weevil  Cosmopolites sordidus  
(Germar 1824) (Coleoptera: Curculionidae). The 
weevil in its adult form is free living and black in 
colour and measures 10–15 mm. It is also associ-
ated with crop debris and is nocturnally active as 
it becomes desiccated easily. The adults inhabit a 
particular location and remain there for long 
period of time. Weevils generally do not fl y. 
Infected planting materials disseminate the wee-
vil. Banana weevils have long life span and low 
fecundity. Some may live up to 4 years, though 
generally for 1 year. Adults generally feed on 
dead or dying banana plants. They are found liv-
ing under newly cut or rotting pseudostems. They 
can survive without feeding for several months 
with little moisture. They lay more than one egg 
per week on fl owering plants and crop residues. 
In the holes made by the rostrum, the females 
place their white, oval eggs singly. On the leaf 
sheaths and rhizome surfaces also oviposition is 
noticed. The emerging larvae feed on the rhi-
zome, stem and the pseudostem. The larvae pass 
through fi ve to eight instars. The adults emerge 
within 5–7 weeks out under tropical conditions. 
Eggs do not develop below 12 °C (Gold and 
Messiaen  2000 ). 

 The volatiles released by the host plants attract 
the adult weevils which enter banana plants 
through cut  rhizomes  . The weevil attack effects 
roots completely resulting in reduced nutrient 
uptake which results in reduced plant vigour and 
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delayed fl owering increasing plant’s susceptibil-
ity to other pests and diseases. Yield is reduced 
due to rhizomes weakening resulting in toppling 
and plant death. 

 Several cultural practices such as keeping the 
plantation clean by trapping the weevils are fol-
lowed, but are cost intensive. Crop sanitization 
will remove weevil refuges and breeding sites. 
Application of neem (20 %) is found to be benefi -
cial in reducing the population and oviposition. 
Chemical fertilizers are not affordable by farm-
ers, besides developing insect resistance. 
Development of resistant plants has been sug-
gested as a potential long-term solution for con-
trolling the weevil. 

 There are not many biocontrol agents known 
which can control these weevils.  Tetramorium 
guineense  and  Pheidole megacephala , the myr-
micine ants, have been reported to have success-
fully controlled the weevil in Cuba. Antifeedants 
play a signifi cant role in weevil resistance (Ortiz 
et al.  1995 ). Kiggundu ( 2000 ) observed that corm 
size, hardiness, resin/sap production and their 
suckering ability are signifi cant parameters in 
resistance response of clones introduced in 
Africa. Large corm size provides greater resis-
tance (Balachowsky  1963 ). Certain  toxic com-
pounds   present in BB genomes imparted weevil 
resistance which was absent in AA genome. 
Corm extracts from weevil-resistant AB (Kisubi) 
and ABB (Pisang awak) genomes showed HPLC 
peaks which were absent in susceptible and resis-
tant AA clones. African cultivars have been 
found to be highly susceptible to weevil infection 
and few Indian cultivars (Karumpoovan and 
Poozhachendu) highly resistant (Padmanaban 
et al.  2001 ). Certain resistant cultivars are 
reported in Cameroon (Fogain and Price  1994 ). 
Kiggundu et al. ( 2003a ,  b ) reported that some 
wild diploid banana (Calcutta-4), three diploid 
banana hybrids (TMB2×6142-1, TMB2×8075-7 
and TMB2×7197-2) and cultivars like 
Yangambi-Km5 and Cavendish which possess 
high level of resistance may be exploited as resis-
tance source. Some cultivars like Tereza, Nalukira 
and Nsowe possess intermediary resistance. 
 Musa accuminata ,  AA genome progenitor  , was 
found to be more susceptible to weevils than  M. 

balbisiana , the BB progenitor (Mesquita et al. 
 1984 ). 

 Laboratory studies conducted by Kiggundu 
et al. ( 2006 ) on the modalities of resistance to 
banana weevil revealed that all cultivars were 
attractive to the weevil and females oviposited on 
all cultivars. The resistant cultivars showed lower 
survivorship compared to susceptible ones. 
 Antibiosis mechanisms   existed in insect resis-
tance and not antixenosis. Larval development on 
corms of susceptible cultivars was inhibited by 
methanol extracts from resistant cultivars in the 
laboratory.  

17.4     Genes Available 
for Nematodes and Weevils 
Resistance 

17.4.1     Genes for  Nematode 
Resistance   

17.4.1.1     Protein- and Peptide-Based 
Transgenic Defences 

 Proteinase inhibitors ( PI  ) of plant origin like 
trypsin, serine and cysteine, which inhibit nema-
tode development and reduce fecundity of 
females, have been used to control nematodes 
(Kiggundu et al.  2003a ,  b ; Urwin et al.  1997 ). 
Cysteine proteinase inhibitors (cystatins), which 
prevent proper intestinal digestion of dietary pro-
tein in nematodes, are well developed as anti- 
nematode proteins (Atkinson 2000; Urwin et al. 
 1995 ). Transgenic plants expressing cystatins can 
provide effective control of both cyst and root- 
knot nematodes. The cystatins have demonstrated 
effectiveness against a range of major nematode 
pests including in fi eld trials with  Globodera  spp. 
on potato expressing an engineered rice grain 
cystatin (Urwin et al.  2001 ,  2003 ) and  R. similis  
and  H. multicinctus  on plantain expressing a 
maize kernel cystatin (Tripathi et al.  2015 ). In 
glasshouse trials, the engineered rice cystatin has 
also provided 75 ± 5 % resistance in lily against  P. 
penetrans  (Vieira et al.  2014 ), and the maize cys-
tatin has provided 84 ± 8 % resistance in plantain 
to a mixed population of nematodes  R. similis ,  H. 
multicinctus  and  Meloidogyne  spp. (Roderick 
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et al.  2012 ). Vain et al. ( 1998 ) demonstrated 55 % 
reduction in egg production by  Meloidogyne 
incognita  in transgenic rice plants expressing rice 
cystatin. Transgenic tomato expressing taro cys-
tatin showed resistance against  Meloidogyne  spp. 
(Chan et al.  2010 ). The transgenic plant express-
ing dual proteinase inhibitor transgenes 
 demonstrated enhanced resistance to nematodes 
(Urwin et al.  1998 ). On current evidence, it is 
likely that a cystatin-based defence should be 
effective against all economically important par-
asitic nematode pest of banana and plantain. 

 A potential drawback to a cystatin defence is 
that the nematode is not exposed to it until after 
invasion of the root; consequently, young banana 
plants may suffer stunting given a large enough 
initial inoculation of nematodes. Peptides that 
overcome this problem by disrupting localization 
and invasion of host roots by plant parasitic nem-
atodes have also been developed. Nematodes uti-
lize a range of chemical signals produced by 
plant roots to achieve a successful parasitic inter-
action (Reynolds et al.  2011 ). Two synthetic pep-
tides with distinct modes of action have been 
identifi ed that interfere with the nematode cho-
linergic nervous system by binding to either ace-
tylcholinesterase or  nicotinic acetylcholine 
receptors (nAChRs  ) to disrupt chemoreception 
(Winter et al.  2002 ). The acetylcholinesterase- 
inhibiting peptide reduces the number of female 
 Heterodera schachtii  on  Arabidopsis thaliana  by 
more than 80 %. In the same set of experiments, 
expression of this peptide in the root tips of 
potato plants resulted in almost 95 % resistance 
to  Globodera pallida  (Lilley et al.  2011a ). The 
mode of uptake of acetylcholinesterase- inhibiting 
peptide is well documented for  H. schachtii  and 
 R. similis  (Wang et al.  2011 ; Roderick et al.  2012 ) 
and likely a highly conserved process across 
plant parasitic nematodes. The  nAChR-binding 
peptide   is taken up by the open-ended chemosen-
sory sensilla within the anterior amphidial 
pouches and is then transported along chemore-
ceptive neurons to their cell bodies where 
nAChRs are located (Wang et al.  2011 ; Roderick 
et al.  2012 ). Chemoreception is only impaired 
when that transport had been completed (Wang 
et al.  2011 ). This peptide, when expressed in root 

tips of potatoes with a cellular export signal pep-
tide, achieved up to 77 % resistance against  G. 
pallida  in glasshouse and fi eld trials (Green et al. 
 2012 ). Plantains expressing the nAChR-binding 
peptide achieved 69 ± 6 % resistance to a mixed 
population of  R. similis ,  H. multicinctus  and 
 Meloidogyne  spp. in screen house challenges 
(Roderick et al.  2012 ) and 99 ± 1 % resistance to 
a concomitant infection with  R. similis  and  H. 
multicinctus  in the fi eld (Tripathi et al .   2015 ). 
Migratory plant parasitic nematode species like 
 R. similis ,  H. multicinctus  and  Pratylenchus  spp. 
that remain motile and infective during all devel-
opmental stages may be affected throughout their 
lifecycle, while sedentary endoparasitic nema-
todes, such as  Meloidogyne  spp., are vulnerable 
to sensory intervention during their infective 
stages prior to feeding cell initiation. Both the 
cystatin and chemoreception disrupting peptide 
defences are being deployed as a stacked defence 
in plantain (Tripathi et al.  2015 ) and East African 
Highland banana to ensure a broad and durable 
defence. However, there does not appear to be a 
cumulative level of resistance from having two 
defences present (Roderick et al.  2012 ; Tripathi 
et al.  2015 ). 

 Bt proteins have effects on free-living bacte-
rial feeding nematodes (Marroquin et al.  2000 ). 
The  Cry5B protein   is toxic to wild-type 
 Caenorhabditis elegans , whereas some mutants 
of  C. elegans  are resistant to it but susceptible to 
Cry6A toxin (Marroquin et al.  2000 ). Cry55Aa, 
Cry6Aa and Cry5Ba showed toxicity to  M. hapla  
in an induced uptake study (Zhang et al.  2012 ), 
and Cry6Aa2 reduced  M. hapla  numbers when 
applied as a soak (Yu et al.  2015 ). Transgenic 
Cry5B expressed in tomato hairy roots reduced 
 M. incognita  numbers by 75 % compared to con-
trols (Li et al.  2008 ). Plant parasitic nematode 
control using Bt Cry proteins has potential, but 
the evidence base for broad nematode species 
control or for effi cacy in the fi eld has not yet been 
developed (Wei et al.  2003 ). The lectin concana-
valin A has been shown to suppress  M. incognita  
multiplication. and others, such as snowdrop lec-
tins, have biological activity against nematodes. 
Many lectins, however, have toxic effects on 
insects and mammals (Burrows and de Waele 
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 1997 ). Toxicological safety of lectins is a major 
concern for commercial development and needs 
to be studied in depth. Transgenic expression of 
lectins have not yet shown enough promise to 
make it into crop fi eld trials (Fuller et al.  2008 ; 
Atkinson et al.  2009 ; Lilley et al.  2011b ). 

  Natural resistance genes   can also offer a strat-
egy for combating plant parasitic nematodes, and 
several R-genes against nematodes have been 
identifi ed. The sugar beet gene  Hs1pro-1  confers 
resistance to the cyst nematode  Heterodera 
schachtii  (Cai et al.  1997 ). The tomato  Mi-1.2  
gene confers resistance against  Meloidogyne  spe-
cies and has been introduced into cultivated 
tomato,  Lycopersicon esculentum , by an inter-
species cross from the wild species  L. peruvia-
num  (Milligan et al.  1998 ). The  Gpa2  gene also 
conferred resistance against potato cyst nema-
tode  Globodera pallida  (van der Vossen et al. 
 2000 ). The main drawbacks of R-genes are a lack 
of genes for resistance to banana nematodes and 
a tendency for a highly species-specifi c effect.  

17.4.1.2     RNAi-Based Transgenic 
Defences 

  RNA interference (RNAi  ) results when  double- 
stranded RNA (dsRNA  ) triggers the degradation 
of messenger RNA (mRNA) resulting in the 
silencing of specifi c target genes. It has proven a 
useful tool for functional analysis of nematode 
genes, including for plant parasitic nematodes 
(Rosso et al.  2009 ). Triggering of RNAi silencing 
in nematodes that feed on plants expressing 
dsRNA targeting nematode genes is currently 
being developed as a nematode control strategy 
(Lilley et al.  2007 ). Experiments with transgenic 
 Arabidopsis  expressing dsRNA from inverted 
repeat hairpin constructs have identifi ed six 
 Heterodera schachtii  genes that when suppressed 
result in signifi cant reductions in female numbers 
up to 64 % (Patel et al.  2008 ,  2010 ; Sindhu et al. 
 2009 ). Suppression of  H. glycines  by 81–93 % 
has been achieved in soybean plants expressing 
dsRNA targeting one of two ribosomal proteins, 
a spliceosomal protein or synaptobrevin (Klink 
et al.  2009 ), while a similarly high reduction in 
egg production was achieved by targeting mRNA 

splicing factor  prp-17  or an uncharacterized gene 
 cpn-1  (Li et al.  2010 ). 

 Similar positive results have been seen for 
banana parasitic nematodes, particularly for 
 Meloidogyne  spp. A high level of resistance 
resulted from targeting the 16D10 gene expressed 
in the subventral gland cells and required for par-
asitism in  Meloidogyne incognita. Arabidopsis 
thaliana  plants expressing dsRNA targeting the 
16D10 gene achieved 63–90 % reduction in gall 
number and size with a corresponding reduction 
in egg production in  M. incognita ,  M. javanica , 
 M. arenaria  and  M. hapla  (Huang et al.  2006 ). 
Tobacco plants expressing dsRNA targeting 
either a splicing factor or an integrase gene of 
 Meloidogyne incognita  achieved a high level of 
resistance to that nematode (Yadav et al.  2006 ). 
Reduction in gall numbers by >90 % for  M. 
incognita  on transgenic soybean roots has also 
been shown (Ibrahim et al.  2011 ). However, not 
all plants delivered dsRNA targeting  Meloidogyne  
genes have resulted in a resistance phenotype. 
Silencing of the putative transcription factor 
MjTis11 of  M. javanica  did not signifi cantly 
affect the nematodes (Fairbairn et al.  2007 ). Only 
partial resistance was achieved when  A. thaliana  
plants targeted either a dual oxidase gene with a 
probable role in cuticle formation or a subunit of 
a signal peptidase, a protein complex required for 
the processing of secreted proteins targeted indi-
vidually in  M. incognita . Higher levels of resis-
tance were achieved by crossing transgenic lines 
expressing these two defences (Charlton et al. 
 2010 ). However, a combinatorial RNAi targeted 
at  H. glycines  did not deliver that benefi t 
(Bakhetia et al.  2008 ). Possibly transgenic silenc-
ing RNAs may saturate the RNA silencing com-
plex reducing effi cacy. 

   Radopholus similis    is also susceptible to 
RNAi although the extent of silencing can vary 
by the region of the nematode gene targeted and 
from experiment to experiment (Haegeman et al. 
 2009 ). Reductions by 60 % in infection to 
 Medicago truncatula  were achieved after soaking 
 R. similis  in dsRNA targeting a gland cell xyla-
nase gene (Haegeman et al.  2009 ). Tobacco 
plants expressing an inverted repeat hairpin 
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 construct targeting an  R. similis  cathepsin B cys-
teine proteinase transcript achieved 80 % reduc-
tion in the number of nematodes recovered (Li 
et al.  2015a ). Targeting an   R. similis    calreticulin 
resulted in a 75 % reduction in  R. similis  numbers 
recovered on transgenic tomato plants (Li et al. 
 2015b ). There has been no report of control of 
 Pratylenchus  spp. by RNAi on transgenic plants. 
Experiments that induce in vitro uptake of 
dsRNA have demonstrated transcript knockdown 
for troponin C ( pat-10 ) and calponin ( unc-87 ) 
genes, required for muscle structure and contrac-
tion, in  P. coffeae, P. thornei  and  P. zeae . 
Following treatment with dsRNA nematode 
movement was aberrant, and multiplication on 
carrot discs was signifi cantly reduced (Joseph 
et al.  2012 ; Tan et al.  2013 ). 

 The susceptibility of  H. multicinctus  to RNAi 
has yet to be investigated and is hampered by the 
scarcity of genetic sequences available for the 
nematode. In contrast to the availability of com-
plete genome sequences for the  P. coffeae  (Burke 
et al.  2015a ,  b ) and  Meloidogyne  spp. (Abad et al. 
 2008 ; Opperman et al.  2008 ) and the ongoing 
sequencing of  R similis  genome (Bird et al. 
 2015 ), a complete mitochondrial genome for  R. 
similis  is available (Jacob et al.  2009 ), which 
greatly increases the likelihood of identifying 
suitable targets.   

17.4.2      Genes   for Weevil Resistance 

 Studies on differentially expressed genes follow-
ing weevil infestation was initiated in a joint 
project between UBBP (Uganda Banana 
Biotechnology Project) and FABI (Forestry and 
Agricultural Biotechnology Institute) of the 
University of Pretoria. Genes expressed during 
weevil infestation were compared in resistant and 
susceptible Musa varieties using techniques 
called cDNARDA (Representational Difference 
Analysis of cDNA) (Hubank and Schatz  1994 ). 

17.4.2.1      Proteinase Inhibitors   
 Protein inhibitors are used for obtaining defence 
against weevils also. Expression of proteinase 
inhibitors naturally in plants when insect attacks 

was studied during insect wounding and herbiv-
ory by Ryan ( 1990 ), Pernas et al. ( 2000 ) and 
Ashouri et al. ( 2001 ). As mentioned under nema-
todes, cysteine proteases are enzymes in the mid 
gut of coleopteran insects such as the banana 
weevil, important in the breakdown of dietary 
proteins. Two major proteinase classes, serine 
and cysteine, are present in the digestive system 
of insects. Lepidoptera, Dictyoptera and 
Hymenoptera belong to Serine proteinase, while 
Odoptera and Hemiptera possess cysteine pro-
teinase activity. Cysteine proteinases are used by 
Coleopteran insects (Gatehouse et al.  1985 ; 
Murdock et al.  1987 ). A combination of both ser-
ine and cysteine proteinases is also used (Gerald 
et al.  1997 ) by pyramiding, to harvest the double 
advantage of both the proteins, to combat the 
weevil problem (Gerald et al.  1997 ). 

 The potential of phytocystatins (OC-I and 
papaya cystatin) in controlling the banana weevil 
was studied by Kiggundu et al. ( 2002 ) who ana-
lyzed, in the gut of banana weevil, protease activ-
ity. Hydrolysis of casein at an acidic pH optimum 
(pH) was observed in extracts from complete 
weevil larval guts. Alkaline pH (pH 8.0) showed 
lesser activity. The presence of cathepsin L and B 
and cysteine protease in the larval gut was evi-
dent by the hydrolysis of the specifi c substrates 
Z-Phe-Arg-MCA and Z-Arg-Arg-MCA. In addi-
tion, by using specifi c Bz-Arg-MCA and N-uc- 
Ala-Ala-Pro-Phe-MCA substrates, trypsin- and 
chymotrypsin-like protease activity was 
observed. OC-I and cystatin were produced as 
fusion protein with histidine tag in  E. coli  and 
purifi ed. These purifi ed proteins at 1 × 10 −5  ngml −1  
and 2.1 × 10 −5 ng ml −1  showed 66.2 % and 81.6 % 
with LD50 inhibition of cysteine protease activ-
ity in the banana weevil gut homogenate. Purifi ed 
OC-I at 0.6 mg cystatin g fresh weight −1  inhibited 
larval weight gain per day when fed on banana 
stem disc vacuum infi ltrated with the inhibitory 
protein. This study demonstrated that cysteine 
proteases are used instead of cathepsin L and B 
by the banana weevil for protein digestion and 
metabolism in the gut, while phytocystatins are 
potential control agents for banana weevil 
growth. The importance of papain-like-cysteine 
proteases, trans-epoxysuccinyl-L-leucylamido-
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(e-guanidino) butane (E-64) on the growth and 
development of several coleopteran insects was 
reported by Fabrick et al. ( 2002 ). In GM plants, 
for insect control, exogenous cysteine proteinase 
inhibitors were used (Leple et al.  1995 ). The 
plant cystatins OsCys I and OpCys II showed 
extensive growth delay on  Cosmopolites sordidus  
on cystatin extract media (Kiggundu et al.  2010 ).  

17.4.2.2     Chitinase Enzymes 
and Alpha- Amylase 
Inhibitors (AI) 

  Chitinase enzymes      and  alpha-amylase inhibitors   
(AI) also act potentially against the weevil infesta-
tion. The chitinolytic activity on the insect cell 
wall protects the plants from the further damage; 
genetic transformation of these anti-insecticidal 
genes may help to develop GM banana with 
enhanced resistance to weevil (Morton et al.  2000 ). 
Enhanced resistance to Lepidopteran insects was 
seen in transgenic plants expressing enhanced chi-
tinase activity (Ding et al.  1998 ). Alpha-amylase 
inhibitors inhibit AL-1 and AL-2, two types of 
amylases isolated from wild beans ( Phaseolus vul-
garis ) (Le Berre-Anton et al.  1997 ; Morton et al. 
2000). Enhanced resistance to coleopteran insects 
was observed in transgenic azuki beans expressing 
seed alpha-amylase (Ishimoto et al.  1996 ).  

17.4.2.3      Plant Lectins and Insecticidal 
Proteins   

  Plant lectins   are inhibitory to a number of organ-
isms (Sharma et al.  2000 ). Lectins isolated from 
pea, wheat, rice and soybean are toxic to insects 
due to their carbohydrate binding capabilities. A 
lectin from snowdrop,   Galanthus nivalis  aggluti-
nin (GNA  ), is toxic to several Homoptera, 
Coleoptera and Lepidopteran insect pests 
(Tinjuangjun  2002 ). GNA has been found to be 
useful in developing transgenic potato and sugar-
cane resistant to Peach potato aphid and sugar-
cane grub ( Antitrogus consanguineus ), 
respectively (Gatehouse et al.  1997 ; Nutt et al. 
 1999 ). Some of the lectins are toxic to mammals 
(Jouanin et al. 1998 ) which is a major concern 
(Boulter  1993 ), while garlic lectins are toxic only 
to insects, a major concern about the use of lec-

tins, and are potential candidates for weevil con-
trol (Kiggundu 2003). 

 For Lepidopteran control in GM crops, Bt 
gene technology is the most widely used 
(Krettiger  1997 ). There are more than 50 insecti-
cidal crystal proteins among Bt genes. The pro-
teins are solubilized in the alkaline environment 
of the insect’s midgut when an insect feeds on Bt 
endotoxin protein in GM plant and become toxic 
to the insect causing its death. Transgenic rice 
developed with cry1Ab gene was found resistant 
to rice leaf folder ( Cnaphalocrocis medinalis ) 
(Ye et al.  2003 ). Transgenic potato and cotton- 
carrying Cry03Aa offered resistance to Colorado 
beetle and boll weevil respectively (Wilson et al. 
 1992 ). Against the banana weevil, Bt gene with 
high toxic effects has not been identifi ed so far. 

 Bakaze ( 2010 ) developed a diet to evaluate 
resistance in banana germplasm and in vitro effi -
cacy of a  Bacillus thuringiensis  endotoxin  Cry6A   
as well as  Carica papaya  cystatin (CpCYS) 
against  C. sordidus . The artifi cial diet enabled 
banana weevil larvae to develop to adults in 48 
days compared to 36 days on natural banana stem 
diet. The survival rate and the life cycle comple-
tion of the neonate were found more in media 
mixed with susceptible banana (Mbwazirume) 
corm powder than the resistant variety 
(Cavendish). The individual expression of these 
proteins was done in M15 cells by using pQE9/
pQE30x9 expression system. The expressed pro-
teins were purifi ed and mixed at different con-
centration (1 ppm, 2 ppm) with diet. More than 
65 % of mortality was observed at 1 ppm concen-
tration of Cry6A followed by  CpCYS . A concen-
tration of 2 ppm showed 83 % mortality with 
 CpCYS  and 75 % with Cry6A. Neonate mortality 
did not increase signifi cantly when these proteins 
were mixed and used. Fifty percent mortality 
(LD50) of neonate larvae was observed at 0.24 
ppm and 0.15 ppm for Cry6A and CpCYS, 
respectively. The outcome of this study showed 
that two genes together were more effective in 
combating  C. sordidus . 

 Vegetative insecticidal proteins (VIPs) are 
another class of proteins which cause gut paraly-
sis and lysis of the gut epithelium cells, thus 
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arresting gut function fully leading to the death of 
the insect (Duck and Evola  1997 ).  

17.4.2.4      RNAi-Based Approaches   
 Ocimati et al. ( 2004 ) reported the 100 % mortal-
ity on banana weevil growth by using dsRNA 
synthesized from E2 ubiquitin gene which plays 
major role in protein catabolism of banana wee-
vil. Signifi cant growth retardation was observed 
with 50 and 100 ng/μl of dsRNA concentration in 
in vitro bioassay. Through this mechanism, 
essential genes can be silenced across the spe-
cies, thus providing a molecular approach for 
great promise for the control of plant disease and 
pest (Whyard et al.  2009 ).    

17.5      Genetic Transformation   
of Banana and Plantain 
for Nematode and Weevil 
Resistance 

 Transgenic banana of cultivar ‘Cavendish 
Williams’ expressing rice cystatin (OcIΔD86) 
was developed and tested in glasshouse for nem-
atode resistance. These transgenic lines showed 
about 69–70 % resistance against  R. similis  
(Atkinson et al.  2004b ) .  Transgenic plantain of 
cultivar ‘Gonja manjaya’ was generated using a 
maize cystatin or the nAChR inhibiting peptide 
or both these traits stacked together (Roderick 
et al.  2012 ). Evaluation in the screen house for 
resistance against mixed population of the banana 
nematodes  R. similis ,  H. multicinctus  and 
 Meloidogyne  spp. identifi ed several transgenic 
lines that provided 70–84 % resistance to  R. 
similis . Numbers of  H. multicinctus  and 
 Meloidogyne  spp. were also suppressed, though 
the population on controls was too small to show 
statistical signifi cance (Roderick et al.  2012 ). 
Further evaluation of the 12 lines with high levels 
of resistance in a confi ned fi eld trial in Uganda 
identifi ed a number of lines that matched resis-
tance seen in the screen house. The best line, an 
nAChR inhibiting peptide line, reduced  R. similis  
numbers by 99 % and provided a 186 % increase 
in yield compared to control plants (Tripathi 

et al.  2015 ). This is the fi rst fi eld-based evidence 
of transgenic banana for resistance against 
nematodes. 

 Namuddu et al. ( 2013 ) developed transgenic 
banana cultivar ‘Sukali Ndiizi’ (ABB) using 
papaya cystatin (CpCYS-Mut89). This gene has 
been previously modifi ed to improve its inhibi-
tory potential against banana pests (Kiggundu 
et al.  2010 ). A total of 57 transgenic lines were 
generated. Putatively transgenic plants were vali-
dated by PCR, and gene integration was further 
confi rmed by Southern blot hybridization. These 
transgenic lines are yet to be evaluated for resis-
tance to weevils and nematodes.  

17.6      Biosafety   of Transgenic 
Nematode Resistance 
and Conclusion 

 Biosafety of transgenic approaches is an impor-
tant consideration, particularly when intended for 
commercial release in a food crop. The safety of 
the engineered rice cystatin used in potato and 
banana fi eld trials is well established. Cystatins 
are not toxins (Atkinson et al.  2004a ), and plants 
expressing transgenic cystatins do not harm a 
range of nontarget organisms (Atkinson et al. 
 2009 ). Studies of impacts on free-living soil 
nematodes by transgenic anti-nematode plants 
have also been developed due to the high sensi-
tivity of this group of organisms to changes in the 
soil microenvironment and them being the most 
likely group to be affected by anti-nematode 
defences (Ingham  2000 ). Nematode faunal anal-
ysis is used to quantify the shifts in free-living 
nematode genera across the different trophic 
groups present in the soil. Genera are split into 
those that respond rapidly to environmental 
change, which are used to calculate an enrich-
ment index, and those that prefer undisturbed 
habitats, which are used to calculate a structural 
index. The ratio of enrichment to structural val-
ues indicates the state of the soil, and a shift in the 
ratio indicates disturbance (Ferris et al.  2001 ). 
When applied to a transgenic potato fi eld trial 
with an nAChR-binding peptide and an engi-
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neered rice cystatin, the transgenic lines did not 
signifi cantly shift the structural or enrichment 
indices (Green et al.  2012 ). 

 Biosafety can be increased by reduction of 
transgenic defence expression outside of the 
roots through the use of tissue-specifi c promot-
ers. Promoters have been used to deliver cystatins 
to the feeding sites of root-knot nematodes 
(Lilley et al.  2004 ). The tobacco cellulase pro-
moter is expressed the syncytia of  H. schachtii  
and has been used to develop an RNAi defence 
(Patel et al.  2008 ,  2010 ). The MDK4-20 pro-
moter of  A. thaliana  has been used to target 
expression of an nAChR-binding peptide to root 
tips and also the root border cells that detach 
from the roots of many crops (Lilley et al.  2011a , 
 b ); when used to drive expression in potato, this 
promoter also provided greater levels of resis-
tance compared to lines utilizing a constitutive 
promoter (Green et al.  2012 ). Such promoters 
can lower the burden of the transgene expression 
in transgenic plants, reduce nontarget organism 
exposure and increase food safety by preventing 
or reducing the presence of the transprotein in 
edible tissues. 

 RNAi-based defences lack the potential of 
allergenicity inherent in protein-based defences. It 
is, however, at risk of off-target effects both within 
the target organism and on nontarget organisms. 
Each double-stranded RNA (dsRNA) molecule 
needs to be carefully designed to reduce sequence 
identity between the target gene of the nematode 
and that any other sequence likely to be exposed to 
the dsRNA. Both of these considerations could be 
particularly important if small RNA molecules are 
shown to have prolonged environmental persis-
tence (Auer and Frederick  2009 ).     
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      Molecular Farming: Prospects 
and Limitation                     

     Himanshu     Tak    ,     Sanjana     Negi    ,     T.  R.     Ganapathi     , 
and     V.  A.     Bapat   

    Abstract  

  Plant molecular farming is the production of recombinant pharmaceutical 
and nonpharmaceutical proteins of commercial importance utilizing plants 
as bioreactors. Research and development on plant-derived recombinant 
proteins have gained momentum in recent years. Advantages of employ-
ing plants as bioreactors for recombinant protein generation are many 
including low cost of production, easier scale-up, cost-effective storage, 
and absence of animal pathogens in protein preparations. This article 
reviews the various technologies developed for employing plants as biore-
actors, different plant systems being used as expression host, and limita-
tions and research advances to overcome these limitations. An overview of 
different plant-derived products whether currently in market or are in dif-
ferent stages of development, including phases of clinical trials, is 
described. Special emphasis has been given on banana being used as an 
expression host, advantages and limitations of using banana in plant 
molecular farming, and different approaches which can be utilized to over-
come those limitations have been described.  

  Keywords  

  Molecular farming   •   Recombinant pharmaceuticals   •   Magnifi cation   • 
  Glycosylation  

18.1       Introduction 

 Molecular farming is the production of commer-
cially important proteins using plants or plant 
cell cultures and utilized for  industrial and 
medicinal purposes   (Daniell et al.  2001a ; Horn 
et al.  2004 ). The fi eld of molecular farming has 
provided immense opportunities for production 
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of affordable pharmaceuticals worldwide. 
Pharmaceutically important proteins are largely 
produced in mammalian cell cultures to match 
the glycosylation pattern and other biochemical 
properties of derived protein with that of protein 
from human origin. Limitations of scaling up and 
higher production cost have prevented the exten-
sive utilization of mammalian cells for produc-
tion of therapeutic proteins preventing 
affordability by poor people worldwide. Plant- 
based therapeutic protein production can be 
superior to mammalian or bacterial expression 
due to reasons like proper posttranslational modi-
fi cations and folding, ease of scale-up, lower pro-
duction and processing cost, higher acceptance 
due to less ethical issues than animal-based pro-
tein production, and less chances of biotic con-
taminants like viruses and bacterial toxins (Doran 
 2000 ). The technology involving systematic steps 
like plant transformation, growing, harvesting, 
and downstream processing (Wilde et al.  2002 ) 
was fi rst demonstrated for production of human 
growth hormone in transformed tobacco and sun-
fl ower callus tissue (Barta et al.  1986 ). The fi rst 
plant-based recombinant protein production for 
commercial purpose was carried out in 1997, 
when egg protein, avidin, was expressed in trans-
genic maize (Hood et al.  1997 ). These scientifi c 
reports indicated the possibility of using plants 
for large-scale production of recombinant pro-
teins with the advantage of production of com-
plex and multimeric proteins due to the fact that 
plants can carry out proper folding and necessary 
posttranslational modifi cations needed for func-
tioning of such proteins (Lienard et al.  2007 ). 
Depending on the protein, the expression system, 
and the plant system, the cost of the recombinant 
protein production could be less than US$50 g −1  
(Daniell et al.  2001a ). Similar protein production 
using animal cell culture technology could cost 
approximately US$5,000 g −1 , and such higher 
production cost coupled with ineffi cient produc-
tion has resulted in shortage in supply of such 
therapeutic proteins. This has lead to increased 
active research and development in the fi eld of 
molecular farming aimed at utilizing plants as 
bioreactors for production of therapeutic pro-
teins. Around the world, approximately 120 uni-

versities, institutes, and private companies are 
actively working in the area of molecular farming 
(Basaran and Rodríguez-Cerezo  2008 ). This 
review discusses about the important plant 
expression systems, different plant-derived pro-
teins, and different technologies being employed 
in the production of plant-based recombinant 
proteins.  

18.2     Gene Transfer Methods Used 
for Molecular Farming 

18.2.1     Nuclear Transformation 

 Stable  nuclear transformation   incorporates the 
foreign gene into the nuclear genome of the plant 
allowing continuous production of the recombi-
nant protein, thereby reducing the production 
cost (Tremblay et al.  2010 ). Stable nuclear inte-
gration has been the method of choice for molec-
ular farming till date because of factor like ease 
of scale-up as many crops can be grown year 
round at different locations. Factors like potential 
out-crossing with native species (Obembe et al. 
 2011 ) and long production cycle of some crops 
are the limiting factors. The method of plant 
transformation can be either  Agrobacterium 
tumefaciens  based or using biolistic method with 
the help of a particle gun.  

18.2.2      Chloroplast Transformation      

 This method is a highly effi cient expression sys-
tem because of unique feature of site-specifi c 
integration of foreign gene in chloroplast genome 
by homologous recombination. This site-specifi c 
recombination eliminates the problem of gene 
silencing and positional effect which can be the 
source of variation in expression among different 
transgenic lines (Ruhlman et al.  2010 ). Other 
advantages are transgene containment because of 
maternal inheritance observed in case of plastids 
and possibilities of multigene engineering 
because of prokaryotic nature of the chloroplast 
(Chan and Daniell  2015 ; Kumar et al.  2012 ). 
Very high level of recombinant protein  expression 
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can be observed with this system because of the 
fact that each cell contains multiple chloroplasts 
and each chloroplast contains numerous copies 
of genome (Bendich  1987 ). Tobacco has been 
used with ease for plastid transformation; how-
ever, a major limitation of molecular farming in 
tobacco is non-suitability for oral delivery of 
recombinant protein (Daniell et al.  2002 ). Second 
limitation is that the edible region of many crops 
is not green and not photosynthetic and nongreen 
plastids like chromoplasts have generally very 
low level of gene expression resulting from sup-
pression of plastid gene expression (Caroca et al. 
 2013 ; Chan and Daniell  2015 ). This generally 
results in very low expression of recombinant 
protein in nongreen edible portions, and hence 
green edible leafy vegetables are best candidates 
for molecular farming utilizing plastid transfor-
mation (Chan and Daniell  2015 ). The plastid 
transformation method requires a biolistic 
method to transfer the foreign gene into plastid 
genome.  

18.2.3      Agroinfi ltration Method      

 This method involves vacuum infi ltration of 
 Agrobacterium  into the leaf tissue resulting in 
transfer of T-DNA to a large number of cells. The 
T-DNA does not get integrated into chromosomes 
and transiently expresses at very high level result-
ing in higher expression of recombinant protein 
(Kapila et al.  1997 ). This method is rapid and 
high yielding and also has the advantage that 
with the expression of multiple genes in one tis-
sue, the assembly of multimeric proteins can be 
analyzed in planta (Rybicki  2010 ; Vézina et al. 
 2009 ; Vaquero et al.  1999 ).  

18.2.4     Transient Expression Using 
Virus Infection 

  RNA viruses   can deliver foreign genes fused with 
the coat protein coding gene into plant causing 
rapid production of recombinant protein as 
viruses can replicate to very high copy number in 
the host. The expression system for this approach 

has been developed using viruses like  tobacco 
mosaic virus  ,  cowpea mosaic virus  , and tomato 
bushy stunt virus (Canizares et al.  2005 ) resulting 
in high expression without integration of foreign 
gene (Porta and Lomonossoff  2002 ). The limita-
tions of the approach are instability of recombi-
nant protein and immediate tissue processing to 
prevent its degradation. Research for develop-
ment of idiotype vaccines for treatment of B-cell 
non-Hodgkin’s lymphoma was carried out at a 
pharmaceutical company using this approach 
(McCormick et al.  2008 ).  

18.2.5      Magnifection Technology      

 The inability of virus and  Agrobacterium - 
mediated recombinant protein expression in plant 
to yield high-level expression of multiple pep-
tides required for assembly of multimeric pro-
teins (Giritch et al.  2006 ) has prompted the 
development of a recent and robust technique 
known as magnifection. This method involve 
employing  Agrobacterium  infection as a source 
for delivery of viral vectors to the entire host 
plant (Gleba et al.  2005 ). Magnifection resulted 
in enhanced infectivity and greater amplifi cation 
and thus generate higher expression of multiple 
proteins simultaneously, which can assemble into 
functional multimeric protein. This method has 
shown success with a number of proteins like 
IgG (Giritch et al.  2006 ),  Yersinia pestis  antigen 
fusion protein F1–V (Rosales-Mendoza et al. 
 2010 ; Santi et al.  2006 ), and hepatitis B core anti-
gen (Huang et al.  2006 ).   

18.3     Plant Cell Suspension 
Cultures 

  Plant cell suspension  -based molecular farming 
has advantages like sterile conditions, simple and 
cost-effective production of recombinant protein 
(Kim et al.  2008 ), and greater transgene contain-
ment (Franconi et al.  2010 ). Also this method is 
faster owing to the fact that time invested in 
regeneration and characterization of transgenic 
lines is not required (Shaaltiel et al.  2007 ). In 
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banana embryogenic cell suspension, cultures 
have been very well established in a few variet-
ies, which can be exploited for the production of 
recombinant proteins. However, to the best of our 
knowledge, there is no published information on 
this aspect. Availability of a very few well- 
characterized plant cell lines for their potential 
application in the fi eld of molecular farming 
(Breyer et al.  2009 ) and reduced yield of recom-
binant protein due to elevated photolytic activity 
during stationary phase are major challenges in 
application of plant cell lines for molecular farm-
ing (Corrado and Karali  2009 ).  

18.4     Host Systems Explored 
for Molecular Farming 

 The effi ciency of  recombinant protein production   
depends much on the host selected for molecular 
farming. Desirable characteristics in a host are 
the ease of transformation and regeneration, sta-
bility of foreign gene, greater yield of desired 
protein, potential to scale-up, low processing and 
purifi cation cost, and absence of antinutritional 
factors. Other factors of consideration are total 
biomass production, facilities of storage, value of 
the recombinant protein, processing and trans-
portation, cost of scale-up, containment, labor, 
land, and maintenance (Schillberg et al.  2005 ). 
Till date there is not a single perfect host; the 
most suitable host has to be selected based on the 
above mentioned factors along with the value of 
the recombinant protein (Delaney  2002 ; 
Schillberg et al.  2005 ). 

  Tobacco   is a choice of host for molecular 
farming because of factors like established cul-
ture and transformation protocols along with the 
advantages like high biomass yield, established 
protein extraction protocols, ease to scale-up, 
availability of a range of germplasm for genetic 
manipulation, nonfood crop status preventing 
entry into food chain, and year-round growth 
(Biemelt and Sonnewald  2005 ; Stoger et al. 
 2005 ). Research has indicated that soluble pro-
tein content in tobacco can be in the range of 
2.3–2.8 % and yield of extracted protein can be 
from 155 to 228 kg/ha (Woodleif et al.  1981 ). A 

lot of research and development has happened in 
the fi eld of molecular farming using tobacco as 
host for the production of therapeutic proteins 
like cytokines, antibodies, and vaccines. 
Important therapeutic proteins like human serum 
albumin (Sijmons et al.  1990 ), human somatotro-
pin (Staub et al.  2000 ), human protein C (Cramer 
et al.  1996 ), human erythropoietin (Matsumoto 
et al.  1995 ), epidermal growth factor (Higo et al. 
 1993 ), IL-2 and IL-4 (Magnuson et al.  1998 ), 
human lactoferrin (Salmon et al.  1998 ), and 
angiotensin converting enzyme-1 (Hamamoto 
et al.  1993 ) are few among others which are 
expressed in tobacco for molecular farming. 
Limitations in using tobacco as the host for 
molecular farming is the necessity to remove 
toxic compounds like nicotine during purifi cation 
of recombinant protein and the negative image of 
tobacco in community. 

 Another host which is being explored for 
molecular farming is alfalfa, which is a leafy crop 
capable of symbiotic nitrogen fi xation. The 
advantage with alfalfa is easy clonal propagation 
by stem cutting and lower secondary metabolite 
content. However, the recombinant proteins are 
less stable in leafy portions, and hence the purifi -
cation process has to be carried out soon after 
harvesting or else the harvest needs to be frozen 
till the time of processing (Fischer et al.  2004 ). 
There is a concern about entry of these therapeu-
tic proteins into the food chain by potential con-
sumption of leafy host expressing recombinant 
protein by herbivores. 

 Many other hosts like tomatoes, banana, and 
carrot are being explored where the recombinant 
proteins like vaccines can be delivered directly 
by consumption of fruits, eliminating the need 
for extraction and purifi cation (Mason et al. 
 2002 ). Banana is being considered as a potential 
fruit crop for production of edible vaccine. The 
features like easy digestibility and palatability by 
infants, year-round availability, and high level of 
foreign gene containment because of vegetative 
mode of propagation in many of the edible ones 
(Kumar et al.  2004 ,  2005 ) make it an ideal host 
for the production of edible vaccines. Edible vac-
cine from banana can be particularly useful in 
developing countries where it is widely grown, 

H. Tak et al.



265

thus eliminating the need of transportation and 
low temperature storage generally required in 
conventional vaccines (Biemelt and Sonnewald 
 2005 ). One of the limitations in using banana for 
molecular farming is low expression of recombi-
nant protein in banana fruit which might be effec-
tively eliminated by employing promoters of 
genes coding for fruit-specifi c proteins 
(Clendennen et al.  1998 ; Peumans et al.  2002 ). 
Potato can be a useful candidate for edible vac-
cine production. The advantages of potato as host 
for molecular farming are ease of genetic trans-
formation and clonal propagation, short regener-
ation time, ease of storage, availability of 
information about tissue-specifi c promoters, and 
product stability inside the potato tuber (Sparrow 
et al.  2007 ). Potato-derived therapeutic proteins 
have entered into clinical trials indicating that 
potato can be the choice of host for molecular 
farming in the future (Streatfi eld and Howard 
 2003 ; Walmsley and Arntzen  2003 ). Another 
crop which is being explored for molecular farm-
ing is tomato. Tomato has the potential to reduce 
the processing cost as it is cheaper to process 
watery tissue than dried tissue (Schillberg et al. 
 2005 ; Yano et al.  2010 ). The other advantages of 
tomato as host for molecular farming are high 
biomass yield, short life cycle, and high-level 
containment because of easy growth in the green-
house, and different food formulations can be 
prepared using tomato. 

 Another strategy which is being explored for 
production of plant-based recombinant protein is 
the seed-based expression. Advantages for 
expression of protein in seeds include storage of 
protein in small volume allowing easier and rapid 
purifi cation, ease of storage as freeze storage or 
drying is not required, ability of long-term stor-
age because of protection against proteases, 
proper folding of protein due to the presence of 
chaperons and disulfi de isomerases, and lower 
levels of phenolics and other secondary metabo-
lites which can interfere in purifi cation process 
(Stoger et al.  2002 ; Nochi et al.  2007 ; Muntz 
 1998 ). Another advantage which can be observed 
with the seed of certain plants like sunfl ower is 
the presence of oil bodies in the seeds of these 
plants which can allow easier purifi cation of 

recombinant protein by oleosin technology 
(Stoger et al.  2005 ). Moreover, seed-based 
expression of vaccine antigens and other thera-
peutic proteins has the ability of oral delivery of 
these recombinant proteins for immunization or 
disease treatment (Lamphear et al.  2002 ). Cereal 
seeds like rice, maize, barley, and wheat have 
been analyzed to test their potential for molecular 
farming. Rice is an ideal crop for molecular farm-
ing owing to many advantages like high biomass 
yield, ease of genetic transformation, self- 
pollinating crop preventing undesirable gene 
transfer, ease of scale-up, and availability of 
information about seed-specifi c promoters. 
Maize is another good crop for molecular farm-
ing because of high biomass yield, easy transfor-
mation protocols, and scaling up (Ramessar et al. 
 2008 ). Barley and wheat are other attractive crops 
for molecular farming as the production cost is 
low and also barley has high seed protein content. 
Legume crops like soybean and pea are attractive 
candidates for molecular farming owing to very 
high seed protein content. However, with soy-
bean, high oil content may limit its use in molec-
ular farming. Oil seed-based recombinant protein 
production may have the advantage of easier 
purifi cation of expressed protein if molecular 
farming is coupled with oleosin fusion technol-
ogy. The oleosin technique utilizes the fusion of 
desired protein to the oleosins (unique membrane 
proteins) and their targeting to oil bodies which 
can be further purifi ed easily (Bhatla et al.  2010 ). 

  Hairy root-based recombinant production   is 
another attractive option which offers advantages 
like high degree of gene containment, controlled 
environmental conditions, and homogeneity in 
production of recombinant proteins (Schillberg 
et al.  2013 ). Other advantages with hairy roots 
are the ability to grow in relatively simpler 
medium, high genetic stability, and easier scale-
 up (Guillon et al.  2006 ). In vitro secretion-based 
recombinant protein production using hairy roots 
can reduce the cost and labor of tedious purifi ca-
tion from plant tissue. The secretion of protein 
into the culture medium continuously by hairy 
roots is known as rhizosecretion and depends on 
the biosynthetic potential of the roots (Gaume 
et al.  2003 ; Drake et al.  2009 ). 
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 Another host which is being explored for 
molecular farming is the moss   Physcomitrella 
patens    (a haploid bryophyte). This moss can be 
grown in bioreactor under controlled environ-
mental condition providing high gene contain-
ment along with the advantage of secretion of 
recombinant protein in medium which can reduce 
the cost of downstream processing (Decker and 
Reski  2004 ,  2008 ; Hohe et al.  2002 ). Other 
advantages of using moss as a host are easy trans-
formation protocols, shorter production cycle, 
availability of information related to regulatory 
sequences like promoters and signal peptides 
(Jost et al.  2005 ), and amenability for homolo-
gous recombination allowing stable transforma-
tion of foreign genes and easier disruption of 
endogenous genes by gene knockout (Schaefer 
 2002 ). The moss   Physcomitrella    is being used by 
Greenovation Biotech (German biotech com-
pany) as a host for molecular farming because of 
availability of a genetically engineered moss 
strain with modifi ed glycosylation pathway (pre-
venting the moss to add immunogenic glycan 
chains) (Koprivova et al.  2004 ; Faye et al.  2005 ). 
The company has branded the moss-based bio-
pharmaceutical production as bryotechnology 
(  http://www.greenovation.com/technology.html    ). 

 Another plant as a host for recombinant pro-
tein production is duckweed ( Lemna minor ) with 
advantages like fast rate of biomass generation 
due to short doubling time (around 36 h) (Lienard 
et al.  2007 ). Other advantages include growth 
in bioreactors under controlled conditions, avail-
ability of transformation and genetic engineering 
protocols (Cox et al.  2006 ), growth in simpler 
medium, and consistency in production due to 
defi ned growth rate of the plant. The  Lemna - 
based recombinant protein production is devel-
oped by the US biotechnology company Biolex 
Inc. (Gasdaska et al.  2003 ). 

 A novel expression system based on lower 
eukaryote   Chlamydomonas reinhardtii    has been 
developed recently. Such microalgae can carry 
out the required posttranslational modifi cations 
of the therapeutic proteins. One of published 
report demonstrated the production of monoclo-
nal antibodies in chloroplast of  Chlamydomonas 
reinhardtii  (Mayfi eld et al.  2003 ). Advantages of 

using algae are easy and quick genetic transfor-
mation, easy scale-up, possibility of scaling up to 
even 5,00,000 l in cost-effective manner as algae 
growth can be sustained in simpler medium, pos-
sibility of different protein productions simulta-
neously after transformation of chloroplast and 
nuclear genome, availably of characterized 
genetic factors like inducible promoters, and the 
inclusion of green algae in GRAS (generally rec-
ognized as safe) category (Franklin and Mayfi eld 
 2005 ).  

18.5     Optimization of  Plant 
Production Systems   

 There are limitations of plant-based protein pro-
duction making their social acceptance lower. 
Problems like lower protein production, non- 
mammalian glycosylation pattern, and choice of 
most appropriate expression host for a particular 
protein are a few among the other. 

18.5.1     Overcoming the Problem 
of Low Yield and Optimizing 
Transgene Expression 

 The low yield can be increased to a certain extent 
by improving the transcript level and recombi-
nant protein stability in the host system. To 
increase the yield of  recombinant protein   from 
the expression host, optimization of transgene 
expression is a paramount factor. Promoters are 
the most important factor in the expression cas-
sette as they determine the amount of transgene 
transcript being made in the host. Strong and 
constitutive promoters like caulifl ower mosaic 
virus  35S  promoter ( CaMV 35S ) for dicots 
(Twyman et al.  2005 ) and maize  ubiquitin - 1  pro-
moter ( ubi1 ) for monocots (Christensen and 
Quail  1996 ; Fischer et al.  2004 ) are generally 
used. Vectors of the  pPLEX  series have been 
modifi ed to work both in dicots and monocots by 
addition of certain regulatory factors like  Ubi1  or 
 Act1  introns and GC-rich enhancer sequences 
from banana bunchy top virus (BBTV) 
(Schunmann et al.  2003 ). 
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  Regulatory promoters   like organ- and tissue- 
specifi c promoters prevent the expression of 
transgene in undesired tissue or organ. Most 
common organ-specifi c promoters used for 
molecular farming are seed-specifi c (De Jaeger 
et al.  2002 ) and fruit-specifi c promoters (He et al. 
 2008 ). Seed-specifi c promoter allows expression 
of recombinant protein in seeds increasing the 
biosafety toward non-target organisms and addi-
tionally preventing unwanted growth inhibition 
of expression host (Commandeur et al.  2003 ). 
Inducible promoter is also an attractive option for 
molecular farming because the expression of 
recombinant protein can be regulated by chemi-
cal or external stimuli (Padidam  2003 ). The other 
advantage of the inducible promoter is the possi-
bility to regulate expression in cell suspensions 
(Nara et al.  2000 ) if there is any lethality problem 
(Corrado and Karali  2009 ) or when the expres-
sion is desirable during harvest. 

 Use of other strategies for increasing the 
transgene expression include using DNA regula-
tory sequences like terminators of heats shock 
gene (Nagaya et al.  2010 ) and use of transcrip-
tion factors (Yang et al.  2001 ). Endogenous 
inducible promoters may be very strong and fur-
ther may be prone to some degree of leakiness 
leading to unwanted background expression. In 
this regard use of promoters of bacterial operons 
may be useful. Transcript stability is also one of 
the important factors in ensuing elevated yield of 
recombinant protein. Inclusion of 5′ untranslated 
leader sequence of rice polyubiquitin gene 
 RUB13  (Lu et al.  2008 ) and alfalfa mosaic virus 
(Sharma et al.  2008 ) has been studied. 
Recombinant proteins expressed as fusion of 
glutathione- S-transferase, maltose-binding pro-
tein (LaVallie and McCoy  1995 ), and ubiquitin 
(Mishra et al.  2006 ) proteins resulted in more 
yield of recombinant protein perhaps because of 
enhanced solubility imparted by fusion partner. 
Suppression of gene silencing by p19 protein of 
tomato bushy stunt virus resulted in enhanced 
transcript stability (Voinnet et al.  2003 ). Also 
adapting to the codon usage of the expression 
host increase the translational effi ciency resulting 
in enhanced recombinant protein yield (Sharma 

and Sharma  2009 ). The sequences around the ini-
tiation codon of mRNA infl uence the translation 
effi ciency. Additionally the consensus sequences 
for binding of the 40S pre-initiation complexes in 
animals and plants differ (Lutcke et al.  1987 ). 
Hence, modifi cation of this consensus sequence 
for binding of 40S pre-initiation complexes to 
match that of the plant genes may increase the 
yield. An ideal sequence surrounding the initia-
tion codon in plant genes for effi cient translation 
has been reported as AACAAUGGC (Lutcke 
et al.  1987 ). The expression of transgene in dif-
ferent transgenic plants derived from same con-
struct may vary because of the factors like 
position effect, copy number of foreign gene, and 
gene silencing (Bhat and Srinivasan  2002 ). The 
uniformity in expression can be obtained by 
inclusion of the nuclear matrix attachment 
regions (MAR) in the T-DNA region. Nuclear 
 matrix attachment regions (MAR  ) allow placing 
of the T-DNA region in the transcriptionally 
active region of the nucleus, thus enhancing the 
transgene expression (Spiker and Thompson 
 1996 ). Transgenic lines with single-copy inser-
tion of T-DNA can be generated by the use of 
elements of  CRE / loxP  recombinase (De Paepe 
et al.  2009 ). Position effect and gene silencing 
leading to reduced transgene expression can also 
be eliminated by use of artifi cial minichromo-
somes (Ananiev et al.  2009 ) and targeting of 
transgene into plastids as gene silencing has not 
been observed in plastids (Daniell et al.  2001b ).  

18.5.2     Optimizing Recombinant 
Protein Stability 

  Stability of foreign protein   can be increased by 
targeting the protein to subcellular compartments 
like endoplasmic reticulum (ER). The protein can 
be fused to ER retention signal which is a 
C-terminal tetrapeptide, usually KDEL (Pelham 
 1990 ). Another ER retention signal is recently 
isolated from γ-zein which is a prolamin protein 
from maize and was shown to be more superior 
than KDEL (Mainieri et al.  2004 ). The foreign 
protein can be targeted to oil bodies for easier 
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purifi cation after fusing the foreign protein with 
oleosin (Murphy  1993 ). The fusion of the foreign 
protein with oleosin prevents posttranslational 
modifi cations as well as cytosolic degradation. 
Plant seed vacuoles for protein storage are also 
attractive options for accumulation of foreign 
protein. Certain signal sequences have been iden-
tifi ed which are useful for targeting the protein to 
the protein storage vacuoles (Frigerio et al.  1998 ; 
Koide et al.  1997 ).   

18.6      Glycosylation   
of Recombinant Proteins 

 Many therapeutic proteins require addition of 
glycan chains for their biological activity, solu-
bility, and increased stability (Elliott et al.  2003 ). 
 Glycosylation   occurs in the endoplasmic reticu-
lum and Golgi apparatus. The N-glycan composi-
tion differs between animals and plants as plant’s 
N-glycan lacks α (1,6) fucose, glucose, and sialic 
acid residues (present in animal-derived 
N-glycan) and contains α(1,3) fucose and β(1,2) 
xylose residues (Gomord et al.  2004 ) which are 
added in the Golgi complex. Such difference in 
N-glycan can give rise to immunogenic-related 
problems in patients (Krapp et al.  2003 ), and 
hence the glycosylation machinery of plant must 
be modifi ed to match N-glycan composition of 
therapeutic protein to the animal counterpart. 
Strategies to modify this N-glycan pattern of 
plants are retention of recombinant protein in ER 
by ER retention signal (Floss et al.  2009 ), use of 
knockout mutant of expression host lacking the 
ability to add xylose and fructose residues to 
N-glycan (Kang et al.  2008 ), RNA interference to 
inhibit addition of plant-specifi c N-glycan epit-
opes (Sourrouille et al.  2008 ), inactivation of 
N-acetylglucosaminyltransferase by antisense 
expression (Wenderoth and von Schaewen  2000 ), 
and expression of human 1,4- galactosyltransferase 
(Palacpac et al.  1999 ).  

18.7     Banana as an Expression 
Host for Production 
of Recombinant Proteins 

 Banana is one of the ideal hosts for production of 
recombinant proteins because of factors like 
year-round availability, easy digestibility and 
palatability by the infants, large-scale cultivation 
in developing countries like Africa, high gene 
containment because of generally vegetative 
propagation, and well-developed and well- 
established genetic transformation protocol 
(Kumar et al.  2004 ; Ganapathi et al.  2001 ). 
Banana has been tested in recent years as an 
expression host for generation of hepatitis B sur-
face antigen (HBsAg) as production of vaccine in 
edible part of plant has advantages like easier 
delivery of recombinant protein, generation of 
mucosal immunity, etc. (Kumar et al.  2004 ). 
Transgenic banana expressing hepatitis B surface 
antigen (HBsAg) was generated and analyzed for 
expression of the transgene (Kumar et al.  2005 ). 
The expression of  HBsAg  with or without endo-
plasmic reticulum (ER) retention signal ( HER ) 
was derived by either  ubq3  promoter of 
 Arabidopsis  or  ethylene-forming enzyme  gene 
( EFE ) promoter (May and Kipp  1997 ) of banana 
(Kumar et al.  2005 ). Expression of  HBsAg  was 
higher under in vitro conditions with  EFE  pro-
moter (38 ng/g F.W.) and under greenhouse con-
ditions (19.92 ng/g F.W.) with  ubq3  promoter 
(Kumar et al.  2005 ). Conformational integrity of 
immunologically important epitopes of HBsAg is 
dependent on formation of disulfi de bonds 
(Kumar et al.  2005 ; Smith et al.  2002 ). Retention 
of HBsAg in endoplasmic reticulum (ER) by 
C-terminal ER retention signal resulted in facili-
tation of disulfi de bond formation due to the pres-
ence of disulfi de isomerase (Kumar et al.  2005 ) 
which further resulted in greater yield of immu-
nologically reactive HBsAg (67.87 %) than pre-
viously reported yield of 37 % (Smith et al.  2003 ). 
The study also showed that banana leaf-derived 
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HBsAg was similar to human serum-derived 
HBsAg as buoyant densities (1.146 g/ml for 
banana-derived HBsAg and 1.2 g/ml for human 
serum derived) of both were almost similar 
(Kumar et al.  2005 ; Valenzuela et al.  1982 ). The 
expression of  HBsAg  was low in banana fruit 
indicating that expression of recombinant protein 
under  Arabidopsis ubq3  promoter or banana 
 ethylene- forming enzyme  ( EFE ) promoter may 
not be suitable for expression in fruit (Kumar 
et al.  2005 ). One of the early report has demon-
strated strong GUS staining in fruit of transgenic 
banana wherein the  GUS  expression was under 
the control of  Gelvin  promoter (Ni et al.  1995 ; 
Ganapathi et al.  2001 ). 

 Higher level of  recombinant protein   in fruit 
tissue can be achieved by employing promoter of 
abundant fruit-specifi c proteins. Promoter of a 
31 kDa protein (P31) present as a major banana 
pulp protein, identifi ed as a homologous to class 
III acidic chitinase, can be a potential candidate 
for banana fruit (Clendennen et al.  1998 ). One of 
the studies has identifi ed genes like  chitinase -
 related protein  ( CRP ),  β - 1 , 3 - glucanase , a class I 
 chitinase , and a  mannose - binding lectin  express-
ing at high level in banana fruit suggesting that 
promoters of such genes can drive high expres-
sion of recombinant protein in banana fruit at 
various stages of fruit development (Peumans 
et al.  2002 ). Recently promoters of three genes 
( chitinase ,  glucanase , or  expansin ) coding for 
banana fruit pulp abundant proteins were ana-
lyzed for their ability to derive  GUS  expression 
in banana embryogenic cells (Ghosh et al.  2012 ). 
The above mentioned study also provided a rapid 
method to screen the activity of different banana 
promoters including the promoters of fruit- 
specifi c promoters. Approaches like codon opti-
mization of the transgene, employing 
untranslated regions ( UTRs ) of banana genes, 
overcoming gene silencing and position effect 
related issues, etc. for optimization of recombi-
nant protein expression have been already dis-
cussed in the context of optimization of 
recombinant protein expression in expression 
host. These strategies need to be tested in banana 
to make it a promising host for the production of 
edible/oral vaccines or any other important phar-
maceutical proteins. 

 The major limitation in using banana as a pro-
duction platform is the low protein content in the 
fruits (1.1 %). For increasing the recombinant 
protein content in fruit, the major challenge would 
be to increase the total protein content, and then it 
may be possible to achieve the reasonably higher 
amount of recombinant protein in fruits, which 
can be delivered orally. Alternatively, using the 
strong constitutive promoters for expression 
throughout the plant and further purifi cation can 
be a viable option. As banana has a lot of biomass 
compared to other crops, the recombinant protein 
can be extracted and used for therapeutic use.  

18.8     Conclusion 

 Recent increase of studies and development of 
multiple plant-based therapeutic proteins indi-
cated that plant-based molecular farming has 
raised much interest of multiple research insti-
tutes and biotechnology companies. Many phar-
maceutical companies are now engaged in 
developing plant-based recombinant proteins 
(Kaiser  2008 ). The company Bayer which has 
taken over Icon Genetics, the developer of the 
MagnICON technology is collaborating with dif-
ferent biotechnology companions (Kaiser  2008 ; 
Obembe et al.  2011 ). Advantages of molecular 
farming in plants include ease of scale-up, easier 
storage of recombinant protein as seeds, absence 
of animal pathogens in protein preparation, etc. 
(Ma et al.  2003 ; Chen et al.  2005 ; Sharma and 
Sharma  2009 ). Though a lot of progress has been 
made in the fi eld of plant-derived recombinant 
proteins, certain challenges like unsuitability of 
glycosylation patterns of plant-derived proteins, 
low yield of recombinant protein, gene contain-
ment issues, consumer perception, and cost of 
downstream processing still need to be addressed 
properly. The success in the fi eld of plant-derived 
recombinant proteins in the future will lie on the 
successful clinical trials and approvals for human 
use. Some of the plant-derived proteins are 
already in the market (Table  18.1 ), and commer-
cial success of such proteins due to lower cost 
than animal-derived proteins indicated toward 
bright scope of other products being developed at 
present (Table  18.2 ). As described in this chapter, 
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   Table 18.1     Recombinant proteins   derived from plants and commercially available in the market   

 Product  Expression host  Commercial name  Company 

 Recombinant human 
intrinsic factor 

  Arabidopsis   Coban  Cobento Biotech AS 

 Recombinant lipase  Corn  Merispase®  Meristem Therapeutics 

 Aprotinin  Corn, tobacco  AproliZean  Prodigene 

 Recombinant human 
lysozyme 

 Rice  Lysobac™  Ventria Bioscience 

 Recombinant human 
lactoferrin 

 Corn, rice  Lacromin™  Meristem Therapeutics, 
Ventria Bioscience 

 Avidin  Corn  Avidin  Prodigene 

 Trypsin  Corn  TrypZean™  Prodigene 

 β-Glucuronidase  Corn  GUS  Prodigene 

 Antibody against hepatitis 
B 

 Tobacco  CIGB, Cuba 

 Human growth factor  Barley  ISOkine™, DERMOkine™  ORF Genetics 

  Information obtained from Sharma and Sharma ( 2009 ), Obembe et al. ( 2011 ), Yao et al ( 2015 ), Faye and Gomord 
( 2010 ), and Key et al. ( 2008 )  

   Table 18.2     Plant-derived pharmaceuticals   in clinical trials   

 Product  Expression host  Company  Phase 

 Taliglucerase alfa  Carrot cell suspension  Protalix  Phase 3 completed 

 ZMApp  Tobacco  National Institute of Allergy 
and Infectious Diseases 
(NIAID), USA 

 Phase 1 and 2 

 HAI-05  Tobacco  Center for Molecular 
Biotechnology, Plymouth, 
USA 

 Phase 1 

 Hepatitis B antigen (HBsAg)  Lettuce  Thomas Jefferson University, 
USA 

 Phase 1 

 Cancer vaccine  Tobacco  Large Scale Biology, USA  Phase 2 

 Heat-labile toxin B subunit of 
 Escherichia coli  

 Maize  ProdiGene, USA  Phase 1 

 HN protein of Newcastle 
disease virus 

 Tobacco suspension  Dow Agro Sciences, USA  USDA Approved 

 Poultry vaccine for 
 coccidiosis  infection 

 Canola  Guardian Biosciences, 
Canada 

 Phase 2 

  H5N1  vaccine  Tobacco  Medicago, USA  Phase 1 

 DoxoRX  Tobacco  Planet Biotechnology, USA  Phase 1 

 RhinoRX  Tobacco  Planet Biotechnology, USA  Phase 1 

 IgG  Tobacco  Planet Biotechnology, USA  Phase 1 

 α-Galactosidase  Tobacco  Planet Biotechnology, USA  Phase 1 

 Lactoferon™  Duckweed  Biolex, USA  Phase 2 

 Insulin  Saffl ower  SemBioSys, Canada  Phase 3 

 Apolipoprotein  Saffl ower  SemBioSys, Canada  Phase 1 

  Source: Sharma and Sharma ( 2009 ), Obembe et al. ( 2011 ), Yao et al. ( 2015 ), Faye and Gomord ( 2010 ), and Key et al. 
( 2008 )  
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banana has many advantages as a host for molec-
ular farming; however, the limitations need to be 
addressed to make it one of the attractive 
 platforms for the production of pharmaceutical 
proteins.
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    Abstract  

  People in many developing countries are affected by malnutrition due to 
either less availability of nutritious food or unbalanced diet. The major 
micronutrient defi ciencies in the world are vitamin A, iron, zinc and 
iodine. Vitamin A defi ciency is a leading cause of preventable blindness, 
growth retardation and decreased resistance to infection. Most of the pop-
ulation in developing countries rely on staple crops; thereby, the bioforti-
fi cation of these crops would be considered as a promising cost-effective 
and sustainable approach. Banana is an important staple fruit crop that 
contributes signifi cantly towards the food security in many developing 
countries where vitamin A defi ciency is a major problem. Transgenic 
banana with up to 20 μg/g dry weight β-carotene has been developed, and 
fi eld trials are in progress in Uganda. Fruit-specifi c promoters and carot-
enoid pathway-related genes in banana were characterized for their role in 
the development of cisgenic biofortifi ed crop. The recent advancement in 
precise genome engineering can open the novel prospect for the improve-
ment of banana. These biotechnological approaches could be more advan-
tageous to address regulatory and biosafety challenges for 
commercialization of biofortifi ed banana. This chapter summarizes the 
prevalence of vitamin A micronutrient defi ciency as well as the high-
lighted progress in biotechnological approaches for their possible role in 
the development of provitamin A-enriched banana.  
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19.1        Introduction 

  Micronutrients   constitute a small fraction of our 
diet but play a major role in the metabolic pro-
cess. Dietary intake of micronutrient-enriched 
food is a natural and affordable way for combat-
ing its defi ciency. However, most of the staple 
foods consumed in the developing countries are 
defi cient in micronutrients. The World Health 
Organization ( WHO 2009 ) considered  vitamin A 
defi ciency (VAD)      as a priority among various 
health problems. One of the earliest manifesta-
tions of VAD is night blindness. Severe condition 
leads to keratomalacia (ulceration and sloughing 
of the cornea) and total blindness. In addition, it 
has been shown to cause growth retardation, 
decreased resistance to infections and even death 
(Burri  2011 ). Various strategies such as pharma-
ceutical supplementation, food fortifi cation and 
altered dietary components can be implemented 
to alleviate micronutrient defi ciencies. According 
to a report published by  Indian National Science 
Academy  (INSA  2011 ) despite massive invest-
ment in many of these interventions, very high 
levels of specifi c micronutrient defi ciencies per-
sist in many areas. The annual budget for 
“Micronutrients Initiatives India” in 2009–2010 
was worth approximately 32 million US dollars; 
more than 20 million US dollars were spent on 
vitamin A procurement and interventions alone. 
Indian government-supported vitamin A supple-
mentation programme, running for more than 40 
years, attained less than 25 % coverage and failed 
to reach the extreme poor rural population (Burri 
 2011 ; INSA  2011 ). Programmes for vitamin A 
supplementation among pre-school children in 
India have resulted in only 5–15 % reduction in 
malnutrition caused by VAD (Awasthi et al. 
 2013 ). A report of the Expert Group of the Indian 
Council of Medical Research ( ICMR 2010 ) men-
tioned that 40–60 % of the child population show 
inadequate biochemical status of vitamin A. Poor 
bioavailability and low intakes of provitamin A 
(PVA) from the predominantly vegetarian diet 
are thought to be the main reasons for the wide-
spread prevalence of VAD. Hence, it is desirable 
to develop a sustainable and biological safe solu-
tion to overcome VAD. An advanced strategy 

called “ biofortifi cation  ” is being used to develop 
new varieties of food crops with enhanced nutri-
ent content. The biofortifi cation of major staple 
crops holds a cost-effective approach because it 
involves only one-time investment either by 
selective plant breeding or genetic engineering. 
This technology has the potential to have a very 
signifi cant impact on the reduction of micronutri-
ent defi ciencies, particularly in rural communi-
ties where other interventions showed a limited 
impact. Further,  biofortifi ed crops   can be 
accepted easily because it follows the same tradi-
tional eating behaviour, food habits and 
processing. 

  Banana and plantain   are among the most 
important fruit crops in the world and known as a 
poor man’s staple food in many developing coun-
tries. Banana is ranked fourth in the list of global 
fruit crops and is still least genetically improved 
relative to other major crops due to its complex 
and diffi cult genetic makeup to generate variabil-
ity by plant breeding (De et al.  2009 ). The appli-
cation of conventional breeding for genetic 
improvement in banana is more diffi cult due to 
the ploidy level and nature of  parthenocarpic fruit   
development. Thus, the development of innova-
tive approaches to complement conventional 
breeding programmes would be a promising 
strategy to develop biofortifi ed banana. The 
application of transgenic approach in banana 
holds high potential for introducing desirable 
trait/s and can be relatively fast for the genetic 
improvement of elite cultivars without affecting 
their good native traits.  

19.2      Food Insecurity  , 
Micronutrient Defi ciencies 
and Their Socio-economic 
 Impacts   

 Millions of people worldwide are unable to take 
balanced diet. Food insecurity is defi ned as the 
lack of access to suffi cient calories and nutrition 
in food (balanced diet) to maintain a healthy life. 
A healthy person requires an average minimum 
balanced diet with 2500 cal/day. These calories 
come from different food sources consisting of 
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carbohydrates, proteins, fats, vitamins, minerals, 
etc. (Welch and Graham  2004 ; Graham et al. 
 2007 ). If the intake of calories is less than 
required, the food is said to be undernourished. 
According to the recent report of the  Food and 
Agriculture Organization  (FAO  2015 ), nearly 795 
million people globally are not eating suffi cient 
food to meet their energy requirements, coming 
under chronic undernourishment (hunger), while 
780 million people from those belong to the 
developing countries. Micronutrients are nor-
mally supplied in suffi cient amount through bal-
anced diet. If the food being eaten has a nutritional 
imbalance due to lack of essential nutrients, it is 
said to be malnourished. Micronutrients such as 
minerals and vitamins are vital for human growth 
and development. They are required in very low 
amounts in the diet, but their defi ciency leads to 
serious negative impacts on human health and 
increased risk of death by infectious and chronic 
diseases (Murgial et al.  2013 ). Defi ciencies of 
iron, vitamin A, zinc, iodine, vitamin C and vita-
min D cause the origin of diseases like anaemia, 
night blindness, defective immune system, goi-
tre, scurvy and rickets, respectively. Iron, vitamin 
A and zinc defi ciencies are among the top ten 
leading causes of human death worldwide (WHO 
 2009 ). The effect of micronutrient malnutrition 
also includes intrauterine growth restriction, 
stunting growth, wasting and suboptimum breast-
feeding which caused 45 % of child death and 
also magnifi es the effect of various diseases 
(Black et al.  2013 ). 

 The food insecurity at the household level is 
one of the main causes of micronutrient malnutri-
tion. Poverty, less inclusive economic growth, 
political instability, ignorance, low agricultural 
productivity, environmental conditions and tradi-
tional agricultural practices are the other major 
factors behind the malnourishment of large popu-
lation. The recent data have shown that the world 
food availability has risen to meet the per day 
energy requirement, but still millions of people 
suffer from malnutrition (FAO  2015 ). Therefore, 
the malnutrition is not the problem of undernour-
ished or hungry population. It is even persisting 
in people who are having suffi cient amount of 
food and is due to either the diet being defi cient 

in nutritious components such as proteins, miner-
als and vitamins or the bioavailability of nutri-
tious components being poor. Micronutrient 
defi ciency is also referred to as “hidden hunger” 
      because the usual symptoms associated with it do 
not appear physically in the affected person 
(Nilson and Piza  1998 ; Kennedy et al.  2003 ). 

 The food and nutritional security should be 
provided which implies physical, economic and 
social access to a balanced diet along with safe 
drinking water, environment and good health 
care. Micronutrient malnutrition has high eco-
nomic cost. Productivity losses due to poor nutri-
tion are estimated to be more than 10 % of 
lifetime earnings for individuals and 2–3 % of 
 gross domestic product (GDP)   to the nation 
(Leadership Agenda  2010 ). The cost of treating 
malnutrition is 27-times higher than the invest-
ment required for its prevention. According to the 
Copenhagen Consensus ( 2008 ), tackling micro-
nutrient malnutrition by micronutrient supple-
mentation and food fortifi cation is considered as 
highly benefi cial which will generate a high 
return in socio-economic benefi ts as compared to 
the costs.  

19.3     Addressing the Problem 
of Malnutrition 
Through Biofortifi cation 

 One of the best ways to tackle malnutrition is by 
intake of  nutrient-rich diet   which includes animal 
and plant food sources. However, numerous fac-
tors limit the potential of presently known foods, 
including high cost, nutrient activity, bioavail-
ability, acceptability of taste, status and prestige, 
familiarity, seasonality, size of the commonly 
eaten portion and unacceptability for religious 
reasons to eat animal foods. The maximum popu-
lation in the developing countries relies on staple 
food which are defi cient in essential nutrients 
leading to malnutrition (Zhu et al.  2007 ). WHO 
defi ned fortifi cation as the practice of deliber-
ately increasing the content of essential micronu-
trients in a food, so as to improve the nutritional 
quality and provide a public health benefi t with 
minimal risk to health. The  biological methods   
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include plant breeding and genetic engineering, 
which are the more effective and cheaper alterna-
tives to conventional ways for combating micro-
nutrient defi ciencies (Bashir et al.  2013 ). 
Enrichment of staple  food   (rice, maize, wheat) 
and fruit (banana, tomato, citrus) crops by biofor-
tifi cation is the sustainable agricultural approach. 
 Micronutrient-enriched biofortifi ed crops   can 
easily be adapted to relevant environments. Three 
major crop biofortifi cation strategies worldwide 
include mineral fertilization, conventional breed-
ing and transgenic approach. 

19.3.1      Mineral Fertilization   

 In this approach plant fertilizers are applied as 
inorganic minerals to increase the micronutrient 
content in the crop. Usually trace elements whose 
accumulation is limited in the edible parts of 
plant due to the low availability in soil are sup-
plemented with normal fertilization. In some 
instances, this approach has been quick and suc-
cessful to increase the availability of zinc and 
selenium (Lyons et al.  2004 ). However, it is dif-
fi cult to apply so many minerals and vitamins as 
absorption of these compounds depend upon sev-
eral factors such as the crop species and cultivars, 
soil composition, mineral mobility, properties of 
compound and accumulation sites in the plant 
(Zhu et al.  2007 ). Application of excess amount 
of mineral may limit the growth of plant as well 
as affect the microbial population in the soil. 
Mineral fertilizers that are required to be applied 
regularly are costly and also harmful to the envi-
ronment (Zhu et al.  2007 ).  

19.3.2     Plant Breeding 

  Plant breeding   is a method to improve crops by 
cross breeding between two different crop spe-
cies with contrasting traits. It exploits genetic 
variation among the crop species to introduce 
new allele from one crop with better trait to 
another. Improving food crops by breeding is 
mainly focussed on improving yields and 
physico-chemical properties rather than nutrient 

profi les. Conventional breeding exploits inherent 
properties of the crop and has signifi cant impact 
on communities and less regulatory restrictions 
(Welch and Graham  2002 ; Zhu et al.  2007 ). The 
 Harvest Plus Biofortifi cation Challenge 
Programme   (  www.harvestplus.org    ) introduced 
by the  Consultative Group on International 
Agricultural Research (CGIAR)   aims at the 
development of PVA (β-carotene)-rich sweet 
potato, maize, and cassava;zinc- and iron-rich 
rice, wheat, maize, pearl millet, and beans. In 
India,  Department of Biotechnology (DBT)   net-
work projects on biofortifi cation of rice, wheat 
and maize are currently being implemented by 
ICAR institutions, state agriculture universities 
and the  National Institute of Nutrition (NIN)  . The 
biofortifi cation of crops by plant breeding is lim-
ited either due to the non-existence of the trait 
within the gene pool or its inability to be trans-
ferred by conventional breeding. Moreover, it 
would take many generations to introgress these 
traits into local elite breeding varieties (Welch 
and Graham  2005 ).  

19.3.3      Genetic Engineering   

 The transgenic approach offers a useful alterna-
tive where supplementation and conventional 
breeding fail to achieve signifi cant improvement 
in nutritional levels in crop plants. It is one of the 
most effective and promising tools for increasing 
productivity with high nutritional content. 
Genetic engineering has also overcome the limi-
tations of plant breeding and can be used to 
employ gene of interest even across the taxa. This 
technology has been already successful in devel-
oping many insect-resistant, and herbicide- 
resistant crop varieties, and is available in the 
market (James  2014 ;   www.isaaa.org    ). An excel-
lent example of biofortifi cation by genetic engi-
neering is the Golden Rice (Ye et al.  2000 ;   http://
www.goldenrice.org    ) as the conventional breed-
ing cannot be employed due to unavailability of 
paddy cultivar with β-carotene in its endosperm 
(the edible part of the grain). Through genetic 
engineering strategy, carotenoid enhancement in 
rice seeds has been successfully employed (Ye 
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et al.  2000 ). The genetic engineering technique is 
precise and involves isolation of individual genes 
from crop species responsible for high produc-
tion of certain nutrients or important physico- 
chemical property. Staple crops can be biofortifi ed 
by this strategy which can provide a sustainable, 
inexpensive, cost-effective and long-term source 
of micronutrients to the poor (Perez-Massot et al. 
 2013 ; Bouis and Welch  2010 ). Moreover, 
improved crops  provide   a feasible means of 
reaching malnourished rural populations. This 
approach can also be implemented in the case of 
genetically sterile staple crops such as banana 
and cassava where conventional breeding is dif-
fi cult or less responsive (Zhao and Shewry  2011 ).   

19.4     Vitamin A 

  Carotenoids  , a natural precursor of vitamin A, 
are synthesized by vascular plants, some blue- 
green algae, fungi and photosynthetic bacteria 
but not in the animal kingdom, including humans 
(Ruiz-Sola and Rodríguez-Concepción  2012 ). 
Vitamin A is a group of fat-soluble unsaturated 
compound with a common retinyl group. This 
group includes different forms such as  retinol, 
retinoic acid and retinyl esters   (Fig.  19.1 ). One 
molecule of β-carotene is converted into two 
molecules of retinal via β-carotene 15,15′-mono-
oxygenase (CMO1). This enzyme cleaves 
β-carotene centrally to form two molecules of 
retinal. The other enzyme is β-carotene 
9,10- dioxygenase (CDO2) which cleaves 
β-carotene, α-carotene and β-cryptoxanthin 
eccentrically to form apocarotenals, and the lon-
ger one is oxidized to one molecule of retinal (de 
Pee and West  1996 ; Biesalski et al.  2007 ; Lietz 
et al.  2010 ). Retinol is required for the production 
of rhodopsin in the eye for vision. Retinol is the 
most usable form of the vitamin A and possesses 
a β-ionone ring and an unsaturated isoprenoid 
side chain with an alcohol, aldehyde, a carbox-
ylic acid group or an ester group. The side chain 
is composed of four isoprenoid units with a series 
of conjugated double bonds either in cis- or trans- 
confi guration (Gropper et al.  2009 ). Retinol can 
be converted into other forms of vitamin A, i.e. 

retinyl esters, for functional and storage pur-
poses. The two sequential oxidation steps convert 
retinol to retinaldehyde and further to retinoic 
acid. Retinoic acid is an important hormonal 
metabolite for maintenance and differentiation of 
epithelial and immune cells for growth and devel-
opment (Fig.  19.1 ).

19.4.1        Vitamin A Defi ciency (VAD)      

 Vitamin A is an essential micronutrient and 
required in fewer amounts in the body for several 
physiological functions. It is required for healthy 
eyesight (Palczewski  2010 ; von Lintig  2012 ), 
immune function (Cassani et al.  2012 ; Brown 
and Noelle  2015 ), genetic regulation (Blomhoff 
and Blomhoff  2006 ; Wolgemuth and Chung 
 2007 ; Mark et al.  2009 ), growth and development 
(Mark et al.  2009 ; Kedishvili  2013 ; Cunningham 
and Duester  2015 ). VAD is one of the serious 
concerns for poor societies and developing coun-
tries. The WHO ( 2009 ) estimates show 150 mil-
lion people suffering from VAD worldwide and 
death of 650,000–700,000 children and pregnant 
women due to its defi ciency (Black et al.  2008 ; 
Burri  2011 ; Awasthi et al.  2013 ; Bailey et al. 
 2015 ). It is prevalent among South-East Asia and 
Sub-Saharan Africa, where children are at higher 
risk to death comparative to adults because of 
poor functional immune system (West  2002 ; 
WHO  2009 ). The ocular manifestation governed 
by VAD is referred to as xerophthalmia. It 
includes night blindness, conjuctival xerosis, 
bitot’s spot, corneal xerosis and keratomalacia. In 
severe condition, night blindness and bitot’s spot 
are the earliest observable ocular manifestations 
which lead to keratomalacia (ulceration and 
sloughing of the cornea) and total blindness 
(xeropthalmia). In case of night blindness, there 
is deterioration of rod cells (the light-sensitive 
cells) and the person is not able to see in low 
light. It is a specifi c indicator of low serum reti-
nol levels. Serum retinol is vitamin A in the blood 
stream and is measured as “retinol equivalents”. 
The early symptoms of VAD appear when serum 
retinol concentration falls below 1.0 μmol/L 
and get severe when retinol concentration falls 
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below 0.35 μmol/L (WHO  2014 ). Retinal, a form 
of vitamin A, produces rhodopsin in the eye. It is 
a photosensitive visual pigment of rods by com-
bining with opsin.  VAD      leads to the decline in 
rhodopsin level and hence impaired rod function. 
Night blindness is prevalent among pregnant 
women. Bitot’s spot is another problem in which 
opaque whitish spots are deposited on the sclera 
conjunctiva. Dry and dull spots of keratinized 
epithelial cells with an appearance of foam are 
observable symptoms of this condition. Vitamin 
A also plays multiple apparent roles in iron mobi-
lization, transportation and haematopoiesis. VAD 

can also lead to anaemia in children and women 
(West et al.  2007 ). Vitamin A supplementation 
can reduce the severity of diseases such as infl u-
enza and diarrhoea (Black et al.  2008 ).  

19.4.2     Sources of Vitamin A 

 Vitamin A is differentiated into two dietary 
source categories. These are known as retinyl 
esters (preformed vitamin A) and PVA (vitamin 
A precursors).  Retinyl esters   are obtained from 
the meat and dairy products, whereas PVA is 

  Fig. 19.1    Steps in the synthesis of different forms of vitamin A from provitamin A (PVA)       
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obtained from plant sources in the form of carot-
enoids. Carotenoids include mainly α-carotene, 
β-carotene, γ-carotene, ε-carotene, δ- carotene, 
phytoene, ζ-carotene, lycopene, lutein and xan-
thophylls (zeaxanthin, antheraxanthin, violaxan-
thin and neoxanthin). However, only certain 
forms of carotenoids such as α-carotene, 
β-carotene and β-cryptoxanthin known as PVA 
can be converted to vitamin A in the body (Britton 
et al.  1995 ; de Pee and West  1996 ). The  β-carotene   
is considered as nutritionally more useful as it 
gets converted into retinol very effectively. The 
 α-carotene   and  β-cryptoxanthin   are converted 
only the half effi ciency of the β-carotene. Fruits, 
vegetables and seeds are the primary dietary 
sources of carotenoids, but mostly consumed 
crops are insuffi cient to meet minimum nutri-
tional requirements; consequently VAD remains 
prevalent in developing countries (Fitzpatrick 
et al.  2012 ). Coloured foods such as carrot, 
papaya, pumpkin, mango, sweet potato and dark 
green leafy vegetables like spinach and lettuce 
are known to be rich sources of β-carotene. One 
of the richest known sources is the palm oil which 
has the highest concentration and activity of PVA 
(Cottrell  1991 ).  

19.4.3     Bioavailability 
and Recommended Dietary 
Allowance 

  Bioavailability   can be defi ned as the fraction of 
ingested nutrient which is available for utiliza-
tion in normal physiological functions and for 
storage (Srinivasan  2001 ). All the nutrients pres-
ent in the diet are not bioavailable to the con-
sumer because the plant sources also contain 
antinutrient compounds which interfere with the 
absorption or utilization of the nutrients (Welch 
and Graham  1999 ). The vitamin A conversion 
from PVA depends upon regulation in the body 
as well as on the amount administered. 
Bioavailability of vitamin A is the percentage of 
ingested PVA getting converted into a metaboli-
cally active form, i.e. retinol, which is available 
for storage as well as utilization (Van Lieshout 
et al.  2003 ). Determining bioavailability of a 

particular micronutrient from plant food sources 
to humans is quite complex as multiple factors 
interact during the process. It depends upon the 
micronutrient itself, individual, diet as well as 
the environment (Graham et al.  2001 ; Degerud 
et al.  2015 ; Schweiggert and Carle  2015 ). The 
conversion of β-carotene into vitamin A and 
absorption in the body are variable depending 
upon the food source, matrix and culinary prac-
tices (de Pee et al.  1998 ; Veda et al.  2006 ). It was 
reported that β-carotene can be better absorbed 
from orange-coloured fruits and vegetables as 
compared to green leafy vegetables (de Pee et al. 
 1998 ; O’Connell et al.  2007 ). The β-carotene 
absorption  rate   is increased when fed with oil as 
compared to without oil (Failla et al.  2009 ; 
Bengtsson et al.  2009 ). Pullakhandam and Failla 
( 2007 ) demonstrated high effi ciency of carot-
enoid micellarization and bioaccessibility in 
drumstick leaves in the presence of peanut oil. 
Hedrén et al. ( 2002 ) demonstrated high in vitro 
accessibility of β-carotene in the green leaves of 
amaranth, cow pea, sweet potato, pumpkin and 
cassava in the presence of oil (39–94 %), com-
pared to the absence of oil (8–29 %). The  recom-
mended dietary allowance (RDA)      represents the 
average level of intake of essential nutrients nec-
essary for the maintenance of good health in a 
particular age and gender.  RDA   for vitamin A 
depends upon the bioavailability of PVA and is 
measured in retinol activity equivalents (RAE). 
ICMR expert group report (  http://icmr.nic.in/
fi nal/rda-2010.pdf    ) considered conversion effi -
ciency of 1:8 and reported RDA of vitamin A for 
various physiological groups. The RDA of vita-
min A and β-carotene for Indian men and women 
is 600 and 4800 μg/day, respectively (  http://icmr.
nic.in/fi nal/RDA-2010.pdf    ).   

19.5     Provitamin A Biosynthetic 
Pathway in Higher Plants 

  Carotenoids   are lipid-soluble tetraterpenoids, 
synthesized by all photosynthetic organisms, 
including plants and few non-photosynthetic 
fungi and bacteria (Ruiz-Sola and Rodríguez- 
Concepción  2012 ). The biosynthesis of carot-
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enoids takes place with the synthesis of 5-carbon 
precursors,  isopentenyl pyrophosphate (IPP)      and 
its  double-bond isomer dimethylallyl pyrophos-
phate (DMAPP)         (Fig.  19.2 ). The cytosolic 
 mevalonate (MVA) and plastidial  2-C-methyl- D -
erythritol 4-phosphate (MEP)   are the two inde-
pendent pathways which synthesize these 
precursor molecules in plants (Grassi et al.  2013 ). 
Several reports suggested that major fl ux for 
carotenoids are derived from a plastid- localized 
MEP pathway (Flores-Perez et al.  2008 ; 
Rodriguez-Concepcion  2010 ). The MEP path-
way utilizes glyceraldehyde 3-phosphate and 
pyruvate as initial substrate for the biosynthesis 
of IPP and DMAPP. The fi rst committed step of 
carotenoid biosynthesis is the condensation of 
two molecules of  geranylgeranyl diphosphate 
(GGPP)      for the production of phytoene by the 
enzyme  phytoene synthase (PSY)      (Sandmann 
et al.  2006 ; Cazzonelli and Pogson  2010 ). 
Multiple PSY catalyse the rate-limiting step in 
the carotenoid biosynthesis. It is involved in the 
regulation of carotenoid metabolic fl ux for down-
stream enzymatic steps for the biosynthesis of 
lycopene and α and β-carotene (Sandmann et al. 
 2006 ; Cazzonelli and Pogson  2010 ; Fu et al. 
 2014 ; Liu et al.  2014 ). Phytoene is further desatu-
rated and isomerized into lycopene by the enzyme 
 phytoene desaturase (PDS)   and ζ-carotene desat-
urase (ZDS). The cyclization of the lycopene is 
the fi rst branch point in the pathway which results 
in the production of carotenes either with one 
β-ring and one ε-ring (α-carotene) or with two 
β-rings (β-carotene) by  lycopene β-cyclase 
(LCYB)   and  lycopene ε-cyclase (LCYE)   
enzymes. The hydroxylation of the carotenoids 
results in the formation of xanthophylls. The 
hydroxylation of α-carotene results in the forma-
tion of lutein. β-carotene is hydroxylated into 
zeaxanthin which is further converted into 
 abscisic acid (ABA)  . The complete pathway for 
the biosynthesis of PVA carotenoids in higher 
plants is summarized in Fig.  19.2 .

19.6        Provitamin A Enhancement 
by Genetic Engineering 
in Plants 

 Many studies reported on the enhanced content 
of PVA, particularly of β-carotene in constitutive 
as well as tissue-specifi c manners is stable in 
food and fruit crops. Usually stable expression of 
the candidate gene/s does not interfere with the 
subsequent propagation of plants either by vege-
tative or sexual reproduction methods in selected 
transgenic events. Another transgene/s can also 
be introduced in previously stable transformed 
plants to enhance multiple micronutrients. The 
judicious choice of regulatory elements facili-
tates tissue-specifi c expression of desirable 
gene/s in leaves, fruits, tubers and seeds. A vari-
ety of tissues have been targeted for the expres-
sion of the carotenoids synthesis gene/s in various 
plant species. Enhanced expression of β-carotene 
in food and fruit crops are summarized in Tables 
 19.1  and  19.2 , respectively. Some of the reports 
published on the enhancement of β-carotene in 
these crops are described as below.

19.6.1         Food Crops   

 Developing countries require a robust approach 
to increase PVA content in crop plants to address 
the VAD. Food containing PVA carotenoids 
(β-carotene, β-cryptoxanthin and α-carotene) are 
the primary source of vitamin A. In all these 
carotenoids, β-carotene is widely distributed in 
plants and most effi ciently converted into vitamin 
A. In mid-2005, the Bill and Melinda Gates 
Foundation funded four projects in biofortifi ca-
tion as part of the Grand Challenges in Global 
Health programme. These four projects involved 
the biofortifi cation of rice (Golden Rice project), 
cassava (BioCassava Plus), sorghum (ABS) and 
bananas (Banana21). The fi rst huge success of 
genetic engineering for β-carotene biosynthesis 

N. Kaur et al.



  Fig. 19.2    Schematic representation of provitamin A 
(PVA) biosynthetic pathway in higher plants. Enzymatic 
reactions are represented by  arrows ;  dashed lines  repre-
sent multiple enzymatic steps. Enzymes are represented in 
the  box . Enzymes:  HMGS  3-hydroxy-3-methylglutaryl-
CoA synthase,  HMGR  3-hydroxy-3-methylglutaryl-CoA 
reductase,  DXS  1-deoxy- D -xylulose-5-phosphate syn-
thase,  DXR  1-deoxy- D -xylulose-5-phosphate reductase, 
 HDR  1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate 
reductase,  GGPP synthase  geranylgeranyl diphosphate 
synthase,  PSY  phytoene synthase,  PDS  phytoene desatu-
rase,  ZDS ζ -carotene desaturase,  LCYB  lycopene 

β-cyclase,  LCYE  lycopene ε-cyclase,  CRTISO  carotenoid 
isomerase,  b-CHX  β-ring hydroxylase,  e-CHX  ε-ring 
hydroxylase,  IDI  IPP isomerase,  PMD  MVPP decarbox-
ylase. Compounds:  HMG-CoA  3-hydroxy-3- 
methylglutaryl-CoA,  MVA  mevalonic acid,  MVPP  
5-diphosphomevalonate,  GAP  glyceraldehyde-3- 
phosphate,  DOXP  1-deoxy- D -xylulose-5-phosphate,  MEP  
2-C-methyl- D -erythritol 4-phosphate,  HMBPP  1-hydroxy- 
2-methyl-2-(E)-butenyl-4-diphosphate,  IPP  isopentenyl 
diphosphate,  DMAPP  dimethylallyl diphosphate,  GGPP  
geranylgeranyl diphosphate       
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was reported as Golden Rice. In rice the pathway 
does not exist in the seed but introduced through 
metabolic engineering by using two genes  phy-
toene synthase  ( psy ) originating from daffodil 
(  Narcissus pseudonarcissus   ) and bacterial 
  phytoene desaturase  ( crtI ) originating from 
 Erwinia uredovora  placed under control of the 
endosperm- specifi c  glutelin  ( Gt1 ) and the consti-
tutive   Caulifl ower mosaic virus  ( CaMV35S )   pro-
moter, respectively (Ye et al.  2000 ). The 
technology was escalated to generate Golden 
Rice 2 where  psy  from maize (  Zea mays   ) in com-
bination with bacterial  crtI  under  glutenin  ( Gt1 ) 
promoter produced a preferential accumulation 
of β-carotene (31 μg/g dry weight). This increase 
in total carotenoids was up to 23-fold compared 
to the original Golden Rice (Paine et al.  2005 ). 

 Other food crops like wheat, canola, potato, 
maize, cassava and sorghum have also been 
genetically engineered to increase the content of 
PVA. Wheat was transformed with  psy  (maize) 
and  crtI  (  Erwinia uredovora   ) under the control of 
endosperm-specifi c  1Dx5 and constitutive 
 CaMV35S  promoters, respectively. The highest 
increase of total carotenoids was 4.96 μg/g seed 
dry weight (DW) and was noted in transgenic 
wheat line. The best line showed 10.8-fold 
increases in total carotenoids in wheat endosperm 
(Cong et al.  2009 ). 

  Canola   (  Brassica napus   ) was overexpressed 
with bacterial  phytoene synthase  ( crtB ) gene 
from   Erwinia uredovora    under the seed-specifi c 
 napin  promoter and reported enhanced β-carotene 
up to 949 μg/g fresh weight (FW) in transgenic 
lines. Total carotenoid concentration also boosted 
up to 50-fold in comparison with non-transgenic 
lines (Shewmaker et al.  1999 ). In another study, 
 crtB  was expressed with additional bacterial 
genes, i.e.  geranylgeranyl diphosphate synthase  
( crtE ),   phytoene desaturase  ( crtI )   and   lycopene 
β - cyclase  ( crtY )   under  napin  promoter. These 
combinations of  different   genes along with  crtB  
resulted in an overall increase of 857 μg/g FW in 
canola (Ravanello et al.  2003 ). In canola seeds, 
the silencing of  lcyE  gene using RNA interfer-
ence (RNAi) construct resulted in increased 
β-carotene up to 91 μg/g FW (Yu et al.  2008 ). It 
was also noted that total carotenoid level 

increased by 42-fold relative to non-transformed 
control line (Yu et al.  2008 ). Further attempt to 
increase carotenoid was done with simultaneous 
expression of the seven genes, i.e.  β - carotene 
ketolase  ( crtW ) from   Brevundimonas  spp.  ,  iso-
pentenyl pyrophosphate isomerise  ( idi ) from 
 Paracoccus  spp.,  geranylgeranyl pyrophosphate 
synthase  ( crtE ) from  Pantoea ananatis , 
 β - carotene hydroxylase  ( crtZ ),  crtB ,  crtI  and  crtY  
in canola. All genes were expressed under the 
control of  napin  and  CaMV35S  promoters. This 
resulted into enhanced β-carotene level, i.e. 214 
μg/g FW, and increased total carotenoids by 
30-fold compared to the wild type (Fujisawa 
et al.  2009 ). 

 Potato was transformed with  crtB  from 
 Erwinia uredovora  under the tuber-specifi c 
 patatin  promoter. The β-carotene increased up to 
10.30 μg/g DW, and total carotenoid improved up 
to 6.3-fold in potato tubers (Ducreux et al.  2005 ). 
The silencing of  lcyE  gene under the control of 
 patatin  promoter raised β-carotene content to 
43.56 ng/g DW, and total carotenoid increased to 
2.5-fold in the tubers (Diretto et al.  2006 ). The 
combination of  crtB ,  crtI  and c rtY  genes 
expressed under the  patatin  and  CaMV35S  pro-
moters in potato improved β-carotene to 47.4 
μg/g DW and total carotenoids by 20-fold 
(Diretto et al.  2006 ). In other study,  β - carotene 
hydroxylase  ( b - CHX ) gene was used to silence 
under the control of potato tuber-specifi c  granule - 
 bound starch synthase  ( GBSS ) and  CaMV35S  
promoters by using RNAi constructs. It enhanced 
β-carotene up to 331 μg/100 g FW in potato tuber 
(Van Eck et al.  2007 ). The orange caulifl ower 
( Or ) gene from  Brassica oleracea  expressed 
under the  GBSS  promoter produced 5.01 μg/g 
DW of β-carotene and a 5.7-fold increase in the 
total carotenoid in potato tubers (Lopez et al. 
 2008 ). 

 Maize was genetically engineered by overex-
pressing three bacterial genes, i.e.  crtB ,  crtI  and 
 ζ - carotene desaturase  ( zds ) under the control of 
endosperm-specifi c  γ - zein  promoter. It resulted in 
β-carotene accumulation up to 9.80 μg/g DW, 
and total carotenoid increased to 34-fold in the 
endosperm (Aluru et al.  2008 ). Five different 
sources derived carotenogenic genes, i.e.  psy1 
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f rom  Zea mays ,  crtI  from  Pantoea ananatis ,  lcyB  
and  b - CHX  from  Gentiana lutea , and  crtW  from 
 Paracoccus , expressed under different promot-
ers, i.e. wheat  glutenin , barley  hordein , rice  pro-
lamin , rice  glutelin - 1 , and maize  γ - zein , 
respectively. Maximum β-carotene accumulation 
was 57.35 μg/g DW, and 142-fold increase in 
total carotenoid content was reported in the endo-
sperm (Zhu et al.  2008 ). In another study, 
enhanced β-carotene was obtained by expressing 
 psy1  from  Zea mays  and  crtI  gene  from    Pantoea 
ananatis  (formerly  Erwinia uredovora ) under the 
control of wheat  glutenin  and barley  d - hordein  
promoters, respectively. The β-carotene content 
raised up to 59.32 μg/g DW, and total carotenoid 
amplifi ed to 112-fold in the best transgenic line 
(Naqvi et al.  2009 ). 

 Carrot was also genetically engineered by 
expressing  ketolase  gene under the  CaMV35S  
and  ubiquitin  promoters which resulted in 39 
μg/g FW β-carotene accumulation in roots 
(Jayaraj et al.  2008 ).  

19.6.2      Fruit Crops   

 Fruit crops such as tomato, citrus and banana 
have been genetically engineered for PVA enrich-
ment. Most studies were performed in tomato. 
 crtI  gene from   Erwinia uredovora    was intro-
duced under the control of the  CaMV35S  pro-
moter. It increased β-carotene up to 520 μg/g DW 
in tomato (Romer et al.  2000 ).  lcyB  gene from 
  Arabidopsis    expressed under the fruit-specifi c 
 phytoene desaturase  ( PDS ) promoter from 
tomato boosted β-carotene level up to 57 μg/g 
FW (Rosati et al.  2000 ).  lcyB  and  b - CHX  from 
pepper expressed under the control of the fruit- 
specifi c  PDS  promoter in tomato enhanced 
β-carotene up to 63 μg/g FW and total carot-
enoids to 1.7-fold (Dharmapuri et al.  2002 ). 
Overexpression of  crtB  from  Erwinia uredovora  
with fruit-specifi c   polygalacturonase    promoter 
improved β-carotene up to 825 μg/g DW and 
total carotenoid to 4-fold relative to control in 
tomato (Fraser et al.  2002 ). Similar studies were 
reported by expressing  lcy B  and  cryptochrome  
( cry1 ) genes with  CaMV35S  promoter which 

produced β-carotene up to 205 μg/g FW 
(D’Ambrosio et al.  2004 ) and 101 μg/g DW 
(Giliberto et al.  2005 ), respectively. Other two 
genes  3 - hydroxymethylglutaryl CoA  ( hmgr ) from 
 Arabidopsis  under  CaMV35S  and  1 - deoxy - d - 
 xylulose - 5 - phosphate synthase  ( dxs ) from 
 Escherichia coli  with  CaMV35S  and  fi brillin  pro-
moters were also expressed in tomato fruit. 
Overexpression of  dxs  improved β-carotene up to 
42 μg/g FW with  fi brillin  promoter, but total 
carotenoids increased by only 1.6-fold in tomato 
fruits (Enfi ssi et al.  2005 ). Pepper  fi brillin  gene 
was introduced in tomato fruit under the control 
of its own  fi brillin  promoter, which enhanced 
β-carotene up to 150 μg/g FW and total carot-
enoid to 2-fold in comparison to non-transgenic 
line (Simkin et al.  2007 ).  crtY  from   Narcissus 
pseudonarcissus    expressed with rRNA operon 
promoter in the tomato plastid genome increased 
β-carotene up to 95 μg/g FW in tomato fruits 
(Apel and Bock  2009 ).  SINCED1  gene was 
silenced using RNAi with fruit-specifi c  E8  pro-
moter, which improved β-carotene up to 40 μg/g 
FW and total carotenoid by 2-fold (Sun et al. 
 2012 ). 

 In citrus fruit also β-carotene level increased 
by metabolic engineering. In the transgenic fruit, 
 b - CHX  gene from   Citrus sinensis    was placed 
under  CaMV35S   promoter  , and best-performing 
transgenic lines added β-carotene up to 114 ng/g 
FW (Pons et al.  2014 ).   

19.7     Biofortifi cation of Banana 
for Provitamin A Enrichment 

 Millions of people in the developing countries 
are suffering from VAD where banana is con-
sumed as a staple crop by the large population. 
Banana is the tropical and subtropical fruit crop 
and cultivated in more than 130 countries (De 
et al.  2009 ). Banana can be an ideal crop for 
micronutrient biofortifi cation for developing 
countries. India is the largest producer with an 
annual production of nearly 27.57 million tonnes 
and contributes 25.84 % to the global banana pro-
duction (FAO STAT  2013 ). The fruit is available 
throughout the year at reasonable prices in many 
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developing countries and is the most suitable and 
choicest fruit in the diets of all age groups. The 
postharvest life of a  banana   fruit is fairly good to 
allow its easy transportation and distribution at 
the national level. The pulp of banana fruit 
remains unexposed to light, hence allowing mini-
mal degradation of carotenoids in the edible pulp. 
This is particularly advantageous as compared to 
increasing carotenoids like PVA in seeds where 
carotenoids degrade during storage. The narrow 
genetic resources for enhanced PVA limit the 
scope for improving the existing cultivars of 
banana. Most of the cultivated varieties are trip-
loid in nature, hence sterile, and provide a natural 
barrier for cross pollination. Therefore, the con-
cerns regarding the effect on existing diversity of 
banana and transgene outfl ow are minimal. The 
genetically modifi ed bananas can be grown 
alongside non-GM bananas in the same fi eld and 
will not aggravate heritable mixing in the nature. 
The cultivated varieties of banana have low PVA, 
and the biofortifi cation of banana can lead to 
increased PVA content in the diet. Application of 
biotechnology for the  β-carotene   biofortifi cation 
in widely cultivated varieties would be an ideal 
approach. In this instance, the Bill and Melinda 
Gates Foundation funded Banana21 project 
which is led by  Queensland University of 
Technology (QUT)  , Australia, with the  National 
Agricultural Research Organization (NARO)  , 
Uganda, as the primary developing country part-
ner. The aim of the Banana21 project is to allevi-
ate VAD in Uganda through the development, 
distribution and consumption of PVA-enriched 
biofortifi ed bananas. Bananas with up to 20 μg/g 
of PVA have been developed, and fi eld trials have 
commenced (Namanya  2011 ). The Banana21 tar-
gets levels of a 4-fold increase in β-carotene for 
East African Highland bananas in Uganda where 
there are very high levels of banana consumption, 
approaching 1 kg per person per day. This is not 
the situation in many developing countries. 
Therefore, target levels would need to be much 
higher. In 2012, the  Biotechnology Industry 
Research Assistance Council (BIRAC)  , 
Government of India, has initiated a network 
project with fi ve collaborating Indian partner 
institutes and QUT group. The objective of the 

study is to utilize the experience and achieve-
ments of QUT for the improvement, develop-
ment, validation and transfer of specifi c traits in 
selected Indian banana varieties. The success 
would be remarkable when the technology can be 
translated into a product in the form of PVA-rich 
biofortifi ed banana and also achieved RDA for 
the large population. The successful genetic engi-
neering for PVA enrichment in banana requires 
identifi cation of one or more rate-limiting genes 
and selection of promoter/s that would express 
the genes at a high level in target tissue. The gen-
eral steps for the development of  PVA-enriched 
biofortifi ed banana   are summarized in Fig.  19.3 . 
The effort needs to be devoted for multidisci-
plinary direction to cope with the challenges of 
food security and PVA micronutrient malnutri-
tion. We are here summarizing advanced biotech-
nological approaches that include transgenic, 
cisgenic and precise genome engineering and 
their application in the development of geneti-
cally improved banana. Some of these advance-
ments may open the wide horizon to implement 
further for the nutritional improvement of banana.

19.7.1       Application of Transgenic 
in Banana 

  Transgenic approach   is the introduction of heter-
ologous DNA, i.e. one or several new genes or 
regulatory element into the plant by different 
methods. It can be used to alleviate malnutrition 
by manipulating the relevant metabolic pathway. 
Different transgenic approaches have been used 
for the genetic transformation of banana such as 
electroporation of protoplasts (Sagi et al.  1994 ), 
co-cultivating wounded meristem (Tripathi et al. 
 2008 ), particle bombardment (Becker et al.  2000 ) 
and  Agrobacterium -mediated transformation 
(Ganapathi et al.  2001 ; Khanna et al.  2004 ; 
Ghosh et al.  2009 ).   Agrobacterium   -mediated 
transformation is the preferred choice because it 
governs high transformation effi ciency and low 
copy number insertion of transgene into the 
genome. Banana transformation had been estab-
lished with constitutive  CaMV35S  promoter 
(Becker et al.  2000 ; Khanna et al.  2004 ; Ghosh 
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  Fig. 19.3    Steps in the production of provitamin A (PVA) biofortifi ed banana plants       
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et al.  2009 ) and maize  polyubiqutin  ( Ubi ) pro-
moter (Becker and Dale  2004 ; Khanna et al. 
 2007 ). Banana  actin  promoter ( ACT1 ), a sequence 
of   banana streak badnavirus  ( BSV )   and   banana 
bunchy top virus  ( BBTV )  , has also been analysed 
for reporter gene expression in banana (Becker 
et al.  2000 ; Schenk et al.  2001 ). Development of 
transgenic banana for trait-specifi c manner could 
be a useful approach. However, some of the 
unforeseen consequences such as multiple regu-
latory constraints, ethical issues and the threat of 
long-term effect of transgenic food on the human 
body may affect public acceptance and commer-
cial applications. Therefore, some of the recent 
emerging technologies such as cisgenic and pre-
cise genome engineering could be the possible 
solutions for these limitations of transgenic 
approach.  

19.7.2     Application of  Cisgenic   
in Banana 

 The concept of cisgenesis was introduced with 
the expectation that cisgenic crops will be more 
acceptable to the public and will overcome the 
concern of unnaturalness. In this approach, 
genetic material transferred to plant should origi-
nate from the plant itself or from closely related 
species capable of sexual hybridization. Cisgene 
should be a complete copy of the endogenous 
gene including promoter, introns and the termi-
nator in the normal sense orientation. In banana, 
cisgenic approach could be used to improve PVA 
content by using a range of banana-derived pro-
moters and genes. Using a reporter gene, the 
function of banana-derived promoters like the 
 expansin1  ( MaExp1 ),  expansin4  ( MaExp4 ), 
 extensin  ( MaExt ),  aminocyclopropane - 1 - 
 carboxylate oxidase ACO  ( MaACO ),  metallo-
thionein  ( MaMT2a ) and  phytoene synthase  
( APsy2a ) from banana variety Asupina was tran-
siently analysed in an intact banana fruit 
(Namanya  2011 ). Homologs of  psy  gene includ-
ing  psy1 ,  psy2  and  psy3  were isolated from high 
β-carotene containing banana variety Asupina 
and was characterized. The gene  Psy2a  derived 
from Asupina ( APsy2a ) was transferred into 

cooking banana for the improvement of PVA 
content of the fruit (Namanya  2011 ). Expansin-
related four genes ( MaExpA2 ,  MaExpA3 , 
 MaExpA4 ,  MaExpA5 ) from fruit of Cavendish 
and Robusta varieties of banana was reported to 
express differentially during fruit development 
and ripening stages (Trivedi and Nath  2004 ; Asha 
et al.  2007 ). Three homologs of metallothioneins 
( MT2A ,  MT2B and MT3 ) were also expressed in 
banana fruit (Liu et al.  2002 ). Cisgenic approach 
will overcome limitations mostly related to ethi-
cal and regulatory constraints.  Cisgenesis   can 
also reduce the high cost and time consumed with 
regulatory process and approval of transgenic 
plants.  

19.7.3     Application of Precise 
Genome Engineering 
in Banana 

 In precise genome engineering, editing of 
genome is done using site-specifi c integration 
and deletion or mutation of interested gene. 
Editing is carried out at specifi c site by creating 
 double-strand breaks (DSBs)         with the help of 
site-specifi c recombinases or nucleases such as 
zinc-fi nger nucleases (ZFNs) or  transcription 
activator-like effector nucleases (TALENs)     . 
DSBs are then repaired by homologous recombi-
nation or by error-prone  non-homologous end 
joining (NHEJ)      (Liu et al.  2013 ). Consequently 
precise genetic engineering approach allows 
nutritional traits to be targeted to specifi c organs 
(e.g. seeds and fruits) and combination of multi-
ple traits in the same plants without complex 
breeding programmes. Moreover, this approach 
unrestricted the access to genetic diversity (Zhu 
et al.  2007 ; Naqvi et al.  2009 ). Genome engineer-
ing can be used to enhance PVA content by pro-
viding fl ux in the β-carotene biosynthesis 
pathway by increasing carotenoid precursor 
availability, expressing enzymes involved in the 
early part of the pathway between GGPP and 
lycopene. Increase in metabolic fl ux in the 
β-branch by inhibiting  lycE  activity favours 
increase in carotenoid accumulation creating 
carotenoids sink to remove feedback inhibitions 
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(Farre et al.  2010 ; Bai et al.  2011 ). 
Overexpression of  dxs  in tomato is an example 
of the fi rst strategy for raising total carotenoids 
by increasing fl ux through the pathway (Enfi ssi 
et al.  2005 ). Another useful approach is  RNA 
interference (RNAi)        , in which short double-
stranded RNA molecules provide defence path-
way by destroying homologous mRNAs which 
leads to post-transcriptional gene silencing 
(Lawrence and Pikaard  2003 ; Mansoor et al. 
 2006 ). Silencing of   β - carotene hydroxylase  or 
( b - CHX )   gene was the fi rst report of RNAi 
approach in citrus fruit. Silencing of  b -  CHX  
gene involved in the conversion of β-carotene 
into xanthophylls signifi cantly enhanced 
β-carotene content up to 36-fold in the pulp of 
sweet orange (Pons et al.  2014 ). More recently, 
ZFNs and TALENs are designed to facilitate 
genome editing at specifi c genomic location. 
ZFNs are fusions of engineered zinc- fi nger 
arrays (consist of 3–6 C 2 H 2  fi ngers) to a non-
specifi c DNA-cleavage domain of the  FokI  
endonuclease. ZFNs are 6–40 bp in length. 
Latest report of ZFNs use was in soybean 
genome where the gene involved in RNA silenc-
ing was mutated and resulted in effi cient and 
heritable mutagenesis in the subsequent genera-
tion (Curtin et al.  2011 ). TALENs have also rap-
idly been used in plant biotechnology. These are 
fusions of truncated TALEs (containing an 
amino terminus, a custom-designed DNA-
binding domain and a carboxyl terminus with 
removed activation domain) to a non-specifi c 
DNA-cleavage domain of the  FokI  endonucle-
ase. TALENs have been used to knockout four 
genes in rice and eight genes in   Brachypodium    
(Shan et al.  2013 ). The latest tools in the genome 
editing are  clustered regularly interspaced short 
palindromic repeats (CRISPRs)     . CRISPRs are 
loci containing multiple short direct repeats 
which are incorporated with short segments of 
foreign DNA (called spacers) in some bacteria 
and archaea. When spacers cut and bind to short 
CRISPR RNAs, CRISPR-associated (Cas) pro-
teins attack sequence of infecting viruses. 
Co-expression of Cas9 has been used to target 
the  pds3  gene in  Arabidopsis thaliana  proto-
plasts or leaves using  Agrobacterium  infection 

(Li et al.  2013 ). Among all above discussed 
genome editing tools, CRISPR-Cas might be the 
most effi cient tool for plant biotechnology. 
Hence, the use of modern biotechnological 
approaches could signifi cantly contribute in the 
nutritional improvement in banana.   

19.8     Conclusions and Future 
Prospects 

 The world’s population at over seven billion 
(  http://esa.un.org    ) and majority of the poor need 
affordable and sustainable technological solu-
tions to health. Protection from micronutrient 
defi ciencies is currently one of the most diffi cult 
areas to address through supplementation and 
altered dietary components. Recent progress in 
plant biotechnology which includes transgenic, 
cisgenic and precise genome engineering 
approaches has opened novel opportunities for 
the safe and cost-effective production of 
micronutrient- enriched biofortifi ed plants. 
Several examples cited in this chapter have men-
tioned that the production of biofortifi ed plants 
for PVA has a great potential. The development 
of PVA-enriched biofortifi ed banana would sig-
nifi cantly increase its utility of producing cost- 
effective sustainable solution. However, there are 
several  technical and biological issues   which 
need to be addressed. Some of these are as 
follows:

    (a)    The precise knowledge about the structural 
and regulatory genes involved in biosynthetic 
pathway of β-carotene is prerequisite for the 
employment of effi cient genetic engineering 
which is not reported in banana. Further, the 
selection of effi cient promoters that target 
the expression of pathway enzyme/s in spe-
cifi c plant tissues is required. The selection 
of fruit tissue-specifi c promoters, signal 
sequences, plant-preferred codon usage, sta-
bilization, post-translational modifi cation, 
etc. can enhance the activity of target 
enzymes which can lead to increasing accu-
mulation of target metabolite in a tissue- 
specifi c manner.   
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   (b)    Enhancing the stability of β-carotene in bio-
fortifi ed fruit of banana can give distinct 
advantage of such technology. Most of the 
cultivated bananas are triploid in nature and 
vegetatively propagated, providing simpler 
natural containment. However, physical con-
tainment can provide additional tight regula-
tion to avoid passage of transgene into 
unwarranted living organism or consumer 
food stocks.   

   (c)    Standardization of biofortifi ed banana diet to 
achieve RDA is a major problem as plant to 
plant and generation to generation content of 
β-carotene may vary. The expression also 
depends on where and when the plants are 
grown. Therefore, a delivery scheme needs 
to be developed to ensure the delivery of 
required diet level. Collaborative research 
between plant and medical scientists may 
help in resolving these and related issues.   

   (d)    The biofortifi ed transgenic banana should 
have the same or improve agronomical char-
acteristics as compared to the normal plants.   

   (e)    Issues related to the ethical, social, biosafety 
and environmental impact which directly/
indirectly effect the deployment of geneti-
cally modifi ed crops are a concern. However, 
these will be resolved in the course of time, 
through enhancing the awareness of merits 
and the development of regulatory and stan-
dard operating procedures. 

 The need to establish environmental 
safety, effi cacy and functional equivalence of 
the biofortifi ed crops should guide future 
development and outcome of the research. 
However, the deployment of PVA-enriched 
biofortifi ed banana has the potential to be 
successful to complement the routine diet to 
achieve RDA. It could also become a reality 
when biofortifi ed bananas get  incorporated 
  in the midday meal programme in countries 
like India to achieve nutritional security to 
school-going children.    
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    Abstract  

  Iron defi ciency anemia (IDA) is a global problem, with women and chil-
dren of lower strata of society bearing the brunt of its effects. Several 
measures to rectify this exist, of which biofortifi cation of food crops is 
increasingly gaining importance as it provides a safe and palatable way to 
supply adequate iron. Work on this aspect involves the physiology of iron 
uptake, translocation, storage, and redistribution in plants. While several 
food crops such as rice, wheat, and maize are already popular model 
plants, banana, a widely consumed fruit as well as infant food, is consid-
ered as a potential fruit crop to become “micronutrient enriched.” 
Fortifi cation of banana is more advantageous over other plants owing to its 
ploidy, parthenocarpic fruit development, its reach to the masses at large, 
and availability throughout the year. Bioavailability studies on the absorp-
tion of iron from banana cultivars give an indication on the time frame 
needed to achieve the desired levels of iron content in banana fruit. The 
recent advances made in understanding the mechanisms of iron uptake in 
humans, plants, and homeostasis along with biofortifi cation of crop plants 
including banana for increasing the iron content as described in this article 
appear to alleviate IDA in the future.  
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20.1       Introduction 

20.1.1     Micronutrient Defi ciencies: 
An Overview 

  Micronutrient defi ciencies   are the most prevalent 
nutritional defi ciency disorders worldwide. As of 
2015, around 795 million people (FAO  2015 ) 
around the world are suffering from chronic 
undernourishment according to FAO food secu-
rity statistics. This stems from a lack of purchas-
ing power (WHO  2007 ), unavailability of food, 
and unequal food distribution, the health effects 
of which are compounded by unsanitary condi-
tions and inadequate care. The most vulnerable 
are women and children, particularly girls due to 
socioeconomic status and societal prejudices. In 
this scenario, while food security for every per-
son remains to be achieved, a more ominous 
challenge is ensuring the quality of food. One of 
the parameters to measure the wholesomeness of 
food is the contribution by micronutrients. 
Micronutrients are essential components of the 
diet that are required in only trace amounts in an 
organism’s physiology. However, the roles they 
play are far from minor, with several, e.g., man-
ganese, copper, iron, and zinc, being important 
cofactors of diverse enzymes and involved in 
structural development (Fraga  2005 ). 

 Considering the very small quantities in which 
they are required, it is ironic that most of the 
manifested nutrient defi ciencies in the world are 
that of micronutrients like iodine, vitamin A, and 
iron (WHO  2007 ; Stoltzfus  2003 ; Zimmermann 
and Hurrell  2007 ). In fact, one of the food secu-
rity indicators as per FAO guidelines is the preva-
lence of anemia, iodine, and vitamin A defi ciency 
in children, indicating their indispensability to 
human health. Vitamin A defi ciency is a leading 
cause for xerophthalmia progressing to blindness 
and, in the advanced stages, ulceration and kera-
tomalacia leading to loss of the eye (Sommer 
 2008 ; McLaren  1999 ). This defi ciency is also 
associated with an increased severity and death 
risk in illnesses, collectively termed VADD (vita-
min A defi ciency disorders). Similarly, iodine 
defi ciency presents a spectrum of iodine defi -
ciency disorders with stillbirths, cretinism, and 

goitrous thyroid due to metabolic disorders 
(Hetzel  1983 ). The recent advances made in alle-
viating iron defi ciency, the mechanisms of iron 
uptake and homeostasis, and the biofortifi cation 
of plants, including banana for increasing iron 
content, are described in the review. The focus in 
the following section will be upon iron defi -
ciency, the most common defi ciency in the world 
(Black  2003 ). 

 Micronutrient impoverishment, aptly called 
“hidden hunger,” is relevant in the current sce-
nario for two major reasons:

    1.     Crop yield : At present, the world’s population 
is burgeoning with limited land space and 
resources. As a result, there is overcultivation 
of available arable land with concomitant 
abuse of fertilizers, thus causing leaching and 
loss of micronutrients.    This leads to a compro-
mise on quality and quantity of food 
produced.   

   2.     Human health : A heavy dependence of 
humans on crop-based diets implies “what 
affects the farmer affects the consumer too” 
(DellaPenna  1999 ). The impact on human 
health can be measured in the number of 
DALYs (disability-adjusted life years), which 
is the summation of the number of years of 
productive life lost due to mortality as well as 
those who lived with disability. In a 2010 
comprehensive study to determine the DALYs 
for 291 diseases and injuries carried out over 
187 countries (Murray et al.  2013 ), IDA (iron 
defi ciency anemia) was found to be predomi-
nant. A model designed to estimate the eco-
nomics and human costs of illness due to 
micronutrient defi ciencies in Filipino children 
put the fi gure as high as lakh DALYs and 
attendant medical costs in the millions (Wieser 
et al.  2013 ). These were more likely to be 
worse for the population in the lower socio-
economic strata.      

20.1.2     Importance of Iron in Plants 

 Typical concentration of iron in plant tissue is 
<200 ug/g dry weight (Grusak and DellaPenna 
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 1999 ). Fe is essential for plants because of its 
widespread role in  enzyme structure and activity  , 
e.g., heme- and Fe-dependent enzymes (such as 
those involved in sulfate assimilation, ethylene 
synthesis, and respiration), Fe-S clusters in mito-
chondria, and chloroplasts.  

20.1.3     Banana: Food for the Masses 

 As a fruit crop,  banana   holds sway over much of 
Africa, Asia, the Pacifi c, and Central and South 
America where it is either a staple or supple-
ments the diet. Along with plantains it is eaten 
raw and can be cooked, boiled, baked, or even 
pulverized into powder to be consumed with 
other foods (Chandler  1995 ). The rest of the plant 
itself has potential use in pharmaceutical, pack-
aging, and other industrial applications. These 
fi nd root in some benefi cial characteristics such 
as the high sugar content, the durable fi brous 
nature of the pseudostem, and the presence of 
antimicrobial lectins for human consumption 
(Mohapatra et al.  2010 ; Swanson et al.  2010 ), 
besides many others. As described later in Sect. 
 20.6 , many crops have been considered for bio-
fortifi cation such as rice, tobacco, wheat, and 
maize. However, banana, which is largely indis-
pensable to a chunk of the world’s population and 
enjoys the status of being an infant food, has been 
so far unexplored in terms of its potential for bio-
fortifi cation (Kumar et al.  2011 ). It has  wide-
spread   popularity because of the following 
characteristics:

    1.    High acceptance and consumption due to pal-
atability, aroma, and instant energy source   

   2.    Wider reach to the masses, specifi cally the 
poorer sections of society, owing to its avail-
ability at a cheaper rate   

   3.    Is a cheap and good source of macronutrients 
especially potassium (Hardisson et al.  2001 )   

   4.    No loss of micronutrients upon cooking and 
also dessert banana being consumed raw    

  Attempts have been made to characterize dif-
ferent  banana   cultivars in terms of their nutrient 
quantities (Hardisson et al.  2001 ; Wall  2006 ). 
However, the average iron content of banana fruit 
(0.3 mg/100 g) (García et al.  2015 ) is too low to 
meet daily needs as detailed in Table  20.1 . In this 
scenario, enriching the fruit with iron seems a 
promising approach to combating IDA. An 
understanding, therefore, of the iron homeostatic 
mechanisms in humans and plants is essential to 
work out effective strategies for this purpose, and 
these are dealt with in the following sections.

20.2         Iron Malnutrition: 
Prevalence and Its Effect 

 Iron malnourishment is considerably widespread, 
especially in women, menstruating girls, infants, 
and children in developing countries. It is usually 
more severe in vegetarians than in those who eat 
meat and seafood because the absorption of heme 
iron from animal sources is better than the non-
heme iron of plants (Shayeghi et al.  2005 ). Iron 

   Table 20.1    Nutritional iron requirements for  humans   based on dietary vitamin C, animal protein, and cereal content   

 Food article 
contribution in 
percentages 

 Children (1–3 
years) mg/day 

 Children (4–6 
years) mg/day 

 Women 
(19–50 years) 
mg/day 

 Women during 
pregnancy 
(second 
trimester) mg/
day 

 Women during 
breastfeeding (0–3 
months of 
lactation) mg/day 

 Men (19–50 
years) mg/
day 

 15 %  3.9  4.2  19.6  >50.0  10.0  9.1 

 10 %  5.8  6.3  29.4  >50.0  15.0  13.7 

 5 %  11.6  12.6  58.8  >50.0  30.0  27.4 

  Adapted from WHO ( 2003 ) 
 %: recommended daily intake for iron depends on the relative contribution by different food articles 
 15 %: C diet rich in animal protein + vitamin 
 10 %: diet rich in cereals + vitamin C, low in animal protein 
 5 %: diet poor in animal protein + vitamin  
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 bioavailability from mixed diets   has been 
reported to be 14–18 % compared to 5–12 % from 
vegetarian diets (Hurrell and Egli  2010 ). 
However, complexation by phytate, tannins, and 
polyphenols in vegetarian diets renders bioavail-
ability of minerals like zinc and nonheme iron 
very low. Some proteins like egg white and casein 
and conglycinin of soybean also inhibit iron 
absorption (Hurrell and Egli  2010 ). People with 
impaired acid secretion (achlorhydria) may suf-
fer loss of iron as gastric acid solubilizes and sta-
bilizes ferrous complexes (Jacobs and Miles 
 1969 ; Zimmermann and Hurrell  2007 ). 
Gastrointestinal hookworm infestations also 
exacerbate the problem by causing blood loss 
(Crompton and Nesheim  2002 ). Hence, in order 
to address these problems effectively, the under-
standing of iron uptake and homeostasis is 
essential. 

20.2.1     Iron Uptake and Homeostasis 
in the Human Body 

  Iron uptake and its absorption   need to be fi ne- 
tuned to prevent blood and intracellular iron tox-
icity as well as allocate the precious metal in a 
balanced manner to every pathway requiring it 
(Donovan et al.  2005 ). Both heme and nonheme 
iron are taken up by duodenal enterocytes through 
microvilli. Electron microscopic studies reveal 
that iron can travel only through the enterocyte 
and out through the basolateral membrane into 
the lumen (Wyllie and Kaufman  1982 ). A puta-
tive intestinal heme iron transporter heme carrier 
protein 1 (HCP1) identifi ed by Shayeghi et al. 
( 2005 ) transports heme into the enterocyte and is 
induced by hypoxia. Its subcellular localization is 
infl uenced by iron status. Once inside, the HCP- 
heme iron complex is endocytosed and the heme 
is destroyed by heme oxygenase, liberating iron 
(Raffi n et al.  1974 ). This iron may join the free 
iron pool as nonheme iron or be sequestered by 
ferritin in the enterocyte (Fig.  20.1 ). Nonheme 
iron absorption through the gut requires reduc-
tion of Fe +3  to Fe +2 , facilitated by a duodenal 
plasma membrane two-heme-containing ferrire-
ductase belonging to the cytochrome B 561  family 

(DCYTB) (McKie et al.  2001 ); however,  Dcytb   −   /   −   
mice do not show iron status abnormalities, indi-
cating redundancy of function (Andrews and 
Schmidt  2007 ). The membrane divalent metal 
transporter DMT1 then transports Fe +2  into the 
cell, driven by the inward proton gradient 
(Gunshin et al.  1997 ). Intracellular iron not 
directly transported into the bloodstream is bound 
by ferritin and lost when the cell sloughs off. 
Effl ux in the blood through the basolateral mem-
brane is mediated by the transporter ferroportin 1 
(FPN1/IREG1) (Donovan et al.  2005 ) and the 
 iron   oxidase hephaestin (Vulpe et al.  1999 ). In 
the blood, ferrous iron is oxidized and bound by 
circulating transferrin (Fig.  20.1 ).

20.2.1.1       Regulation 
  Hepcidin  , a peptide hormone synthesized by the 
liver, negatively regulates both iron absorption 
and release from macrophages and other cell 
types. It binds to FPN1, causing the latter to get 
internalized and degraded. Thus iron entry into 
the blood decreases but is also lost due to slough-
ing off of cells (Nemeth et al.  2004 ). Iron defi -
ciency decreases hepcidin release from the liver 
and thus allows maximal iron absorption (Nicolas 
et al.  2002 ). 

  Gut iron uptake   is also controlled by the IRP- 
IRE system. The IREs are iron-responsive ele-
ments found in the 5′ and 3′ UTRs of the mRNAs 
of these genes. IRP1 and IRP2 are iron-regulated 
proteins that bind to IREs in iron-starved cells 
(Rouault  2006 ; Muckenthaler et al.  2008 ). IRP1 
is the enterocyte Fe sensor. Under iron replete 
conditions, a 4Fe-4S cluster is formed in the 
cytosol and loaded into the IRP1 protein, which 
decreases the binding ability of IRP1. Under iron 
defi ciency, the cluster cannot form and IRP1 
binds to the 5′ UTR preventing the translation. 
On the other hand, IRP2 is regulated by protea-
somal degradation through the activity of the 
IRP2-targeting E3 ubiquitin ligase subunit, F-box 
and leucine-rich repeat protein (FBXL5) (Guo 
et al.  1995  and reviewed by Rouault  2006  and 
Lane et al.  2015 ). IRP1 targets hypoxia-inducible 
factor 2α (HIF2α). In normoxic and high iron 
conditions, prolyl hydroxylases (PHDs) degrade 
this protein, while the converse conditions 
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increase transcript levels. The HIF2α-HIF1β 
complex enters the nucleus and regulates cognate 
downstream genes containing hypoxia-regulated 
elements (HREs), such as inducing the gene- 
coding erythropoietin (EPO) as well as the duo-
denal CYTB-DMT1-FPN1 system (reviewed by 
Mole  2010 ; Lane et al.  2015 ). Under low iron, 
HIF2α induces transcription of the genes coding 
for DCYTB, DMT1, and FPN1. IRP1, due to rea-
sons mentioned above, binds to the 5′ UTR IRE 
in the mRNA of HIF2α, so translational decrease 
of HIF2α follows. This leads to a decrease in 
EPO production in renal fi broblasts so that it does 
not prematurely use up what little store of iron is 
present. However, there is also decreased activity 
of the PHDs. Thus overall, HIF2α activity 
increases and so maximal iron is taken up by the 
DCYTB-DMT1-FPN1 system in the gut. This 
IRP-HIF2α axis thus evokes heightened iron 
uptake in the gut but checks EPO production in 
the kidney, thus ensuring replenishment of iron 
stores till usable levels. Contrastingly, under high 
iron conditions, the IRP1 block is removed and 

HIF2α levels increase; thus EPO production is 
stimulated. However because of the simultane-
ously active proteolysis of HIF2α by the PHDs, 
the enterocyte levels of HIF2α decrease, thus 
decreasing iron uptake into the gut (reviewed by 
Zhang et al.  2014 ; Lane et al.  2015 ) (Fig.  20.1 ).   

20.2.2     Iron Defi ciency: Indicators 
and Repercussions 

 Iron defi ciency has quite  debilitating   effects on 
the growth of infants, mental development, cog-
nitive functions, and performance at work, atten-
tiveness, and general fi tness. The severity and 
frequency of respiratory diseases are also high in 
anemic children. In fact, several published reports 
based on studies of brain development in rats 
(Beard  2003 ) have stressed the importance of 
iron nourishment at a “critical” phase in infant 
development, failing which there is irreversible 
delay in achieving brain growth milestones and 
consequent abnormalities especially causing 

  Fig. 20.1    Absorption and regulation of iron uptake from 
duodenal  intestine   in humans.  Green arrows  (    ) repre-
sent activation,  while red curvy arrows  with crossbar (    ) 
represent inhibition by translation repression. The  purple 
curvy arrow  with crossbar (    ) represents proteasomal 

degradation by PHDs. (    ) represents the RNA stem 

loop sequence in the 5′ UTR, which is bound by IRP1. 
The crossbarred  arrow  from Fe between the cells shows 
that Fe cannot travel paracellularly owing to tight junc-
tions (Figure adapted from Zimmermann and Hurrell 
 2007 ; Andrews and Schmidt  2007 ; Lane et al.  2015 )       
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defects in dopamine secretion. An exacerbated 
form of iron defi ciency is called iron defi ciency 
anemia (IDA) where iron stores are exhausted 
and supply to tissues is decreased (Zimmermann 
and Hurrell  2007 ). The hematocrit falls below the 
cutoff value. However, the real challenge lies in 
differentiating anemia due to simple iron defi -
ciency, from that caused by chronic illness and 
infl ammation, because many IDA indicators also 
change in acute phase responses. Hence a combi-
nation of indicators is now being used. Briefl y, 
they are serum ferritin (SF), transferrin receptor 
(TfR), and erythrocyte zinc protoporphyrin 
(ZnPP). While SF remains the best indicator as 
its levels are proportional to Fe stores in healthy 
people, it is an acute phase protein and is unreli-
able under infl ammation and infection condi-
tions. In contrast serum TfR is not that affected 
by infl ammation, but may be by malaria, age, and 
race (Zimmermann and Hurrell  2007 ). ZnPP is 
also used as an indicator, as during iron defi -
ciency, the enzyme ferrochelatase substitutes 
zinc instead of iron, in the protoporphyrin IX 
molecule. 

 The absorption  of   other nutrients is also 
affected by iron defi ciency. Efforts to reinstate 
iodine status in goitrous children with iron defi -
ciency are not successful probably because of 
reduced activity of the heme-requiring thyroid 
peroxidase (Hess et al.  2002 ; Hess  2010 ; 
Zimmermann et al.  2000 ). Dual fortifi cation of 
salt with iodine and ferric pyrophosphate led to 
better iron and iodine status as measured by 
increased Hb and urinary iodine levels. Thyroid 
volume also increased indicating improved func-
tion (Zimmermann et al.  2002 ,  2004 ). Iron and 
vitamin A seem to be inextricably interrelated as 
each infl uences the other’s uptake and metabo-
lism. Supplementing iron with vitamin A bet-
tered hematological parameters such as 
hemoglobin (Hb), serum Fe, and percent serum 
transferrin saturation in young anemic children 
(Mejía and Chew  1988 ), as compared to those 
who received Fe or vitamin A alone. 
Correspondingly, low retinol concentrations in 
the serum can increase if iron is given to iron- 
defi cient children (Muñoz et al.  2000 ), though 
another study by Wieringa et al. in  2003  surpris-

ingly found that iron supplementation induced 
apparent vitamin A defi ciency because of 
increased sequestration of the vitamin in the liver, 
pointing to complexities in the cycling of vitamin 
A between the liver and circulation. The body 
iron status also impacts secondary metal defi -
ciencies and excesses, e.g., there is increased risk 
of lead poisoning in iron-defi cient children 
(Zimmermann et al.  2006 ). Also, the delicate bal-
ance of homeostasis of other essential metals is 
disrupted under iron defi ciency anemia (Keen 
et al.  2003 ). Taken together, the burden of iron 
defi ciency has wide-reaching repercussions not 
only on individual health but also on the general 
economic  prosperity   of a country that struggles 
with reduced fi tness as a cause for loss of pre-
cious human capital.   

20.3     Remedial Measures 

 With the realization that focusing on only protein 
energy malnutrition (PEM) in developing coun-
tries as done in the 1980s did not address the root 
of malnourishment, there was a paradigm shift 
toward boosting the micronutrient content of 
food (Allen  2003 ). However, Solomons and Ruz 
in  1998  suggested that creating a fi xed universal 
set of guidelines for micronutrient intake would 
not be fruitful, given that people of diverse geo-
graphic and ecological areas would differ in body 
type, race, genetic makeup, diet, and environ-
mental stress exposure. Even so, it was well 
known that simple fortifi cation of table salt with 
iodine could prevent goiter, whereas adding vita-
min A to margarine as 25 mg vitamin A along 
with 3.5 mg β-carotene/kg was shown to be effec-
tive in the Philippines (Dary and Mora  2002 ). 
Thus implementation programs for different 
micronutrients began in earnest. 

  Micronutrient intake   is generally adequate in 
the economically sound parts of the world, on 
account of their being able to reinforce their diet 
with varied animal-sourced food items such as 
eggs, milk, poultry, meat, and fi sh as well as 
diverse fruits and vegetables. This, however, is 
not the case for the poor, who rely on a 
 monotonous diet with heavy inclusion of foods 
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such as wheat, rice, cassava corn, tubers, and 
roots, with very little variation (DellaPenna 
 1999 ). Such foods, termed “staples,” are often 
lacking in many essential micronutrients and also 
low in fat, which further hinders absorption of 
whatever meager fat-soluble vitamins are pres-
ent. Based on a study, Nigerian children subsist-
ing on a staple diet of cassava were found to be at 
high risk for insuffi cient intake of zinc, vitamin 
A, and iron that could predispose them to the 
respective defi ciencies (Gegios et al.  2010 ). 

 Some plants become staple to an area on the 
basis of their availability and adaptability, ease of 
cultivation, and domestication of a particular 
variety which may have been introduced through 
population migration. This together with 
ingrained traditional practices of preparing food 
and natural reluctance to accepting new food 
items due to cost factors and caution necessitates 
innovative interventions. Hence improvement of 
diet through different means (plant and animal 
sources) is imperative to ameliorate the associ-
ated repercussions of the corresponding defi -
ciency in the population. There are various 
strategies to mitigate iron defi ciency, as outlined 
below. 

20.3.1     Supplementation 

 Iron is provided externally as  ferrous   gluconate 
or ferrous sulfate capsules. Though highly bio-
available, their faithful intake is diffi cult to 
meticulously implement because of distribution 
problems and lack of compliance among the 
users (Galloway and McGuire  1994 ). The stan-
dard dosage followed is 60 mg of elemental iron 
(as 300 mg tablet of ferrous sulfate) for an adult, 
given three to four times a day (Zimmermann and 
Hurrell  2007 ). There are inherent disadvantages 
like epigastric pain, nausea, and constipation, 
when taken on an empty stomach, which also, 
however, allows optimal absorption of iron. 
Reports argue for or against this method, with 
some hailing it as having a wider outreach than 
fortifi cation (Baltussen et al.  2004 ) based on 
model estimates, having a probable prophylactic 
effect when given to initially iron replete preg-
nant women in the USA (Cogswell et al.  2003 ) 

because it led to signifi cantly higher birth weight 
and lesser incidence of low birth weight, as well 
as improving cognition, verbal learning, and 
memory among adolescent girls with non-anemic 
iron defi ciency (Bruner et al.  1996 ). Vitamin 
A-supplemented iron capsules maximally 
improved hemoglobin levels in anemic pregnant 
women of Indonesia, rather than either Fe or vita-
min A alone (Suharno et al.  1993 ). However, in 
the same breath, Baltussen et al. in  2004  also per-
ceive this method to be less cost-effective than 
fortifi cation, and there are dangers of overdosing, 
because Fe is not actively excreted from the body 
and can thus cause hemochromatosis (Iannotti 
et al.  2006 ). Sazawal et al. in  2006  dosed children 
in Zanzibar, a highly endemic area for malaria, 
with Fe and folic acid supplements.    They revealed 
an alarming propensity for severe illness and 
death, suggesting that interventional programs in 
malarial areas be carried out with caution as they 
may accelerate the risk of disease. Sazawal et al. 
( 2006 ), Curie et al. (2009), Koike et al. (2004) are 
cited in text but not given in the reference list. 
Please provide details in the list.  These references 
have been inserted in the list   

20.3.2     Fortifi cation 

 By far the safest, most practical way  o  f maintain-
ing iron stores in the body, this strategy involves 
adding edible forms of iron to regular foods, like 
milk and cereals. Various forms of iron are avail-
able, such as salt forms (ferrous sulfates, gluco-
nates, lactates, and citrates), which are water 
soluble and readily absorbed but are colored and 
oxidize the food matrix. In contrast, they are water 
insoluble and hence much less bioavailable forms 
(elemental iron, ferric pyro- and orthophosphates) 
which however are inert with respect to reactivity 
and color (Hoppe et al.  2006 ). An intermediate 
trade-off is the dilute acid-soluble forms (ferrous 
fumarate, succinate, saccharate, and glycerophos-
phate) which are low in reactivity but still retain 
appreciable bioavailability (Hurrell  2002 ). A 
novel compound now in use is sodium ferrous 
ethylenediaminetetraacetic acid (Na-FeEDTA), 
an effective measure when added to sugar, curry 
powder, fi sh sauce, soy sauce, and maize sauce 
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(Zimmermann and Hurrell  2007 ). It does not oxi-
dize fats and does not precipitate peptides in fi sh 
sauce, but allows two- to threefolds more iron 
absorption from high-phytate diets than ferrous 
sulfates. Other forms of use that are gaining popu-
larity are encapsulated ferrous sulfates, micron-
ized  dispersibl  e ferric pyrophosphates, and 
bisglycinates that are used to fortify liquids 
(reviewed by Zimmermann and Hurrell  2007 ). A 
generally accepted strategy is to fortify food with 
forms of iron that don’t react unfavorably with 
food. However these forms have less bioavailabil-
ity. An advantage of this method is that it does not 
put consumers at risk of infection. 

 There are a number of reports on the fortifi ca-
tion of food with the abovementioned iron forms 
(Zimmermann et al.  2005 ; Van Thuy et al.  2003 ). 
A comprehensive review of 54 interventional 
studies (longitudinal and randomized controlled 
trials) that had used various iron forms – food 
matrix combinations – was conducted by Das 
et al. in  2013 , to measure the impacts of iron for-
tifi cation on women and children. They con-
cluded that the fortifi cation strategies used 
signifi cantly improved hematologic parameters 
in both women and children. Zimmermann et al. 
in  2003  administered iodine and micronized iron- 
fortifi ed salt to Moroccan children and reported 
increased hemoglobin, urinary iodine, and thy-
roid volumes and decrease in the prevalence of 
IDA. A multiple micronutrient-fortifi ed milk 
intervention study by Sazawal et al. in  2010  also 
yielded encouraging results. 

 As mentioned earlier, vegetarian populations 
are more prone to iron defi ciencies, and hence 
today improvement of available plant resources 
is one of the most researched areas and also the 
most challenging. It is imperative to improve the 
nutritional status of the plant, as it is directly 
linked and impacts the micronutrient status of the 
consuming population at large, especially with 
increasing numbers of people turning to 
vegetarianism.  

20.3.3     Biofortifi cation 

 This involves the enriching of a  staple   food crop 
with a nutrient, which is limiting in it, either 

through conventional breeding or transgenic 
approaches (Haas et al.  2005 ), and has been 
reviewed by Graham et al. ( 2001 ), White and 
Broadley ( 2009 ), and Welch and Graham ( 2004 ), 
with a focus on improving agronomic practices 
and understanding nutrient fl uxes in the plant, to 
target micronutrient accumulation in the edible 
parts. A feeding trial of 192 religious sisters in 
the Philippines, with high iron rice, led to better 
iron stores and proved the effi cacy of  this 
  approach. 

 Breeding strategies are thought to improve the 
iron status by 400–500 % than the existing variet-
ies (Haas et al.  2005 ; Pfeiffer and McClafferty 
 2007 ). Under the HarvestPlus project, crops 
(Cantrell and Reeves  2002 ) like rice, wheat, and 
maize (Lung’aho et al.  2011 ), cassava (Ariza- 
Nieto et al.  2006 ; Leyva-Guerrero et al.  2012 ), 
and beans (Welch et al.  2000 ; Ariza-Nieto et al. 
 2007 ; Blair et al.  2009 ) have been developed with 
higher content of micronutrients like iron, zinc, 
and vitamin A (Nestel et al.  2006 ; Pfeiffer and 
McClafferty  2007 ). Common cultivars have 
12 mg of iron and 25 mg of zinc per kilogram; 
double of these values are seen in some cultivated 
traditional varieties. The grains of 
IR68144-3B-2-2-3, an aromatic elite variety, 
have ~21 mg/kg in the unpolished rice. This vari-
ety is also tolerant to rice tungro virus and to 
mineral-defi cient soils with excellent grain quali-
ties (Gregorio et al.  2000 ). 

 Conventional breeding has its own pros and 
cons and so does transgenic technology. This is 
because not in all cases will one particular meth-
odology work. It depends on the complexity of 
the genome as well as the pathway to be manipu-
lated. A review by Sperotto et al. in  2012  shows 
how rice, which possesses both strategies, does 
not show root proton extrusion or root ferric 
reductase activity under Fe defi ciency, but does 
have IRT1 activity. The FRO activity in rice is 
exclusively in shoots for uptake of xylem Fe +3 . 

 The basic tenet of conventional breeding is the 
absolute necessity of intraspecifi c, interspecifi c, 
and intergeneric variations in the wild. This 
approach involves making crosses between the 
plant to be improved and the elite wild donor 
enriched with the particular micronutrient. Thus, 
it is imperative to have as exhaustive as possible 
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a collection of the germplasm of all the available 
wild relatives of a particular variety. Several stud-
ies have found that micronutrient content traits 
have quantitative trait loci (QTLs) associated 
with them. For example, Stangoulis et al., in 
 2007 , identifi ed QTLs for grain phytate, Zn, and 
Fe content, located on different chromosomes, in 
the rice IR64 X Azucena double haploid line. The 
QTL for phytate was situated on chromosome 5 
different from the chromosome harboring the 
QTLs for micronutrient traits. This hints at the 
potential to improve the line with regard to 
decreasing the phytate levels without affecting 
the micronutrient content, at the same time 
improving bioavailability.    However, while suc-
cessful with  Arabidopsis  and some plant species 
(Shi et al.  2008 ; Sankaran et al.  2009 ; Ozkan 
et al.  2007 ; Distelfeld et al.  2007 ; Peleg et al. 
 2009 ; Ghandilyan et al.  2009 ), it requires exten-
sive knowledge of markers, a high density map of 
QTLs, and the issue of reproductive compatibil-
ity with the wild relatives. It is also time and 
labor intensive with an inherent penalty of link-
age drag transferring undesirable genes as well. 
On the other hand, more often than not, it doesn’t 
require an extensive knowledge of the pathways 
involved to be modifi ed and thus may be the best 
option in some cases. Furthermore, as no foreign 
genes are being introduced, the variety can 
directly be fi eld tested and released without any 
regulatory hurdles. 

 In transgenic approaches, gene manipulation 
is easier owing to well-elucidated available path-
ways for the trait and the infl ux of annotated 
genomic sequences of model and economically 
important crop plants. The gene for the trait in 
question is either overexpressed or the inhibitory 
genes affecting the same are knocked down or 
silenced. It is a relatively fast process and is use-
ful for obtaining the functional signifi cance of 
each probable player in a pathway (Thorneycroft 
et al.  2001 ). However all plants are not amenable 
to transformation and thus this technology 
remains a yet unexplored research avenue for 
those crops. Since foreign genes and selectable 
markers are introduced, safety and regulatory 
concern haunts quick commercial release of such 
crops,    magnifi ed by the support from anti-GMO 
lobbies (Potrykus  2015 ). 

 Ultimately, an integrated approach is required 
for the best understanding of the problems like 
development of abiotic and biotic stress toler-
ance, plants with heightened levels of micronutri-
ents like iron, etc. This way, the strengths of both 
the approaches can be effectively harnessed 
(Cattivelli et al.  2008 ) for mankind. 

20.3.3.1      Banana  : Why Transgenics? 
 While rice has a higher content of iron when 
compared to banana, the latter is the poster child 
of biofortifi cation now because of its wide use as 
infant food and the fact that there is a critical 
developmental period as mentioned above during 
which iron is to be mandatorily provided to chil-
dren (Vasconcelos et al.  2003 ). 

 However there is a caveat to biofortifying 
banana, which is the seedless nature in most of 
the edible varieties. This does not allow conven-
tional breeding approaches to be used. Efforts are 
underway to biofortify banana through genetic 
engineering to enrich it for several traits like 
resistance to abiotic and biotic challenges and 
alleviation of IDA. The following reasons make 
banana particularly suitable for transgenic work:

    1.    The cultivated edible forms of banana fruit 
develop parthenocarpically, and hence the 
spread of a transgene through the pollen is 
barely minimum. This will ensure that there is 
no cross-pollination and thus mixing of trans-
genic and wild species in nature, thus preserv-
ing the biodiversity of banana cultivars (Waltz 
 2014 ).   

   2.    The present marketed bananas are monocul-
tures of the Cavendish variety as the earlier 
variety Gros Michel was devastated due to 
 Fusarium  outbreak.   

   3.    Current methods are available for tissue cul-
ture propagation and regeneration through 
embryogenic cell suspensions to develop 
disease- resistant banana, as it is susceptible to 
a range of pathogens like  Fusarium , 
 Xanthomonas , BBTV, banana streak virus, 
etc.   

   4.    Since banana is such an important cash and 
food crop, energy rich but micronutrient poor, 
efforts have been made to elevate the micro-
nutrient levels in the fruit. Towards this aim, 
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the effect, if any, of the banana fruit matrix 
upon the absorption of iron was studied by 
Garcia et al. in  2015  using extrinsically 
labeled stable isotopes of iron. The group esti-
mated iron absorption from raw and cooked 
 bananas   in rural Mexican women. They found 
that there was no signifi cant difference 
between absorptions from raw and cooked 
banana, proving noninterference of the matrix 
in the absorption process.        

20.4     Iron Acquisition by Plants 

 Iron acquisition is well evolved in the plant king-
dom on account of the sessile nature of plants 
which forces them to exploit the immediate soil 
environment as effi ciently as possible. However, 
uptake, storage, and transport of this metal have 

to be meticulously controlled because of its redox 
activity, which can create havoc through the 
Fenton reaction. This has been taken care of by 
both or either of two strategies described below. 
The authors attempt to provide a road map and 
not an exhaustive detailing of the various partici-
pants in the iron physiology of the plant, based on 
elegant studies as cited in the text. Figure  20.2  
diagrammatically explains the two well-studied 
strategies.

20.4.1       Strategy 1 

 A characteristic of non-graminaceous dicots like 
tomato and  Arabidopsis  mainly features the 
extrusion of protons by an H + -ATPase in the root 
plasma membrane. The soil and apoplast are 
acidifi ed and ferric ions are solubilized. FRO2, a 

  Fig. 20.2     Iron uptake strategies   in dicot and monocot 
roots.  Green arrows  (    ) represent activation, while  red  

with crossbar (    ) represent inhibition. (    ) is the IRO2 
TF which binds to its cognate-conserved sequence 
(5′-CACGTGG-3) in the promoters of Fe-responsive 
genes, e.g., the MA synthesis and secretion pathway. 
However, though IRO2 is shown to regulate 59 genes, not 
all have the IRO2-binding element and thus may be regu-
lated indirectly by IRO2 as shown through the TFs NAC4 
and AP2-binding protein. Abbreviations:  AHA pump  H +  

extrusion pump,  FRO2  ferric chelate reductase,  IRT1  iron- 
regulated transporter,  FIT  Fer-like iron defi ciency 
induced,  bHLH  basic helix loop helix,  SAM  
S-adenosylmethionine,  NA  nicotianamine,  NAAT  nicoti-
anamine aminotransferase,  DMAS  deoxymugeneic acid 
synthase,  MA  mugeneic acid,  TOM  transporter of MA, 
 YS1/YSL15  yellow stripe (maize)/yellow stripe-like pro-
teins,  IDE  iron defi ciency-responsive elements (Adapted 
from Ivanov et al.  2012 ; Ogo et al.  2007 ; Kobayashi and 
Nishizawa  2012 )       
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membrane ferric chelate reductase reduces Fe +3  
ions to Fe +2 , which then enter into the root sym-
plast through the transporter IRT1. All three pro-
teins show increased activity when the plant is 
challenged with iron defi ciency. 

 Several different H + -ATPases belonging to the 
 Arabidopsis H   +   -ATPase  ( AHA ) family have been 
implicated in the response to Fe defi ciency, for 
instance, the  Arabidopsis  AHA 7 and cucumber 
CsHA1, which are both upregulated in Fe scar-
city (Santi et al.  2005 , Santi and Schmidt  2008 ). 
First reported in  Arabidopsis  (Robinson et al. 
 1999 ) and then pea (Waters et al.  2002 ), FRO2 
belongs to a family of seven ferric chelate reduc-
tase genes that differently localize throughout the 
plant body for tissue- and organ-specifi c Fe 
uptake. The protein is an 8-transmembrane 
domain (8-TD)-containing enzyme that uses two 
intramembrane heme groups and has a cytosolic 
binding site for nucleotide cofactors that transfer 
electrons (Robinson et al.  1999 ). FRO2, FRO3, 
and FRO5 are found in roots, FRO3 in the vascu-
lar cylinder and shoot, and FRO6, 7, and 8 in the 
shoot (Mukherjee et al.  2006 ). The  Arabidopsis 
frd1  is severely chlorotic when Fe is limiting. 
This phenotype is however rescued by native 
FRO2 and plants overexpressing FRO2 are toler-
ant to low iron. IRT1 is an iron-regulated trans-
porter 1, belonging to the ZIP (ZRT,  I RT-like 
proteins) family of transporters, which is induced 
under iron-limited conditions (Vert et al.  2002 ). 
This transporter is essential for iron uptake in 
 Arabidopsis  as evidenced by knockout mutants 
showing chlorosis with lethality as well as devel-
opmental defects in chloroplasts and vascular 
bundles (Henriques et al.  2002 ). The uptake of 
other divalent cations is also compromised hint-
ing at the capability of IRT1 to also transport ions 
like Zn and Cd (Korshunova et al.  1999 ). In addi-
tion to the above inducible proteins, plant root 
morphology is altered, and root hair architecture 
signifi cantly changed to permit better uptake by 
cells. 

 Transcriptome and proteome interrogations 
with bioinformatic tools have revealed the func-
tional roles of proteins that are now widely rec-
ognized as being the master regulators for 

strategy 1 in non-graminaceous plants. 
Dependence on two transcription factor families 
is to date studied. In brief these are as follows. 

20.4.1.1     The  FIT   and Associated 
Transcription Factors 

 The low-Fe-inducible FIT (FER-LIKE IRON 
DEFICIENCY-INDUCED TRANSCRIPTION 
FACTOR) was fi rst identifi ed in  Arabidopsis , as a 
functional homologue of the tomato FER protein 
(Ling et al.  2002 ; Yuan et al.  2005 ), expressed in 
root epidermal cells. It is essential to the induc-
tion and maintenance of the iron defi ciency 
response in plants, because  fi t1  mutants 
(Colangelo and Guerinot  2004 ) are chlorotic 
lethal and can only be rescued by externally sup-
plying iron. Thus it is evident that FIT controls 
some aspect of the iron uptake pathway, as sub-
stantiated by the fi nding that FIT regulates both 
FRO2 and IRT1. FIT upregulates FRO2 tran-
script levels, while it activates both transcription 
and translation of IRT1. Under Fe scarcity, FIT 
transcription itself is increased and so is FIT pro-
tein turnover, presumably to enable the plant to 
quickly adjust to change in Fe status (from defi -
ciency to replete conditions) (Fig.  20.2 ). 

 However FIT overexpression alone could not 
increase FRO2 and IRT1 levels. Subsequently, the 
bHLH TFs, namely,  bHLH38, 39, 100, and 101  
(Yuan et al.  2008 ; Wang et al.  2013 ), were also 
discovered by yeast two-hybrid screening and 
bimolecular fl uorescence complementation. The 
action of FIT in conjunction with transcription 
factors has been deduced from overexpression 
studies of FIT and bHLH38/39 together (Yuan 
et al.  2008 ). The mentioned genes together help in 
higher uptake of Fe in plants, simultaneously 
upregulating downstream genes FRO2 and IRT1. 

 Heavy  metal   contamination is a major prob-
lem in iron-defi cient soil due to the somewhat 
nonspecifi c nature of transporters. Plants resist 
heavy metal dissemination through the shoot by 
sequestering the corresponding metals in 
 vacuoles. This process is mediated by the pro-
teins HMA3 (heavy metal ATPase 3), IRT2 (Fe II 
transporter), MTP3 (metal tolerance protein 3), 
and IREG2/FPN2 (ferroportin). In this regard, 
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FIT may probably protect against heavy metal 
toxicity. Combined overexpression of FIT and 
bHLH38/39 leads to elevated levels of cadmium 
in root vacuoles thereby preventing its transport 
into the shoots (Wu et al.  2012 ). In addition to 
this, NAS levels were also increased thus allow-
ing better iron translocation through the shoots. 
Owing to these phenomena, the plant system 
overcomes the competitive uptake of nonessen-
tial toxic metals under iron defi ciency.  

20.4.1.2     The POPEYE Network 
 Dinneny et al. in  2008  profi led  the   transcriptomic 
responses of each cell layer of the  Arabidopsis  
root to Fe defi ciency in a temporal manner. 
Proteins with DNA-binding domains suggesting 
their roles as transcription factors were selected 
to identify novel regulators of the Fe defi ciency 
response. Screening through the corresponding 
mutant lines having abnormal Fe defi ciency 
responses revealed a protein  PYE , which was 
highly upregulated in Fe defi ciency (Long et al. 
 2010 ). 

 Upon Fe defi ciency, PYE mRNA is expressed 
mainly in the pericycle, but the protein is found 
in the nuclei of all root cells, indicating mobility 
throughout the root. 

 The pericycle is essential in the response to Fe 
starvation. Surrounding the vasculature, it is the 
transit layer for iron to enter the xylem, from the 
root. The pericycle FRD3 citrate transporter 
mediates effl ux of citrate into the xylem to enable 
chelation of ferric iron (Rogers and Guerinot 
 2002 ; Green and Rogers  2004 ). Comparative 
transcriptional analysis during Fe defi ciency 
revealed that several genes encoding transcrip-
tion factors were co-expressed with PYE, in the 
pericycle. This points to the importance of the 
pericycle as a probable “hub” in controlling the 
Fe defi ciency response.  pye  mutants could not 
display wild-type responses to Fe defi ciency. 
Root growth and root hair growth were both 
inhibited; root cortical and epidermal cells were 
swollen under iron defi ciency. Mutants had chlo-
rotic leaves and could not effi ciently utilize Fe 
from calcareous soils. In addition, Fe reductase 
activity and rhizosphere acidifi cation decreased, 
indicating attenuated Fe defi ciency responses. 

Also, under iron defi ciency, plants tend to take up 
more Zn, Cd, Co, and Mn; however this was not 
as pronounced in  pye-1  mutants as in wild type. 
Perl’s staining and ICP-OES revealed that the 
roots of  pye-1  mutants accumulated more iron 
than  wt  in both Fe-suffi cient and Fe-defi cient 
conditions. The same was seen for the shoot, 
however, only during Fe defi ciency, indicating 
that  Pye  is required for regular iron homeostasis, 
but is even more indispensable for the defi ciency 
response. Some of these phenotypic changes 
were reversed when the PYE gene was intro-
duced into the  pye  mutants under the control of 
the native promoter. Thus loss in PYE  activity 
  defi nitely alters the response to Fe defi ciency 
(Long et al.  2010 ). 

 Transcriptional profi ling of pye-1 mutants 
against wild-type controls identifi ed the targets 
of PYE in plants. Relevant ones are outlined 
below:

    MRH2 and MRH6 : MRH2 is a kinesin-related 
protein required for maintaining straight root 
tip growth and a single growing tip, as mutants 
have wavy roots and a wide base (Jones et al. 
 2006 ). MRH6 is similar to the  Escherichia 
coli  universal stress protein A. It is required 
for root hair initiation and ensuring that only a 
single root hair develops on each hair-bearing 
cell.  mrh6  mutants have multiple root hairs 
from a single cell (Jones et al.  2006 ). Both 
were repressed in Pye mutants under suffi -
ciency and defi ciency.  

   Ferritins and FSD1 : Both are involved in Fe 
homeostasis as ferritins are Fe storage pro-
teins and FSD1 is required to quench free 
radicals produced under oxidative stress. 
Repressed in both Pye and  wt  under Fe defi -
ciency, they are relatively more highly 
expressed in  pye . This may be due to the fact 
that  pye  plants are under higher oxidative 
stress stemming from increased iron accumu-
lation in roots.  

   IRT1 : It was upregulated both in  wt  and  pye  
plants under iron defi ciency, but to a lesser 
extent in the mutant, indicating decreased Fe 
uptake from the soil.  
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   Metal ion transporters and facilitators : The 
NRAMP4 (Lanquar et al.  2005 ), OPT3 (Zhai 
et al.  2014 ), and FRD3 proteins all translocate 
Fe through different plant tissues as described 
later in the chapter. Similarly, the ZIF1, NAS4, 
and FRO3 genes are also involved in metal 
transport. ZIF1 (ZINC-INDUCED 
FACILITATOR 1) is a zinc transporter which 
mediates transport of zinc-chelate complexes 
into the vacuole, and zif1 mutants are  sensi-
tive   to Zn and Cd (Haydon and Cobbett  2007 ). 
NAS4 encodes nicotianamine synthase, which 
synthesizes NA required for metal transport 
between cells (Klatte et al.  2009 ). FRO3 
expresses in the vascular cylinder and may 
function in mitochondrial iron uptake (Jeong 
and Connolly  2009 ). These were induced in 
Fe defi ciency in wt and  pye  mutants but even 
higher in the latter, suggesting that both inter- 
and intracellular movement of Fe is increased 
in  pye  mutants because PYE actually acts to 
repress them in the wild state.    

 The basic helix-loop-helix transcription fac-
tors, bHLH104, bHLH115, and ILR3 (IAA- 
leucine resistant 3), are PYE homologues (Long 
et al.  2010 ). Knockout mutants of ILR3 and 
bHLH104 cannot tolerate Fe defi ciency and 
develop chlorosis and shorter roots, in addition to 
having very low FRO2, FIT, and IRT1 levels. 
Overexpressing lines on the other hand  tolerate   
Fe defi ciency (Zhang et al.  2015 ), and bHLH104 
overexpression causes Fe to accumulate in the 
phloem. ILR3 modulates auxin conjugate hydro-
lysis in an iron-dependent manner. It controls Fe 
availability for auxin homeostasis, probably by 
transcriptionally controlling Fe transporters 
(Rampey et al.  2006 ). 

 Through Y2H screening it was found that 
bHLH104 interacts with ILR3 and bHLH115 
(Zhang et al.  2015 ). Both the former also bind to 
the promoters of POPEYE and bHLH38, 39, 100, 
and 101, activating them. On the other hand, the 
iron-binding hemerythrin (HHE) containing E3 
ubiquitin ligase BRUTUS (BTS) is a negative 
regulator as it directly interacts with and targets 
the PYELs for proteasomal degradation (Selote 

et al.  2015 ). BTS is itself induced in iron defi -
ciency. Thus a model was proposed whereby in 
Fe defi ciency BTS is induced and degrades 
PYELs. Thus even though Fe acquisition is 
increased by the action of PYE and PYELs, it is 
fi ne-tuned by BTS so that just suffi cient iron is 
taken up without toxicity being induced. When 
Fe is suffi cient, Fe binds to the HHE domain of 
BTS and destabilizes it thus reducing its activity. 
In addition the PYE and PYELs are also down-
regulated. In all, this provides for quick adaptive 
response under differential changing  iron   condi-
tions (Selote et al.  2015 ; Kobayashi et al.  2013 ).   

20.4.2     Strategy 2 for Iron Uptake 

 This strategy operates in the grass orders 
Restionales, Eriocaulales, or Commelinales. 
Here, phytosiderophores (PSs) are extruded by 
roots to sequester iron in its insoluble form as 
Fe +3  (Römheld and Marschner  1986 ). Chemically, 
the PS molecules are derived from the methio-
nine cycle which generates nicotianamine (NA) 
and is further metabolized to give mugeneic and 
avenic acids (Ma and Nomoto  1996 ). This ferric 
PS complex is then internalized via transporters 
available in the root membrane. 

 The major participants of this strategy are 
described below: 

  Chelators     These are the downstream  products   of 
the methionine cycle (Ma et al.  1995 ). The typi-
cal ones are NA, deoxymugeneic acid (DMA), 
and mugeneic acid (MA).  

  Enzymes     Three molecules of S-adenosyl methi-
onine (SAM) are trimerized by nicotianamine 
synthase (NAS), to form the nonproteinic  amino   
acid nicotianamine (NA) (Higuchi et al.  1999 ). 
Nicotianamine aminotransferase (NAAT) brings 
about oxidative deamination producing a keto 
intermediate (Takahashi et al.  1999 ). This is fur-
ther reduced to deoxymugeneic acid (DMA), by 
DMA synthase (DMAS) (Bashir et al.  2006 ). 
Further, in barley but not in rice, the dioxygenase 
iron defi ciency-specifi c clones 2 and 3 (IDS2 and 
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IDS3) (Nakanishi et al.  2000 ) were found to cata-
lyze the last step of hydroxylation of DMA at 2′ 
and 3′ positions, to give MA and epihydroxy 
MA, respectively (Kobayashi et al.  2001 ). 

 Other enzymes shown to be regulated by Fe 
defi ciency are  glutathion  e reductase which may 
act to scavenge ROS under iron defi ciency 
(Bashir et al.  2007 ) and an as-yet uncharacterized 
rice-specifi c mitochondrial protein whose knock-
out mutant was highly sensitive to Fe defi ciency 
(Ishimaru et al.  2009 ).  

  Transporters     The maize yellow stripe 1 (YS1) 
family members are H + -coupled symporters for 
Fe-PS complexes. The original founder, maize 
yellow stripe 1 (YS1) transporter (Curie et al. 
 2001 ; Schaaf et al.  2004 ),  takes   up Fe III- 
phytosiderophore (Fe III-PS) complexes from the 
soil in strategy II plants. Maize plants with loss of 
function in the YS1 gene show “yellow-striped” 
interveinal chlorosis (von Wirén et al.  1994 ). 
Subsequent members were named YSLs for yel-
low stripe-like based on their homology to YS1 – 
eight members in  Arabidopsis  (Curie et al.  2001 ; 
Waters et al.  2006 ), three members in  Thlaspi 
caerulescens  (Gendre et al.  2007 ), and 18 mem-
bers in rice (DiDonato et al.  2004 ; Inoue et al. 
 2009 ; Ishimaru et al.  2010 ) and barley (Araki 
et al.  2011 ; Zheng et al.  2011 ). These YSLs inter-
nalize Fe complexed with NA, MA, DMA, or 
citrate and at different spatial locations. Rice 
YSL15 transports Fe-DMA from rhizosphere 
into roots (Inoue et al.  2009 ). YSL18 distributes 
Fe-DMA into reproductive organs (Aoyama et al. 
 2009 ). Rice YSL2 nonspecifi cally transports 
both Fe-NA and Mn-NA (Ishimaru et al.  2010 ). 

 Nozoye et al., in  2011 , identifi ed a major 
missing link in the picture of strategy II, i.e., the 
PS effl ux transporters, namely, TOM from barley 
and rice, as well as the nicotianamine effl ux 
transporter ENA ( effl uxer of nicotianamine ). 
Heterologous expression in eggs of  Xenopus lae-
vis  confi rmed that TOM is the exporter of only 
MA and not NA,    while ENA secretes only NA 
and not mugeneic acids.  

  Transcription Factors     Under iron defi ciency, the 
strategy 2 response is mediated through positive 
regulator TFs like IRO2 and IDEF1/2 and nega-
tive regulators like IRO3 in rice. IRO2 is differ-
entially expressed under iron defi ciency, in both 
root and shoots (Ogo et al.  2006 ). It recognizes 
the consensus sequence CACGTGG in the 
sequences of downstream genes; however, not all 
genes regulated by IRO2 have this sequence. 
Thus  IRO2   may act by interacting with other TFs 
as well (Ogo et al.  2007 ). Overexpression of 
IRO2 leads to a higher tolerance to low levels of 
iron better performance than the corresponding 
wild-type plants on alkaline soil (Ogo et al. 
 2011 ). RNAi knockdown of IRO2 greatly 
decreases the ability of rice plants to withstand 
iron defi ciency in soil, below that of the control. 
As expected, PS synthesis genes including NAS 
are also induced in IRO2 overexpressing lines. In 
addition, the expression patterns of IRO2 and 
downstream genes like NAS are synchronous, as 
evidenced by promoter-GUS staining of seeds 
and vascular tissue. Notably, levels of IRT1 were 
unchanged in IRO2 overexpressing lines, show-
ing that this TF is specifi c to the strategy 2 
response (Ogo et al.  2007 ).  

 The IDEF1/2 system (IDE-binding factor) 
also positively  regulates   the iron defi ciency 
response of strategy 2 plants. These were origi-
nally identifi ed as the factors that regulate the 
barley root-expressed IDS2 gene, which is a 
dioxygenase in the PS synthesis pathway, by 
binding to conserved sequences in the promoter. 
These sequences are called iron defi ciency- 
responsive elements (IDE) (Kobayashi et al. 
 2007 ). OsIDEF1 overexpression renders rice 
plants more tolerant to Fe defi ciency though as 
such IDEF1 is constitutive and not regulated by 
iron levels (Kobayashi et al.  2007 ). The IDE-like 
elements are found in the promoters of several 
effector genes like OsNAS1/2/3, OsYSL2/15, 
rice, and  Arabidopsis  IRT1 and  Arabidopsis  
FRO2. As evidenced from time course studies, 
IDEF1 appears to regulate the early response to 
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Fe defi ciency as the abovementioned genes are 
upregulated in synchrony with IDEF1; however 
this transcription factor ceases to affect them in 
the later part of defi ciency response (Kobayashi 
et al.  2009 ). IDEF1 contains proline- and 
asparagine- rich regions which were shown 
in vitro, to bind  zinc   and iron (Kobayashi et al. 
 2012 ). In contrast IDEF2 appears on the scene at 
a later stage of Fe defi ciency, but its effects are 
more or less constant on downstream genes 
(Kobayashi et al.  2010 ). 

 IRO3 acts as a dampener to the Fe defi ciency- 
responsive effectors like OsNAS1/2/3, OsIRT1, 
and OsYSL2/15 by negatively regulating them 
under iron starvation (Zheng et al.  2010 ). Under 
these conditions, it is dramatically induced in 
both roots and shoots. Overexpression of this 
bHLH TF makes the plant hypersensitive to Fe 
defi ciency but with less accumulation of iron in 
the shoot compared to wild plants. The down-
stream effectors as mentioned above are also 
suppressed. 

 Both these strategies also intersect with extra-
neous signaling molecules like nitric oxide (NO), 
ethylene, jasmonate, and the phytohormones 
auxin (Schmidt et al.  2000 ) and cytokinin. They 
regulate the Fe status of the plant either by posi-
tive or by negative modulation. To the best of our 
knowledge, there have been no reports of Fe sen-
sors in plants though corresponding ones exist in 
bacteria and mammals. However, these signaling 
entities integrate aspects of plant development 
and stress response with Fe acquisition 
strategies. 

  Auxin   is responsible for modulating root sys-
tem architecture in response to micronutrient 
fl uxes (Giehl et al.  2012 ). It seems to be involved 
in both strategy 1 and strategy 2, though the 
mechanistics are better elucidated in strategy 1 
plants. Synthesis of auxin is increased under Fe 
defi ciency and also increases activity of FIT and 
FRO of strategy 1 plants, thus accumulating more 
iron. The  yucca  mutant of  Arabidopsis  is deregu-
lated to overproduce auxin and shows higher lev-
els of FIT and FRO2 expression (Chen et al. 
 2010 ). It is known that nutrient availability affects 
root  system   architecture (López-Bucio et al. 

 2003 ), and thus experiments were carried out to 
determine how iron affects this. 

 Localized iron application to the root strongly 
induced lateral root formation (Giehl et al.  2012 ). 
Symplastic iron is required for this induction, as 
was seen in the case of the  irt1  mutant, which 
was unable to produce lateral roots under low 
iron conditions, but could be rescued by the 
application of iron to the shoot, because of 
phloem transport of iron to roots. This is depen-
dent on the distribution of auxin by AUX1 trans-
porter, in the direction of roots. Support for this 
came in the form of AUX1 promoter induction 
under Fe application and the fact that mutants 
defective for auxin transport are unable to show 
lateral root elongation under localized Fe treat-
ment. A model was proposed to explain the cross 
talk between auxin and iron, whereby symplastic 
iron accumulation in the root (through the action 
of IRT1) creates a gradient of iron toward increas-
ingly Fe-defi cient root tissues. This local sym-
plastic iron induces AUX1 expression and auxin 
is further redirected to these tissues, where it 
itself induces AUX1 and elongation of lateral 
roots. Thus here, symplastic iron may stimulate 
the cascade of signals that ultimately lead to lat-
eral rooting from the defi cient tissue (Giehl et al. 
 2012 ; Hindt and Guerinot  2012 ). 

 In rice, a strategy 2 plant, auxin plays a similar 
role in that it is required for root architectural 
adaptation in response to iron defi ciency. 
However, no mechanism as yet has been uncov-
ered. An auxin-responsive transcription factor, 
OsARF12, has been identifi ed that enables the 
expression of the auxin-responsive promoter con-
struct DR5::GFP containing an auxin response 
element. The auxin-insensitive  osarf12  rice 
mutant shows altered root morphology and low-
ered iron content together with decreased levels 
of IRT1 and increased levels of  mitochondrial 
iron-regulated  (MIR) gene (Qi et al.  2012 ). 

 Ethylene as a signaling  molecule   in the plant 
response to stress has also been implicated in the 
response to nutrient stress (Lynch and Brown 
 1997 ). Root ethylene is produced by strategy 1 
plants in response to iron defi ciency. The applica-
tion to iron-suffi cient plants such as tomato, 

20 Biofortifi cation for Alleviating Iron Defi ciency Anemia



316

cucumber, and pea induced typical iron  starvation 
responses like increased FRO2 activity and swol-
len root tips (Romera et al.  1999 ). Similar to 
auxin, ethylene also induces the expression of 
FIT/FER which in turn upregulates the FRO- and 
IRT1-mediated strategy I response genes. Lingam 
et al. in  2011  identifi ed the factors ETHYLENE 
INSENSITIVE 3(EIN3) and ETHYLENE 
INSENSITIVE3-LIKE 1 (EIL1) as direct inter-
acting partners (Brumbarova et al.  2015 ) of the 
master regulator FIT, which were absolutely 
essential for full-level FIT expression under Fe 
defi ciency conditions. The  ein3 eil1  mutant tran-
scriptome was more sensitive to iron defi ciency 
as compared to wild type, though FRO2 and 
IRT1 were still induced. Also, while there was no 
signifi cant difference in FIT levels between 
mutants and wild type under Fe suffi ciency, FIT 
levels were nearly halved in the mutants in 
Fe-starved conditions. This demonstrated that 
EIN3/EIL1 is positive regulators of the Fe defi -
ciency response. The application of aminoe-
thoxyvinylglycine (an ethylene synthesis 
inhibitor), in planta, reduces FIT levels of  ein3 
eil1  mutants, while adding a protease inhibitor 
MG132 restored FIT levels. This led to a model 
in which interaction with EIN3/EIL1 stabilized 
molecule the FIT protein by stalling its turnover 
by proteasomal degradation and thus allowing it 
to induce its downstream effectors FRO2 and 
IRT1 (Lingam et al.  2011 ). 

 The effects of ethylene have not been demon-
strated in any strategy 2 plant other than rice so 
far, utilizing both strategies 1 and 2. Here also, 
ethylene production was induced under iron defi -
ciency, and the exogenously applied synthetic 
ethylene analogue aminocyclopropane (ACC) 
could impart tolerance to Fe defi ciency (Wu et al. 
 2010 ). The transcripts of OsNAS1/2, OsIRO2, 
OsYSL15, and OsIRT1 were elevated suggesting 
positive effect of ethylene on members of both 
the strategies. IDEF1 also is slightly induced 
upon the application of ACC, while the promot-
ers of OsIRO2, EILs, and EREBPs (ethylene 
response element-binding proteins) contain eth-
ylene cis-acting elements, suggesting that they 
probably be infl uenced by ethylene. 

 Nitric oxide is also a positive regulator of the 
iron defi ciency response, in that it controls lateral 

root formation and may stabilize FIT (Correa- 
Aragunde et al.  2004 ). Exogenous NO applica-
tion induces FER, FRO2, and IRT1, while NO 
inhibitors decrease the same. However, supplying 
proteasome inhibitors to these plants reverses the 
effect of the NO inhibitors, thus indicating a 
probable proteasome-mediated action of NO 
(Méndez-Bravo et al.  2010 ). Reports suggest that 
auxin acts upstream of NO (Chen et al.  2010 ), 
while NO and ethylene produce a convergent 
mode of action as they upregulate similar sets of 
genes under Fe defi ciency (García et al.  2010 ). 

 Further, negative regulators for the defi ciency 
response, cytokinin and jasmonate, have also 
been investigated. Cytokinins have been reported 
to downregulate genes at the root level, i.e., IRT1, 
FRO2, and FIT, irrespective of the Fe status of 
the plant (Séguéla et al.  2008 ). However, they 
don’t require FIT for this suppression but the 
cytokinin receptors CRE1 and AHK3 are essen-
tial. Also, it has been proposed that cytokinins 
mediate their roles via root growth suppression 
because cytokinin treatment inhibits primary root 
elongation (García et al.  2011 ). 

 Jasmonate is an oxylipin derivative and a plant 
hormone involved in systemic signaling path-
ways in response to abiotic and biotic stress (e.g., 
UV, wounding, and pathogen attack) (Wasternack 
 2007 ; Bari and Jones  2009 ). Through studies on 
the jasmonate-insensitive mutant  jar1-1 and the 
application of the lipoxygenase inhibitor ibupro-
fen, it has been implicated as a negative regulator 
in the Fe defi ciency response. Like cytokinins, 
upon the application of exogenous methyl jasmo-
nate, it downregulates FIT, FRO, and IRT1 but 
does not seem to act via FIT. However it may act 
to fi ne-tune the defi ciency response rather than 
systemically downregulating it, because it is not 
required for shoot signaling of Fe suffi ciency to 
the roots (Maurer et al.  2011 ).  

20.4.3     Which Strategy Used When? 

 From the viewpoint of the plant, strategy I is not 
as advantageous as strategy II because of the 
inhibitory effect of high pH on FRO2 reductase 
and auto-oxidation of ferrous ions (Römheld 
 1987 ). Strategy II is less affected by pH vagaries 

P. Patel et al.



317

and can grow effi ciently even in calcareous soils. 
Grasses are hence more resistant to iron defi -
ciency than strategy I plants (Römheld  1987 ). It 
is also highly specifi c for iron uptake from phyto-
siderophores and does not utilize microbial sid-
erophores (Römheld and Marschner  1986 ). 
Unlike other plants, which are constrained in the 
kind of strategy they use, experimental results 
suggest that rice can use both the approaches 
(Ishimaru et al.  2006 ). Although, rice is a grami-
naceous plant, the shallow roots are not very effi -
cient in secreting phytosiderophores (Mori et al. 
 1991 ) unlike barley, and hence young rice plants 
are highly vulnerable to iron defi ciency. However, 
under the anoxic conditions in the paddy fi eld in 
which iron exists predominantly as ferrous forms, 
strategy I predominates. It’s not clear if this pro-
vides an evolutionary advantage to the rice sys-
tem, but it probably helps it to take both the forms 
of iron from rhizosphere and then change their 
oxidation states within the cell when needed. 
This might hint at the possibility of soil condi-
tions dictating the kind of strategy plants use to 
survive under Fe-defi cient conditions. 

 Qualitative and quantitative differences in the 
strategy of Fe uptake exist within and between 
plant species. Even among plants following the 
same strategy, there are intensity variations in the 
response to iron defi ciency (Römheld  1987 ). 
Regarding banana, the authors have found 
through homology searches that banana pos-
sesses homologues of both strategy I and II play-
ers. However, which strategy is activated may in 
all likelihood depend on soil conditions (Kokot 
and Phuong  1999 ). Unlike  Arabidopsis , banana 
is as yet not a thoroughly investigated plant 
because of the attendant diffi culties as mentioned 
earlier. The genome of  Musa acuminata  was 
(D’Hont et al.  2012 ) released only as recently as 
2012 and the draft genome of  Musa balbisiana  in 
2013 (Davey et al.  2013 ). Also, there are very few 
crystal structures of  Musa  proteins deposited in 
the Protein Data Bank, and there is no crystal 
structure for any of the genes involved in iron 
homeostasis in banana. Therefore, the authors 
have made an attempt here to predict the phylog-
eny of the major transcriptional regulators of the 
iron acquisition strategies using MEGA6.0 soft-

ware (Tamura et al.  2013 ). Upon homology 
search, it is seen that  AtPOPEYE  and  AtFIT  have 
homologues in banana with signifi cant query 
coverage. Phylogenetic relationship of these two 
sequences with other plant species has been 
depicted below (Figs.  20.3  and  20.4 ).

20.5          Translocation of Iron 
from Root to Shoot 
and Whole Plant 

 Iron is a double-edged sword in terms of its  func-
tion and toxicity  ; this calls for tight regulation of 
the iron transport system. Iron requirements for 
plants are generally in the range 10 −4 –10 −8 M, but 
only 10 −17  M is available at pH 7 (Mori  1999 ). 
While strategy 1 and strategy 2 mechanisms are 
quite distinct in roots of their respective plants, 
the aerial parts commonly use homologues of 
cross-strategies to achieve the intracellular 
homeostatic levels of iron. This hints at the merg-
ing boundaries of the two strategies with the 
advent of voluminous data coming from genomic, 
transcriptomic, and proteomic studies. 

 Iron is fi rst taken from soil and travels through 
apoplastic and symplastic routes (Eddings and 
Brown  1967 ) through the root cellular layers. 
From here, it makes its way into the aerial parts 
via the xylem to the phloem and fi nally into the 
sink tissues – fruit and seeds (Kim and Guerinot 
 2007 ). In addition, Fe may also be retro- 
transported from senescing tissue to young and 
juvenile tissues coordinated by members of the 
NAC TF family (Ricachenevsky et al.  2013 ). In 
brief, Fe is transported through the plant as 
follows. 

 It enters the root epidermis through the con-
certed action of IRT1 and FRO2 (strategy 1) or as 
PS complexes taken up by TOM transporters 
(strategy 2). In the cell it exists as Fe +2 complexed 
with unknown chelators. The movement between 
root cell layers to the stele is via the symplast, as 
the endodermis prevents apoplastic leakage 
because of the hydrophobic Casparian strip 
(Kobayashi and Nishizawa  2012 ). At this point, 
there are two pathways: one for the effl ux of 
 chelators and the other for the effl ux of the Fe 
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ion. The multidrug and toxin effl ux transporter 
FRD3 transports citrate into the xylem (Rogers 
and Guerinot  2002 ; Durrett et al.  2007 ) as evi-
denced by chlorotic frd-3 plants which accumu-
lated less shoot ferric but could be rescued by 
supplying exogenous citrate. As for the transport 

of Fe into the xylem, the most likely exporter for 
this is the  Arabidopsis  ferroportin 1/iron-regu-
lated 1 (FPN1/IREG1) protein, homologous to 
mammalian FPN1 and expressed in the stele 
(Morrissey et al.  2009 ). 

  Fig. 20.3     Phylogenetic 
relationship   of  Musa bHLH47  
(putative POPEYE) with other 
closely related POPEYE 
sequences with Bootstrap test 
(10,000 replicates) was 
generated using Clustal 
Omega, and the evolutionary 
analyses were conducted in 
MEGA6 using neighbor- 
joining method (Tamura et al. 
 2013 )       
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 The transpiration stream carries the chelated 
Fe +3  into the source tissue (leaf). At the acidic pH 
(5.5) of the xylem, Fe +3  is better chelated by 
citrate (Rellán-Álvarez et al.  2010a ,  b ). 
Intercellularly, iron is off-loaded from the com-
plex and remains in oxidized form. Such precipi-
tated apoplastic Fe is also precious and is 
salvaged by complexation with phenolics such as 
protocatechuic acid and caffeic acid, secreted 
into the xylem by the PHENOLICS EFFLUX 
ZERO (PEZ) transporter (Bashir et al.  2011a ). 
This transporter was originally discovered in rice 

through a mutant defi cient in xylem phenolics 
and is expressed on the plasma membrane in root 
tips and leaf mesophyll and vasculature. A num-
ber of reducing agents like ascorbate, light, as 
well as membrane FRO homologues (FRO6) 
(Brüggemann et al.  1993 ; Feng et al.  2006 ; Jeong 
and Connolly  2009 ) reduce Fe +3  to Fe +2 , and in 
this form it is transported into the mesophyll cells 
by a member of the IRT family. First discovered 
in an  Arabidopsis halleri  Zn hyperaccumulator, 
 At IRT3 seems to be a potential candidate because 
it is highly expressed in the xylem and mesophyll 

  Fig. 20.4     Phylogenetic 
relationship   of  MusaFER- 
LIKE IRON DEFICIENCY- 
INDUCED TRANSCRIPTION 
FACTOR  (putative FIT) with 
other closely related FIT 
sequences with Bootstrap test 
(10,000 replicates) was 
generated using Clustal 
Omega, and the evolutionary 
analyses were conducted in 
MEGA6 using neighbor- 
joining method (Tamura et al. 
 2013 )       
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cells (Lin et al.  2009 ) and mediates both Fe and 
Zn uptake into  Arabidopsis.  Once inside, Fe 
moves passively between cells through plasmo-
desmata as Fe +2  complexed with the non- 
proteinaceous amino acid nicotianamine 
(Takahashi et al.  2003 ). Any Fe +2 -NA complexes 
formed in the apoplast are taken up by cells 
through the members of the YSL transporter fam-
ily described earlier. Once thought to be specifi c 
to strategy II plants only, they are now also known 
to translocate Fe across tissues like vasculature, 
phloem, seed (Ishimaru et al.  2010 ), and repro-
ductive tissues such as the pollen tube and phloem 
of lamina joints (Aoyama et al.  2009 ) in both 
dicots and non-graminaceous monocots 
(reviewed by Curie et al.  2009 ). In fact 
 Arabidopsis ysl1ysl3  double mutants are defec-
tive in reproduction as these transporters are 
required for fertility and normal seed loading 
(Chu et al.  2010 ). These also mediate xylem-to- 
phloem translocation of this iron complex, e.g., 
OsYSL2 (Koike et al.  2004 ) and OsYSL15 in 
phloem transport of iron to seeds, fl owers, and 
scutellar epithelial cells (Inoue et al.  2009 ). The 
phloem pH is alkaline (pH 7.5) which favors the 
formation of Fe-NA complexes. 

 For recirculation of iron through the phloem 
cells, the membrane oligopeptide transporter 
OPT3 has been implicated in the movement of 
iron. Related to YSLs, OPT3 is essential for the 
mobilization of Fe from leaves via the phloem 
and redistribution of Fe, Zn, and Cd in the plant 
(Zhai et al.  2014 ; Mendoza-Cózatl et al.  2014 ). 
However the identity of the chelate it transports is 
unknown.  opt3  mutants are embryo lethal, and 
 opt3  knockdown plants exhibit constitutive Fe 
defi ciency response, hyperaccumulating Fe in 
leaves. In all this movement, pH plays a pivotal 
role in determining the stability and direction in 
which the complexes are mobilized. 

 Fe from the  phloem  , i.e., from the sieve tube, 
is remobilized and distributed through both the 
apoplast and the symplast. Another protein which 
is upregulated in Fe defi ciency is the OPT7 trans-
porter of rice, expressed in the shoot, root tips, 
and vascular tissue of roots. As yet its function 
has yet not been identifi ed, for neither does it res-
cue the yeast  fet3fet4  mutant nor does it transport 

Fe III-DMA or Fe II-NA in frog oocytes. However 
in  opt7  knockouts, the Fe defi ciency response is 
permanently heightened, though there are high 
iron and ferritin levels in shoot tissues, thus 
refl ecting apparent iron starvation because of 
impairment of physiological availability of iron 
(Bashir et al.  2015 ). Conversely overexpressing 
OPT7 plants show comparable levels of iron as 
control, without any observable phenotypic 
changes. 

  Iron Translocation to Sink     Seed iron comes from 
xylem and phloem sources (Grillet et al.  2013 ). 
Xylem sources are the transpiration stream which 
carries ferric citrate, while the phloem mainly 
gains its iron from remobilization of stores in 
aging leaves. Waters and Grusak in 2008 esti-
mated 60–70 % of seed iron to be of xylem ori-
gin, while 30–40 % is phloem imported. Members 
of the NAC transcription factor family are upreg-
ulated in both abiotic and biotic stress (reviewed 
by Ricachenevsky et al.  2013 ). They are also 
responsible for reverse loading of Fe from vege-
tative tissues into grain as demonstrated for wheat 
(Uauy et al.  2006 ; Waters et al.  2009 ), where the 
NAM-B1 locus was identifi ed as a QTL associ-
ated with increased grain protein, iron, and zinc. 
In order to ensure the safe accumulation of iron 
in sinks and other tissues, the role of the vacuole 
cannot be understated (Lanquar et al.  2005 ). It 
acts as a storehouse of available Fe which is used 
by developing seedlings until Fe uptake systems 
are well established. In this regard the vacuolar 
iron transporter (VIT1) shuttles iron into the vac-
uole from the cytosol (Kim et al.  2006 ). The  vit1  
mutant has disrupted Fe localization around the 
provascular tissue, and seedlings develop poorly, 
though overall iron content is not altered. 
Overexpression of VIT1 in cassava under the 
patatin promoter increased the iron content of 
cassava storage roots. But it also led to inter-
veinal chlorosis of young leaves and lowered iron 
content in them, while there was a high concen-
tration of iron in the stem tissue. This suggested 
that iron homeostasis was altered between the 
root and shoot (Narayanan et al.  2015 ). 
Conversely, the natural resistance-associated 
macrophage proteins,  At NRAMP3 and 
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 At NRAMP4, transport Fe out of the vacuole. 
NRAMPs were fi rst identifi ed in humans as the 
NRAMP2/DMT1 transporter in the gut. 
 nramp3nramp4  double mutants show unhealthy 
seedlings on Fe-defi cient soil though seed iron 
levels are the same as wild-type seeds. These 
plants are not able to mobilize Fe from vacuolar 
globoids under Fe defi ciency but are completely 
rescued upon supplying them iron, confi rming 
the indispensability of these transporters in 
allowing utilization of vacuolar resources. The 
chloroplast and mitochondria are also hubs of Fe 
activity due to its role in the photosynthetic and 
respiratory pathways, respectively, and hence 
also the most vulnerable to oxidative damage. A 
brief summary of the iron uptake and homeosta-
sis pathways is presented below.  

  Chloroplasts     Iron is required in the  photosys-
tems   PSI and PSII (12 atoms of Fe per mono-
mer), the cytochrome  b   6   f , and the ferredoxins. It 
is also a component of the FeSOD enzyme which 
detoxifi es superoxide radicals. The enzyme 
which synthesizes chlorophyll from 
Mg-protoporphyrin IX has a diiron catalytic cen-
ter, and Fe defi ciency may thus affect chlorophyll 
synthesis, causing chlorosis. In all, 80–90 % of 
 cellula  r iron is chloroplastic (reviewed by Nouet 
et al.  2011 ).  

 When plants encounter below-optimal  iron   
and high light, the electron transfer chain in 
both chloroplasts and mitochondria is unable to 
mediate safe passage of electrons through the 
chain. This leads to uncontrolled electron reac-
tivity which creates free radicals from oxygen, 
in turn creating toxic tetrapyrrole intermediates 
as well as damaged proteins, lipids, and carbo-
hydrates. Accordingly, Fe defi ciency leads to a 
decrease in all photosynthetic proteins (Calvin 
cycle enzymes, plastocyanin, etc.) in 
 Chlamydomonas reinhardtii  (Hsieh et al.  2013 ), 
while in plants, the relative amounts of electron 
transfer complexes were reduced and carbon-
linked reaction proteins increased as determined 
from the chloroplast proteome of sugar beet 
exposed to Fe defi ciency (Andaluz et al.  2006 ). 

In response to Fe defi ciency, barley, a tolerant 
crop, modifi es its chloroplastic PSII system, by 
altering the levels of the monomer of Lhcb1 
protein. This light- harvesting complex protein 
is essential for thermal dissipation of excitation 
energy (non-photosynthetic quenching) (Saito 
et al.  2010 ), and though the plants are chlorotic, 
they can survive long-term Fe defi ciency. 

 The PERMEASE IN CHLOROPLASTS 
(PIC), originally called Tic21, a member of the 
protein translocon family (Teng et al.  2006 ), 
functions as a permease in the chloroplastic 
membrane.  Pic  knockout plants are chlorotic and 
have the same amount of leaf iron as wild type, 
but it is sequestered by increased levels of ferritin 
and is thus unutilized. This leads to poor chloro-
plast development and no thylakoids, as well as 
decrease in root IRT1. The evidence implicates 
an iron allocative role for PIC beyond that of pro-
tein translocation (Duy et al.  2007 ) and also that 
the chloroplast can act as a signaling medium to 
communicate the iron status of the shoot to the 
root. Similar to the other family members, FRO7 
is a ferric chelate reductase in the chloroplast 
membrane which reduces Fe +3  and allows its uti-
lization by the organelle. Plants knocked out for 
 fro7  are chlorotic and die on alkaline soils, but 
can be rescued by watering with high amounts of 
soluble Fe. In addition the chloroplasts have 
reduced iron and ferric chelate reductase activity 
(Jeong et al.  2008 ). This demonstrated that the 
organelle is capable of using both forms of Fe 
and a substantial proportion is from ferric iron. 
To avoid toxicity due to free iron, the chloroplas-
tic ferritins ( At FER1,  At FER2,  At FER3, and 
 At FER4) sequester iron. Only FER2 is found in 
seeds and is not regulated by Fe, while FER1 and 
FER3 are induced by iron excess (Petit et al. 
 2001 ). Ferritins do not constitute the main iron 
source for seedling germination and photosyn-
thesis machinery. However, the triple mutant  fer-
1fer3fer4  has high free-radical levels and shows 
altered fl ower development, with iron mis- 
accumulation in reproductive organs and deregu-
lated  metal   homeostasis between the stem and 
fl ower, besides elevated antioxidant mechanisms 
(Ravet et al.  2009 ). Taken together, ferritins, 
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therefore, are oxidative protectants and may con-
stitute part of the stem-fl ower iron signaling. 

  Mitochondria     Iron is integral  to   the respiratory 
complexes I–IV as Fe-S clusters and heme, alter-
native oxidase, biotin synthase, and ferredoxins 
(reviewed by Nouet et al.  2011 ). Besides causing 
structural alterations in mitochondria (Vigani 
et al.  2009 ), iron defi ciency decreases energy 
production and respiratory rate because the com-
plexes are downregulated and heightens glyco-
lytic and pentose phosphate pathways (Vigani 
and Zocchi  2009 ). However, NADPH oxidation 
still continues unimpaired because of the induc-
tion of alternative dehydrogenases (Vigani and 
Zocchi  2010 ). This is probably to ensure avail-
ability of ATP and reducing equivalents for pro-
ton extrusion and FRO activity in the Fe 
defi ciency response (reviewed by Nouet et al. 
 2011 ).  

 The mitochondrial carrier family (MCF) 
member called mitochondrial iron transporter 
(MIT) in rice mediates iron uptake in the mito-
chondrion. Its orthologs are found in yeast, mam-
mals, and zebra fi sh. MITs are required for proper 
seedling growth because knockout mutants are 
embryo lethal, while knockdown mutants have 
poor growth, fertility, and yield together with dis-
turbed Fe regulation and less iron in the mito-
chondrion than wild type (Bashir et al.  2011a ,  b ). 
In these plants, the VIT1 transporter is upregu-
lated, suggesting that iron is being diverted to 
vacuoles for safety. Also, loss of MIT1 causes 
decrease in Fe-S clusters and the aconitase 
enzyme activity. As in the chloroplast, the local-
ization of  At FRO3 and  At FRO8 in the mitochon-
drion suggests their involvement in the utilization 
of ferric iron by  this   organelle (reviewed by Jeong 
and Connolly  2009 ; Jain and Connolly  2013 ).  

20.6      Iron Biofortifi cation 
in Different Crops 

 In recent times  genome sequencing   of various 
plants has unveiled many genes in iron homeosta-
sis. The genes related to iron metabolism have 

been overexpressed in both model and commer-
cially important plants to understand their distri-
bution, spatiotemporal expression, and functions. 
The table below provides a crisp gist of the major 
candidates used in these studies (Table  20.2 ).

   The  pleiotropic effects   of Fe defi ciency have 
been well characterized by transcriptome studies 
in  Arabidopsis  root and leaf. The data suggests 
maximum changes in the stele of the root and 
other changes which correlate well at both tran-
script and protein levels as briefed before in the 
case of POPEYE. Enzymes involved in tetrapyr-
role synthesis and chlorophyll conversion from  b  
to  a  were downregulated in Fe-defi cient leaves, 
while xanthophyll biosynthesis was upregulated, 
possibly conferring protection from oxidative 
stress due to toxic tetrapyrrole intermediates. 
Interestingly, the composition of ribosomes was 
differentially altered in both sets of transcrip-
tomes, in an organ-specifi c manner. In leaves, 
proteins belonging to the large subunit were 
downregulated, while in roots, it was true for 
those of the small subunit. Also, topological 
changes in the root are observed such as increased 
root length (Müller and Schmidt  2004 ), swelling 
of root tips, and extensive branching (Schmidt 
 1999 ) along with the increase in ribofl avin 
amounts. Proteomic responses to iron defi ciency 
have also been investigated in plants. In wild- 
type tomato challenged with Fe defi ciency (Li 
et al.  2008 ), the proteome revealed upregulated 
starch degradation, elevated TCA cycle, and 
enhanced ascorbate cycling. This was accompa-
nied by decrease in sucrose and glucan metabo-
lism. The authors propose that the increased 
demand for iron under defi ciency conditions may 
lead to starch breakdown in the face of lowered 
photosynthesis, to continue to provide energy via 
the TCA cycle and ascorbate for antioxidant pro-
tection. The TCA cycle also provides abundant 
organic acids (citrate, malate), which are 
employed by the plant to chelate iron both within 
the xylem and as extrusions from the root. 
Methionine cycle enzymes were also upregu-
lated; pointing to an increased requirement for 
nicotianamine which complexed with Fe-II trans-
ports it through the phloem into source and sink 
tissues. Heat shock chaperonins were also 
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   Table 20.2     Genes   involved in iron homeostasis   

 Gene  Plant  Function  References 

 IRT1/2   Arabidopsis (functional 
complementation in yeast)  

 Fe +2  uptake in roots  Vert et al. ( 2002 ) and 
Korshunova et al. 
( 1999 ) 

 Vert et al. ( 2001 ,  2009 ) 

  IRT3     Arabidopsis (functional 
complementation in yeast)  

 Fe +2 /Zn +2  transporter for uptake 
in root and shoot 

 Lin et al. ( 2009 ) 

 FRO2   Arabidopsis   Ferric chelate reductase for 
iron uptake in roots 

 Robinson et al. ( 1999 ) 
and Connolly et al. 
( 2003 ) 

 AHA PUMP   Arabidopsis , cucumber  Proton extrusion from roots to 
acidify rhizosphere and 
solubilize Fe 

 Santi et al. ( 2005 ) and 
Santi and Schmidt 
( 2008 ) 

 PEZ  Rice  Effl ux of protocatechuic acid 
from strategy I plant roots to 
chelate iron 

 Bashir et al. ( 2011a ) 

 POPEYE   Arabidopsis   Negative regulation of iron 
homeostasis genes 

 Long et al. ( 2010 ) 

 FIT/FER  Tomato,  Arabidopsis   Positive regulator of the Fe 
defi ciency response 

 Ling et al. ( 2002 ) and 
Yuan et al. ( 2005 ) 

 NAS  Rice, barley  Synthesis of NA a metal 
chelator for phloem transport 
of iron and other metals 

 Ling et al. ( 1999 ), 
Higuchi et al. ( 1999 ), 
and Inoue et al. ( 2003 ) 

  NAAT    Rice, barley  Oxidative deamination of NA 
to produce mugeneic acid 
(MA) 

 Takahashi et al. ( 1999 ) 
and Inoue et al. ( 2008 ) 

 DMAS  Rice, barley, wheat, maize  Reduction of MA to give 
DMAs 

 Bashir et al. ( 2006 ) 

 IDS2, IDS3  Barley  Dioxygenases in 
phytosiderophore synthesis act 
upon DMA and epihydroxy 
DMA 

 Nakanishi et al. ( 2000 ) 

 TOM1  Rice, barley  Effl uxer of PS in graminaceous 
plants 

 Nozoye et al. ( 2011 ) 

 YS1/YSL  Maize (YS1), rice (YSL)  Uptake of Fe +3 -PS chelates 
from soil 

 von Wirén et al. ( 1994 ) 
and Curie et al. ( 2001 ) 

 IRO 2  Rice  Positive regulator of iron 
homeostasis genes 

 Ogo et al. ( 2006 ,  2007 , 
 2011 ) 

 IDEF1, IDEF2  Rice  Positive regulator of iron 
homeostasis genes and late 
embryogenesis-abundant 
proteins, in early and late 
phase of response, respectively 

 Kobayashi et al. ( 2007 , 
 2009 ,  2012 ) and Ogo 
et al. ( 2008 ) 

  IRO3    Rice  Negative regulator  Zheng et al. ( 2010 ) 

 Ferritin   Arabidopsis , tobacco, lettuce, 
rice, wheat, maize, banana, 
pineapple 

 Fe storage protein, protection 
from oxidative stress 

 Briat et al. ( 1995 ), 
Goto et al. ( 2000 ), 
Vasconcelos et al. 
( 2003 ), Drakakaki et al. 
( 2000 ,  2005 ), Kumar 
et al. ( 2011 ), and 
Mhatre et al. ( 2011 ) 

  Adapted from Kobayashi and Nishizawa ( 2012 )  
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 upregulated, presumably to aid in proper folding 
of proteins under nutrient stress. On the other 
hand, when similar analysis of the  fer  mutant 
roots was carried out, it yielded ten extra diver-
gent proteins of most transcription factor and sig-
naling roles as well as redox enzymes, thus 
confi rming the important role of FER in the Fe 
defi ciency response (Li et al.  2008 ). 

 Similarly, Brumbarova et al. in  2008  included 
FER overexpressing lines in their comparison of 
tomato plants exposed to Fe paucity and observed 
changes in stress proteins, signaling, TCA cycle, 
glycolysis, and amino acid metabolism. It is a 
known fact that Fe defi ciency alters root architec-
ture and physiology, a fi nding confi rmed in the 
root metabolome-proteome study by Rellan 
Alvarez et al. in  2010a, b .  Sugar beet roots   sub-
jected to iron defi ciency in  hydroponics   were 
found to substantiate many of the changes seen in 
previous proteomic studies, with the inclusion of 
two novel characters: the DMRL (dimethyl-8- 
ribitylumazine) synthase and RFOs (raffi nose 
family of oligosaccharides). The DMRL synthase 
is a key enzyme in ribofl avin biosynthesis and 
required for the synthesis of the nucleotide redox 
equivalents FMN and FAD. FAD is a cofactor for 
the FRO2 reductase in the roots of strategy I 
plants like sugar beet (Robinson et al.  1999 ), and 
fl avins accumulate in roots of Fe-defi cient plants 
(Susin et al.  1993 ,  1994 ) hinting at a role in the 
management of root Fe in such plants. 
Additionally, the concentrations of raffi nose and 
galactinol were increased in these roots. These 
function in the transport and storage of carbon 
via the phloem and antioxidant function, acting 
as compatible solutes for osmoprotection that is 
needed to withstand water fl uxes because of ion 
disturbances. Thus they may represent a link in 
the signaling of Fe status of roots through the 
phloem to the aerial tissues, simultaneously serv-
ing protective roles in the root. 

 The results of such studies provide inroads 
into the complex world of interconnected path-
ways in the regulation of iron homeostasis, by 
identifying which genes change their expression 
profi le in response to fl uctuations in the metal 
supply. Traditional approaches to increasing iron 
content through transgenic means involve con-

sideration of three aspects: sequestration, trans-
port, and accumulation of iron in vacuoles of 
sinks like seed and fruits. In the former category, 
plant ferritins are among the popular candidates 
for iron biofortifi cation in different economically 
important plants. Each molecule has a capacity to 
chelate up to 4500 atoms in the core which is 
formed from the assembly of 24 subunits (Briat 
et al.  1995 ). Thus, under iron defi ciency plants 
rely upon this store of iron. Under unstressed 
conditions, ferritin levels are low but are induced 
in the presence of high iron, abscisic acid, and 
other abiotic and biotic stressors, revealing 
another essential role in the protection against 
oxidative stress (Proudhon et al.  1989 ; Deák et al. 
 1999 ). Heterologous expression studies have 
been done on  Arabidopsis , lettuce, rice, cassava, 
tobacco, wheat, and banana, using ferritin of soy-
bean origin. Overexpression of soybean ferritin 
( SoyFer ) increased Fe in transgenic leaves of 
tobacco and lettuce by 30 % and 70 %, respec-
tively. This also favored enhanced growth of the 
transgenic plants during early development 
stages (Goto et al.  2000 ). Transgenic tobacco 
transformed with  SoyFer  under 35S constitutive 
promoter not only exhibited increased iron levels 
in leaves but also created a pseudo-iron-defi cient 
condition because of heightened sequestration of 
iron, corroborated by increased ferric reductase 
activity. An advantage conferred on transgenic 
plants was the resistance to methyl viologen 
treatment as well as to pathogens (Van 
Wuytswinkel et al.  1999 ; Deák et al.  1999 ). In the 
same line of thought, Djennane et al. in  2011 , 
overexpressed pea ferritin in pear, in order to test 
whether the fruit would become resistant to fi re 
blight, caused by the pathogen  Erwinia amylov-
ora . However, they were not able to report any 
signifi cant resistance to the disease in transgenic 
plants as well as any changes in iron homeostasis 
genes. The ferritin protein also accumulated in 
young seedlings but not in dry seeds. This was 
consistent with the observations made by 
Drakakaki et al. in  2000  that under the constitu-
tive maize ubiquitin promoter, Fe levels were 
high in vegetative tissues but not in seeds. 
Overexpressing alfalfa ferritin tobacco lines 
under CaMV 35S and Rubisco small subunit 
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 promoters (Deák et al.  1999 ) had increased ferri-
tin levels in the leaves and stem. The study by 
Mhatre et al. in  2011  reported 3.6-fold and two-
fold increases in Fe and Zn, respectively, in soy-
bean ferritin overexpressing lines of pineapple. 
Similarly, the fi rst study carried out in banana, by 
Kumar et al. in  2011 , reports a sixfold increase in 
Fe and a fourfold increase in Zn levels in soybean 
ferritin overexpressing lines. 

 Overexpression of  soybean ferritin in maize 
plants   has effects on the intrinsic gene and pro-
tein levels as well as the concentrations of differ-
ent minerals. After transformation of SoyFer, 
along with the expected increase in  SoyFer , only 
NAAT1 levels were further increased, while in 
leaf samples, ferredoxin mRNA-binding levels 
were increased 6.6-fold after the introduction of 
soybean ferritin, though other endogenous 
mRNA levels were not changed. However, the 
most changes were evident in seed endosperm in 
which the 19 kDa and the 22 kDa zeins were 
reduced by eightfold each, but 27, 16, 15, and 18 
kDa genes were not affected (Kanobe et al.  2013 ). 
Also, ferredoxin, NAS3, and both maize and soy-
bean ferritin were upregulated in the seeds of 
transgenic plants. As for the metals, the Ca, Mg, 
and Fe levels in grain endosperm were found to 
be elevated, whereas the Cu, Mn, and Zn levels 
were not signifi cantly different. The authors of 
the study propose that the increased level of 
NAAT in the root may refl ect a pseudo-iron- 
defi cient condition created due to sequestration 
of iron in the endospermic ferritin core. 
Explaining the effect on ferredoxin, they hypoth-
esize that this may not be directly induced by fer-
ritin overexpression but rather due to iron itself. 
This is because ferredoxin is a 4Fe-4S cluster-
containing protein, which may be regulated by Fe 
just as ferritin is also affected by iron status. As 
for the effect on zeins, this may have happened 
because of the usage of the super gamma zein 
endosperm- specifi c promoter. This study exem-
plifi es the need to comprehensively assess the 
changes that ensue from the introduction of a 
transgene and the explicit effects on endogenous 
transcriptome and proteome. This could poten-
tially aid in the consumer acceptance and release 
of transgenic crops. 

 The scenario is different when heterologous 
expression under  endosperm-specifi c promoters   
is used. Goto et al. in  1999  reported threefold 
greater increase of Fe in seeds of transgenic rice. 
This “ferritin rice,” as they opine, would be suf-
fi cient to account for 30–50 % of the daily adult 
requirement of iron. Seconding this was a study 
by Qu et al. in  2005  where promoters of seed 
storage proteins, namely, glutelin and globulin, 
were tested for their ability to drive seed-specifi c 
and high-level expression of  SoyFer.  In their 
study of the accumulation of iron, each promoter 
alone behaved as expected accumulating higher 
iron than control in subaleurone layer and endo-
sperm respectively, but the expected additive 
effect was not seen with both promoters together 
due to possible co-suppression. Elemental imag-
ing studies such as those using X-ray synchrotron 
fl uorescence have proved valuable in depicting 
the layout of metals in the rice grain (Takahashi 
et al.  2009 ). Their study revealed iron accumula-
tion in the aleurone layer, integument, and scutel-
lum of the grain. Such tissues are lost during 
milling, necessitating the need for targeted 
approaches to increasing iron content of the 
endosperm proper, so that the benefi cial effect of 
fortifi cation is not negated. 

 Another avenue explored to increase plant 
iron levels is the usage of a metal chelator to 
facilitate iron transport within the plant. 
Nicotianamine (NA) is believed to be an iron- 
chelating agent thus maintaining iron solubility 
within the plant. Synthesized from three mole-
cules of S-adenosylmethionine (SAM) (Shojima 
et al.  1989 ), it is also the precursor for the phyto-
siderophore biosynthesis pathway (Higuchi et al. 
 1999 ; Lee et al.  2009 ). It has been shown to bind 
both ferrous and ferric ions and may probably 
serve a protective role because the Fe-NA com-
plexes are not Fenton reactive. The tomato  chlo-
ronerva  mutant (Ling et al.  1999 ) had severe 
interveinal chlorosis and a hyperactive strategy I 
iron defi ciency response, mapped to a mutation 
in the gene for nicotianamine synthase (NAS). 
The activity of NAS differs among crops (Higuchi 
et al.  2001 ), as seen in barley (Herbik et al.  1999 ) 
and rice. This gene has been cloned, purifi ed, and 
assayed in both plants, but it functions differently 

20 Biofortifi cation for Alleviating Iron Defi ciency Anemia



326

in each, the two crops being differently tolerant 
to Fe defi ciency (Von Wirén et al.  1999 ). Barley, 
the tolerant one, secretes more MAs than rice and 
thus has higher root levels of NA. Unlike in strat-
egy II plants, NAS is not upregulated in strategy 
I plants upon iron defi ciency, but is all the same, 
required for both types of responses to function 
normally. Transferring the NAAT gene from bar-
ley into tobacco (a strategy I plant which does not 
produce MAs) consumed endogenous NA, mak-
ing the transgenic tobacco develop interveinal 
chlorosis and sterile abnormal fl owers, pointing 
to the importance of this polyamine in intercel-
lular metal transport (Masuda et al.  2012 ). 

 Rice OsNAS1, OsNAS2, and OsNAS3 are 
three genes with  functional and expression pat-
tern   differences (Inoue et al.  2003 ). NAS1 and 2 
are mainly expressed in root stele in Fe replete 
conditions, with widening expression throughout 
the root and shoot when challenged with defi -
ciency (Wirth et al.  2009 ). On the other hand, 
NAS3 is expressed in shoots under suffi ciency 
and changes to a root-specifi c pattern under defi -
ciency (Takahashi et al.  2003 ). This probably 
refl ects the variable requirements of the shoot 
and root in defi cient and suffi cient conditions. 
These genes were independently constitutively 
overexpressed (Johnson et al.  2011 ) in the plant, 
and the expression of OsNAS2 altered the distri-
bution of Fe in the grain as compared to WT. 

20.6.1     Combinatorial Strategy 
Approach for Increasing Iron 
Content 

 From overexpression of single genes, the focus 
today is to use combinations of genes to obtain, 
store, and channelize the iron in the plant system. 
Goto et al. in  1999  suggest that in order to obtain 
a higher level of iron, co-expressing ferric reduc-
tase and ferritin will aid in effective uptake of 
iron from root level and storage, respectively. 
This therefore makes this strategy more effective 
than expression of ferritin alone. 

 Upon treating ferric salts with dietary extracts 
of beef, egg albumin, and organic acids like 
ascorbate, it was found that meat extracts and 
ascorbate imparted higher bioavailability to iron 
by increasing the proportion of ferrous form of 
iron (Kapsokefalou and Miller  1991 ). Another 
study indicated an inverse correlation between 
iron absorption and phytic acid content in cereals 
studied by Cook et al.  1997 . Previous studies on 
phytase of  Aspergillus niger  have revealed its 
ability to increase bioavailability of Fe, when 
added to wheat rolls, through its degradative 
activity on the antinutrient phytic acid (Sandberg 
et al.  1996 ). Lucca et al. in  2001a ,  b  integrated 
these concepts with the conventional overexpres-
sion of ferritin alone and obtained a higher iron 
level in rice grains. 

 The combined and targeted expression of 
 Pvferritin ,  AtNAS1 , and  Afphytase  in rice endo-
sperm was studied, and a sixfold increase in iron 
content in the endosperm of transgenic rice plants 
was obtained. Drakakaki et al. in  2005  also over-
expressed phytase, alone or in combination with 
ferritin in maize, and obtained signifi cant levels 
of iron in seeds as well as better bioavailability as 
measured by in vitro digestibility studies. 
Pleiotropic effects due to integrated genes were 
found to be nil as there was no observable differ-
ence in manganese and other cation levels of con-
trol and transgenic plants (Wirth et al.  2009 ). 

 Three  iron homeostasis genes   working at three 
different levels were introduced by Masuda et al. 
in  2012  who found it to be a more effective strat-
egy to increase iron in the endosperm by targeted 
overexpression. The genes they used were ferritin 
under endosperm-specifi c promoter, increased 
translocation was achieved by overexpression of 
nicotianamine, and the iron fl ux was diverted into 
the endosperm by overexpression of nicoti-
anamine transporter OsYSL2 put under 
endosperm- specifi c promoter and sucrose trans-
porter promoter. Drawing upon the ideology of 
Lucca et al. ( 2001a ,  b ), Wirth et al. ( 2009 ) over-
expressed  AtNAS ,  Pvferritin , and  Afphytase  in 
rice. The latter two genes were under the control 
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of endosperm-specifi c globulin promoter, while 
NAS was constitutively expressed under the 
CaMV 35S promoter throughout the plant. They 
obtained up to sixfold increase in iron content of 
the transgenic endosperms as well as increased 
zinc, but no effects on other divalent metal ions. 

 Banana is increasingly fi nding importance as 
an experimental crop for  transgenic studies  . Sagi 
et al., in  1995 , fi rst reported the transformation of 
banana with the beta-glucuronidase gene by par-
ticle bombardment (Becker et al.  2000 ) of 
embryogenic suspension cells (ECS). 
Subsequently, various parts of the plant such as 
suckers, shoot tips, and ECS are generated from 
male fl ower buds in conjunction with other meth-
ods such as  Agrobacterium -mediated transforma-
tion (Ganapathi et al.  2001 ; Khanna et al.  2004 ; 
Sreeramanan et al.  2006 ; Subramanyam et al. 
 2011 ) have been tested with success. Transgenic 
banana resistant to various biotic and abiotic 
stress conditions (Shekhawat et al.  2011 ; 
Shekhawat and Ganapathi  2013 ; Wairegi et al. 
 2010 ; Ndungo et al.  2006 ; Studholme et al.  2010 ) 
has been developed. Also, an attempt to express 
hepatitis B surface antigen in banana for the pur-
pose of edible vaccine production is evident from 
the study by Kumar et al. in  2005 . As far as nutri-
tion is concerned, Kumar et al. in  2011  fi rst 
reported the iron biofortifi cation of banana using 
soybean ferritin (SF) transformed into the 
Rasthali (AAB) cultivar of banana. They cloned 
the gene into the modifi ed expression binary vec-
tor pBI121 under two promoters: a constitutive 
ubiquitin promoter of  Arabidopsis  (pSF) and an 
inducible ethylene-forming enzyme promoter (of 
the gene aminocyclopropane-1-carboxylic acid 
oxidase) (pEFE-SF). Both constructs were intro-
duced into banana embryogenic cell suspensions 
via  Agrobacterium -mediated transformation, and 
embryos were placed on successive rounds of 
selection on geneticin. Successfully regenerated 
plantlets were hardened in the greenhouse and 
leaves tested for Fe and Zn levels by atomic 
absorption spectroscopy. A dramatic increase in 
iron of up to 667 ug/g in the pSF plants and up to 
264 ug/g in pEFE-SF plants was observed. Zinc 
levels were also correspondingly increased. 
These amounted to a sixfold increase of Fe and a 

4.6-fold increase in Zn, respectively, in plants 
constitutively expressing SF. The increase, 
though to a smaller extent, was also observed in 
pEFE-SF expressing lines and possibly could be 
due to a difference in promoter strength. Although 
fruit levels of Fe and Zn remain to be analyzed, 
this study also brings to light the potential of 
inducible promoters such as EFE, to restrict 
expression to fruit and thus prevent unwanted 
development and growth defects in the whole 
plant due to the transgene. Elsewhere, micronu-
trient biofortifi cation of banana is underway with 
fi eld trials of vitamin A- and iron-biofortifi ed 
banana showing promising results (Mlalazi et al. 
 2012 ; Waltz  2014 ).   

20.7     Conclusion 

 Though various strategies have been worked out 
to increase micronutrient contents especially iron 
and zinc in food crops, the results obtained so far 
may not be enough to alleviate micronutrient 
defi ciency. Among the different experimental 
crops tried for this purpose, banana seems to be 
an attractive choice as mentioned earlier. As 
described above in a preliminary report by Kumar 
et al. ( 2011 ) who described the development of 
transgenic banana plants overexpressing soybean 
ferritin gene and reported a 6.32-fold increase of 
iron in the leaves of transgenic banana plants. If 
such an increase can be obtained in the fruits, the 
authors suggest that consumption of 30 g banana 
fruit per day can give required RDA of iron. 
Though it looks attractive, achieving this magni-
tude of accumulation in banana fruits is a chal-
lenge. This would require overexpression of iron 
storage genes along with strategic transporters 
under fruit-specifi c promoters like that of expan-
sin and reduction of antinutrient levels. Also, 
transgenic banana in addition to regulatory norms 
will have to pass the human consumption nutri-
tional test trials. However, Chong-Pérez et al. in 
 2013  succeeded in generating 41.7 % of marker- 
free transgenic banana plants providing hope that 
this technology in the time to come could be used 
in a widespread manner. Other technologies gain-
ing importance for genome editing of transgenic 
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plants include the usage of zinc fi nger nucleases 
(Urnov et al.  2010 ), transcription activator-like 
effector nucleases (TALEN) (Gaj et al.  2013 ), 
and the recently introduced highly specifi c CAS- 
CRISPER (Cong et al.  2013 ) technology. As 
mentioned before, bioavailability studies were 
carried out recently (García et al.  2015 ) with non- 
transgenic banana fruits, but it is essential to 
establish the same with transgenic banana fruits 
as well. Also extensive studies on different net-
works of genes and/or transcription factors con-
trolling iron chelation, absorption, and transport 
within the plant system need to be researched 
further to achieve the set target of alleviating iron 
defi ciency anemia. Toward this goal of bioforti-
fying bananas, the Department of Biotechnology, 
Government of India, through the Biotechnology 
Industry Research Assistance Council funded a 
technology transfer project from Queensland 
University of Technology, Australia, to India in a 
network project mode with fi ve Indian laborato-
ries including ours. The results of this project will 
be available in a couple of years from now. It is 
hoped that these banana plants will prove to be 
important contributors to alleviating iron defi -
ciency anemia and possibly other micronutrient 
defi ciencies as well.     
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