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Abstract
Banana is a leading global commercial fruit crop and demand for the fruit continues to grow 
due to increasing populations and the expansion of consumer markets. Despite the success of 
this tropical fruit, its production is heavily constrained by a range of abiotic and biotic stressors. 
Disease is a major contributor to crop loss as is the increasingly severe effects of climate change. 
Next- generation sequencing (NGS) is a means of comprehensive genome profiling and has 
advanced innovations for crop improvement. Traits of banana can be studied at a nucleotide 
level for trait improvement, particularly for resistance to diseases and environmental stress 
as well as improvements to postharvest fruit quality and nutrient content. NGS technologies 
continue to improve with higher resolution and reduced cost, expanding the resources and 
possibilities for developing superior fruits that have a vast range of desirable agronomic traits. 
This chapter highlights the ways in which NGS is being used to increase our understanding of 
bananas and how the technology can be utilized to improve this important crop.

1.1 Introduction

Bananas are the number one fruit crop in the world. The fruit is a staple 
in many households in tropical and subtropical parts of the world and an 
important income for many small- scale subsistence farmers in develop-
ing countries. An estimated 116 million tonnes of bananas were produced 
globally in 2019, valued at US$31 billion (FAO, 2020). There is an increas-
ing demand for this tropical fruit due to population growth in the larger 
banana- consuming countries including China, India and Brazil. There are 
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also market expansions in Europe for bananas, with populations now more 
health- conscious and aware of the nutritional benefits of the fruit (Pereira 
and Maraschin, 2015). While exports and imports are key drivers in banana 
markets, these activities account for only 15% of global banana produc-
tion, the remaining fruit being consumed locally. This demonstrates how 
important this crop is for communities. Banana production is threatened 
constantly by a range of abiotic and biotic stressors, the greatest risks being 
pests and diseases. The most devastating banana diseases include bunchy 
top, Fusarium wilt, sigatoka, bacterial Xanthomonas wilt and nematode 
pests. The combined economic losses caused by these diseases have been 
dramatic and our over- reliance on monocultures of a single banana cultivar 
in the past (for example, Gros Michel) has seen worldwide disease epidem-
ics with devastating global effects. In addition, edible cultivars are generally 
seedless and vegetatively propagated, further reducing genetic diversity and 
the potential to introgress new disease resistance traits (Perrier et al., 2011; 
Dale et al., 2017a).

Advances in biotechnology have greatly assisted in improving banana 
agronomic traits such as disease resistance and fruit quality. Crop improve-
ment has been revolutionized through an ever- increasing accessibility to 
a plant’s genome at single base resolution. Next- generation sequencing 
(NGS) has long overtaken traditional sequencing technologies, with ongoing 
improvements in sensitivity, sample turnaround times, sequencing depth 
and cost (Unamba et al., 2015). Whole- genome sequencing has allowed for 
the study of phenotypes, heritable and agronomically desirable traits for use 
in molecular breeding, and the development of transgenic and gene- edited 
plants (Bolger et  al., 2014). The evolutionary history and epidemiology of 
crops and their pathogens can be revealed through the use of molecular 
markers. Germplasm diversity can be accessed to discover novel genes for 
disease resistance. The transcriptomes of crops and their pathogens can also 
be used to dissect complex disease interactions and to identify genes that 
can be genetically manipulated for resistance. This chapter explores how 
NGS has been used to study and improve banana traits and how this has 
enhanced our understanding of banana diseases and their pests. It also pro-
vides insights into how these technologies could be utilized to develop the 
bananas of tomorrow.

1.2 Banana Traits

Cultivated Musa spp. are an extremely valued edible crop in many cultures, 
eaten raw as a dessert banana, utilized for cooking or as an ingredient to 
make beer (Tripathi et al., 2008). The bananas produced for mass consump-
tion today originated from the domestication and hybridization of two wild 
species, Musa acuminata (AA) and Musa balbisiana (BB) (Rouard et al., 2018). 
This early cultivation eventually resulted in triploid bananas which, through 
selective breeding, produced an infertile parthenocarpic (seedless) fruit. 
Flavour and texture of the fruit are two of the major traits that influence 
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consumers and nowadays thousands of different varieties are grown around 
the world. In the case of subsistence farming, preference for a particular 
banana cultivar is often driven by the cultural and ethnic backgrounds of 
the grower. For commercial farming, traits such as non- bruising, long shelf 
life and bunch weights drive preference. Sweetness is desired for a dessert 
banana; Cavendish (AAA), Gros Michel (AAA), Prata (AAB) and Rasthali 
(AAB) are dessert cultivars that are hugely popular due to their taste and 
their agronomic performance (Dale et al., 2017a). Gros Michel is a vigorous 
cultivar with a large bunch set and its fruit are flavoursome and extremely 
durable for transport. However, Gros Michel’s susceptibility to race 1 of the 
fungal pathogen of Fusarium wilt (Fusarium oxysporum f. sp. cubense) saw 
it replaced by Cavendish as the dominant export cultivar in the mid- 1900s 
(Ploetz, 2005; Ploetz et al., 2007). Cavendish is a very popular cultivar with 
farmers and consumers because its fruit has a desirable flavour and texture 
and its hardiness makes it ideal for long- distance transport (Dale et al., 2017a). 
Cavendish’s low height (2–4 m) also makes this cultivar easier to harvest 
compared with the tall Gros Michel (7 m). Rasthali is a highly popular cul-
tivar in India, grown for its sweet acid- like flavour. Farmers prefer Rasthali 
as it generates good economic returns for the fruit (Ganapathi et al., 2001). 
Likewise, the cultivar Prata is also preferred in Brazil for its sweet acidic 
fruit. Prata is a sturdy, vigorous plant with fruit that commands high prices 
for farmers and has an excellent capacity for cold storage (Ploetz et al., 2007; 
Facundo et al., 2012). Smaller ‘sugar’ bananas such as the Lady Finger (AAB, 
Pome) are favoured in the South Pacific and have been adopted into the 
Australian banana industry. According to Australian market reports, there 
is an ethnic- driven demand for these sugar bananas, encouraging farmers to 
increase production of varieties like Ducasse (AAB, Pisang Awak) (Daniells, 
2011). Bringing new alternatives into the market has the potential to increase 
profit margins for farmers. For example, in addition to its sweet taste, 
Ducasse has other desirable traits such as resistance to cold stress and black 
sigatoka (Henderson et al., 2006). However, some farmers and suppliers may 
be deterred by Ducasse’s rapid ripening and short postharvest lifespan (Zhu 
et al., 2020). Consumers and farmers of plantains or cooking bananas often 
prefer traditional cultivars that typically have large fruit sizes, good textural 
qualities and are versatile for many culinary uses (Marimo et al., 2020). These 
cooking bananas are an incredibly important staple in many developing 
countries where there is limited access to food with essential dietary nutri-
ents. While cooking bananas are rich in starches, calcium, antioxidants and 
potassium, they lack provitamin A (PVA), zinc and iron (Mohapatra et al., 
2010). Over- reliance on this staple crop has resulted in severe rates of mal-
nutrition in consuming populations. In Uganda, the East African Highland 
banana (EAHB) (AAA- EA) is an essential source of starch, however depend-
ence on this banana has resulted in acute deficiency of vitamin A. Prolonged 
vitamin A deficiency can result in night blindness, impaired immunity and 
growth retardation. One of the strategies that has been used to improve 
the nutritional quality of EAHB is to biofortify the fruit with β-carotene or 
PVA, the precursor to vitamin A in humans (Paul et al., 2018). Isolation and 
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transformation of EAHB with a phytoene synthase (MtPsy2a) gene, derived 
from the Fe’i variety Asupina (AAT), resulted in transgenic EAHB fruit with 
PVA levels 11- fold higher than normal. By profiling the phytoene synthase 
genes from Asupina and Cavendish it was observed that subtle amino acid 
differences between the gene products are likely responsible for this increase 
in PVA content (Mlalazi et al., 2012). These PVA- enhanced EAHBs are now 
undergoing multi- location field trials in Uganda and will undergo whole- 
genome sequencing with the aim to deregulate and distribute the plants to 
farmers in the near future.

While increasing nutrients in bananas is an important achievement 
for the health of consumers, farmers tend to value traits that increase the 
productivity of their crops (Schnurr et al., 2020). Traits prioritized by growers 
are the size of the banana bunch and fruit, rapid growth and transportability 
(less bruising of fruit). The Cavendish cultivar is popular in part because it 
meets all of these requirements (Dale et al., 2017a). Banana cultivars tolerant 
to abiotic stressors are also desired by farmers as reduced fruit yields are 
observed where extreme temperature, drought or salinity is prevalent (Ravi 
et al., 2013). A recent expansion of available banana differential expression 
libraries has allowed scientists to identify genes that play a role in protect-
ing the plant against severe abiotic stresses. For example, a novel dehydrin 
gene, discovered in a banana leaf cDNA library, was shown to improve 
drought and stress tolerance when overexpressed in Rasthali (Shekhawat 
et  al., 2011). Molecular breeding programmes also utilize sequencing data 
of banana genomes and transcriptomes to produce and monitor drought- 
tolerant varieties (Ravi et al., 2013; Nansamba et al., 2020). Significant crop 
loss can occur during drought, however large amounts of fruit can also be 
lost postharvest due to its short shelf life. Bananas ripen climacterically (fruit 
continue to ripen after picking), which requires refrigeration and appropriate 
harvesting techniques. This means there is a small window of opportunity 
for transportation and sale of fruit before their ripening and deterioration. 
To extend the shelf life and maximize profit, climacteric genes have been 
studied and exploited. For example, MADS- box gene transcription factors 
involved in different stages of the fruit ripening pathways have been iden-
tified and targeted for silencing in Cavendish. Using an RNA interference 
(RNAi) approach, genetically modified fruit produced no ethylene and had 
an extended shelf life of up to 14 days (Elitzur et al., 2016).

There are numerous opportunities to improve banana traits; however, 
perhaps the most important focus for banana technology and food security is 
combating disease. Disease remains one of the largest constraints to banana 
production worldwide. The seedless quality of cultivated bananas has its 
advantages and disadvantages. The sterile nature of our preferred banana 
varieties has impeded the plant’s ability to compete with its pathogens and 
maintain the genetic diversity necessary for crop resilience. Wild seed- bearing 
banana species are impractical commercially and for consumption; however, 
they are a valuable source of diversity, especially with respect to disease 
resistance. Natural resistance to bacterial wilt, Fusarium wilt and black siga-
toka does exist in M. balbisiana and subspecies of M. acuminata (burmannica 
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and malaccensis), respectively (Tripathi et al., 2008; Sánchez Timm et al., 2016; 
Ahmad et al., 2020). Mining the genomes of these resistant germplasms may 
prove useful in addressing the more imminent threats of disease.

1.3 Banana Bunchy Top Virus

Banana bunchy top virus (BBTV) is one of the most economically important 
and damaging banana diseases that afflicts the banana industry. The virus 
has seriously affected banana production in several countries, with its dis-
tribution reaching parts of Africa, Asia and the South Pacific (Jekayinoluwa 
et al., 2020). Epidemics throughout Africa and India have seen up to 80% crop 
loss, which is a substantial financial loss considering both regions are two of 
the largest banana producers in the world (FAO, 2019). The virus decimated 
the banana industry in Australia in the 1920s until a strict biosecurity control 
programme was implemented that successfully reduced the spread of the 
virus (Dale, 1987; Qazi, 2015). BBTV control strategies such as application of 
insecticides to limit insect vector spread and exclusion of potentially infected 
plantations through quarantine measures may help to control virus infesta-
tions; however, these strategies are particularly difficult to implement in less 
developed countries (Dale et al., 1992; Robson et al., 2007). BBTV is spread 
short and long distances by the black banana aphid (Pentalonia nigronervosa) 
vector and through infected plant material (Shekhawat et  al., 2012). The 
multipartite circular, single- stranded DNA (cssDNA) virus is acquired by its 
insect vector from the sap of infected bananas and is transmitted to a healthy 
banana host through the saliva during feeding (Watanabe et al., 2013). Once 
inside the host plant, the viral DNA replicates in the phloem causing chloro-
sis, dark- green streaking in leaves and petiole, dwarfing and bunching of the 
top of leaves (Dale et al., 1992) (Fig. 1.1). The life cycle of BBTV is incredibly 
complex. Over the past two decades, sequencing technologies have been 
used to elucidate the intricacies of its genome, gene expression strategies, 
replication, host interaction and transmission. Prospective solutions have 
also been explored, aided by NGS to develop BBTV- resistant cultivars.

Considering the significant impact this disease has had on the banana 
industry, comparatively little research was done on the virus until the 1980s 
(Dale et al., 1986). Virus- like particles associated with the disease were first 
isolated by Harding et al. (1991) and shown to consist of cssDNA. Later the 
complete BBTV genome was fully isolated and sequenced and proven to 
consist of six cssDNA components each encoding one major open reading 
frame with upstream TATA box and two conserved intergenic sequences, 
the common region- stem/loop (the origin of first strand synthesis for 
genome replication) and the common region- major (the origin of second 
strand synthesis) (Harding et al., 1993; Burns et al., 1995). Over time, func-
tions were attributed to each of the gene products, including the replication 
initiation protein (DNA- R), coat protein (DNA- S), movement protein (DNA- 
M), nuclear shuttle protein (DNA- N) and cell cycle- link protein (DNA- C) 
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(Beetham et  al., 1997; Wanitchakorn et  al., 2000). The function of the gene 
product encoded by DNA- U3 remains to be determined.

To date, only one molecular strategy has been assessed as a means 
of conferring resistance to BBTV in banana, that being RNAi. RNAi is a 
plant defence mechanism that can suppress plant and/or pathogen genes 
at the transcriptional or post- transcriptional level. During this process, 
small interfering RNAs (siRNAs) are used to target homologous mRNA 
for degradation via the RISC complex (Fusaro et al., 2006). An RNAi resist-
ance strategy against BBTV was adopted by Shekhawat et al. (2012) and 
Elayabalan et al. (2017) who both modified local Indian banana cultivars 
to express hairpin (hp)RNA targeting the BBTV replication gene. In both 
cases, the genetically modified plants were immune to BBTV infection 
when challenged in the glasshouse. RNAi also has the potential to control 
BBTV transmission by targeting key genes of the aphid vector. In a recent 
study by Jekayinoluwa et  al. (2021), transgenic Cavendish banana and 
plantains were regenerated capable of expressing hpRNA targeting the 
P. nigronervosa acetylcholinesterase (AChE) gene. Acetylcholinesterase is an 
essential enzyme responsible for the hydrolytic metabolism of the neuro-
transmitter acetylcholine in insects and other animals. Plants expressing 
the AChE hpRNA were shown to accumulate significantly less aphids, 
with a reduction in aphid populations ranging between 46.7 and 75.6% 
depending on the cultivar. Silencing the expression of genes involved in 
insect nutrient uptake has also proven efficacious in reducing the fecun-
dity of the green peach aphid (Myzus persicae) (Pitino et al., 2011). Bananas 

Fig. 1.1. Banana bunchy top virus- infected banana in the field.
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expressing hpRNA targeting similar aphid genes required for nutrient 
acquisition could aid in reducing BBTV spread (Jekayinoluwa et al., 2020). 
This, however, depends on a greater understanding of key genes in the P. 
nigronervosa genome required for viral transmission. Recently transcrip-
tome data of BBTV viruliferous and non- viruliferous banana aphids was 
published by Subandiyah et  al. (2020) followed by a complete genome 
assembly of P. nigronervosa published by Mathers et al. (2020). These two 
resources will greatly assist in the identification of alternative aphid gene 
targets and the development of new RNAi strategies for the control or 
eradication of BBTV.

1.4 Fusarium Wilt

One of the most current and devastating diseases affecting bananas is 
Fusarium wilt caused by F. oxysporum f. sp. cubense (Foc). Foc is a soilborne 
fungus categorized into four races depending on the cultivars they infect. 
Race 1 is the strain responsible for the decimation of cv. Gros Michel in 
Central America in the 1950s and the subsequent adoption of the resistant 
cv. Cavendish for commercial purposes. Pome (AAB), Maqueño (AAB), 
Silk (AAB) and Pisang Awak (ABB) are cultivars also affected by race 1. 
Race 2 infects cv. Bluggoe (ABB) and other cooking bananas of the same 
ABB genome. Race 3 is no longer considered to infect bananas, rather its 
relatives in the Heliconia species. The fourth strain, race 4, infects all cul-
tivars susceptible to races 1 and 2 with the addition of Cavendish (Ploetz, 
2015). Race 4 has two subspecies, tropical race 4 (TR4) and subtropical 
race 4 (STR4). Initially, race 4 was endemic to parts of South- East Asia, 
then it quickly spread to regions of the Middle East, Africa, China and 
Australia (Bubici et  al., 2019). More recently TR4 has been reported for 
the first time in north- east Colombia. This discovery has been a signifi-
cant cause for alarm considering Colombia is the fourth largest global 
banana supplier and it borders other important banana- exporting coun-
tries (García- Bastidas et al., 2020). The concern over this TR4 outbreak is 
justified. Once Foc infects a plantation, the fungal chlamydospores can 
remain in the soil for decades rendering the farm non- viable for banana 
production. Foc- infected bananas display typical external symptoms 
including leaf yellowing and stem collapse. The fungus enters the plant 
through the roots, travelling through the vascular system and colonizing 
the xylem (Pegg et  al., 2019) (Fig.  1.2). Internally, the symptoms of Foc 
infection are most evident, causing distinct reddish- brown discoloration in 
the vasculature of the pseudostem. Control measures against Foc species 
using biological control agents (competitive and endophytic bacteria) and 
chemical pesticides have been largely unsuccessful. Prevention through 
exclusion and containment of infected farms has been at the forefront of 
Foc management in Australia.

As yet, there are no identified commercial banana cultivars that have 
adequate resistance to Foc TR4. Many wild bananas have shown high 
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resistance in TR4 bioassay challenges, including Musa basjoo and Musa itin-
erans cultivars (Li et al., 2015). Subspecies of M. acuminata (malaccensis, macro-
carpa, burmannica and siamea) have also been reported as highly resistant to 
Foc races. Studies with such resistant species have provided useful insights 
towards the development of disease resistance by molecular breeding. There 
have been many studies comparing gene expression profiles in the roots, 
corm and leaves of susceptible and resistant cultivars following Foc infection. 
Those genes that are upregulated in resistant cultivars following fungal chal-
lenge may play a role in disease resistance and could potentially be utilized as 
transgenes in genetic modification (GM) overexpression strategies. In order 
to identify potential TR4 resistance genes, Zhang et  al. (2019) challenged 
the resistant Pahang (M. acuminata ssp. malaccensis variant) and susceptible 
Brazilian (Cavendish cv.) and analysed the transcriptomes of infected corms. 
Differentially expressed genes upregulated in Pahang were enriched in path-
ways involved in plant host and pathogen interaction pathways, with some 
genes constitutively expressed before infection. Enzymes found in signalling 
pathways (WRKY genes, GDSL lipase), antifungal responses (chitinase and 
polyphenol oxidase) and flavonoid biosynthesis (cytochrome P450) have 
the potential to be used as transgene candidates (Zhang et al., 2019). Similar 

(a) (b)

(c) (d)

Fig. 1.2. (a) Disease- free banana plant; (b) cross- section of a disease- free banana 
pseudostem; (c) Fusarium oxysporum f. sp. cubense (Foc) tropical race 4 (TR4)- infected 
banana plant; and (d) Foc TR4 infection in a banana pseudostem.
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transcriptomic comparisons were conducted with the TR4- resistant cultivars 
Yeuyoukang and Guijiao 9 (somaclonal variants of Cavendish cv.) and the 
susceptible Cavendish cv. Brazilian and Williams (Bai et al., 2013; Sun et al., 
2019). Genes involved in phenylpropanoid biosynthesis, jasmonic acid 
pathways and NB- LRR proteins were found to be upregulated in Guijiao 9. 
Yeuyoukang displayed activation of similar genes and those associated with 
cell- wall lignification.

Recently, transgenic Cavendish were developed with Foc TR4 resistance 
by overexpression of a nucleotide- binding/leucine- rich repeat (NB- LRR) 
gene (Dale et al., 2017b). The NB- LRR Resistance Gene Analog 2 (RGA2) was 
isolated from a Foc TR4- resistant M. acuminata ssp. malaccensis seedling 
and selected based on its high sequence similarity to documented NB- LRR 
resistance genes from tomato and melon (Peraza- Echeverria et al., 2008). The 
RGA2 gene was placed under the transcriptional control of the nopaline syn-
thase (nos) promoter and delivered into Cavendish cells by Agrobacterium- 
mediated transformation. A selected number of transgenic lines were grown 
on a TR4- infested farm in the Northern Territory of Australia for three years, 
after which one of these lines remained completely disease free. Importantly, 
resistance levels positively correlated with transgene expression levels. 
This was the first report of GM- based resistance to TR4 and the first evi-
dence of TR4 resistance in the commercially relevant cultivar, Cavendish. 
The mechanisms of resistance conferred by RGA2 is unknown. A detailed 
transcriptomic study of several transgenic lines is underway to understand 
how overexpression of RGA2 results in resistance to TR4 and possibly other 
fungal pathogens.

Profiling small RNAs (sRNAs) of Foc- infected banana cultivars using deep 
sequencing has also proven to be a useful strategy to better understand the 
pathogenesis of Foc race 1 and TR4. SRNAs are known to be involved in the 
regulation of plant disease responses by inducing post- transcriptional and 
transcriptional gene silencing. Specific micro- RNA (miRNA) families have been 
shown to play a role in plant defence against Foc TR4. In a study by Fei et al. 
(2019), miR156, miR159 and miR166 occurred in high abundance in Cavendish 
after Foc TR4 infection. However, Cavendish infected with Foc race 1 showed 
little variation in miRNA profiles. The authors proposed that this could be a 
defence response to limit Foc infection as miR159 and miR166 are involved in 
defence pathways mediated by abscisic and salicylic acids. It is also possible 
that these genes may have enabled Foc TR4 infection as Cavendish is suscep-
tible to Foc TR4 and resistant to Foc race 1. Expression studies such as these 
provide useful resources for researchers to understand the regulatory processes 
involved during banana–Foc interaction and provide valuable resources for 
developing Foc- resistant bananas via RNAi- based strategies.

1.5 Sigatoka

The sigatoka complex is described as one of the most destructive foliar 
pathogens of banana cultivation worldwide (Arango Isaza et  al., 2016). 
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The disease complex is formed by three fungal pathogens of the genus 
Pseudocercospora, namely Pseudocercospora fijiensis, Pseudocercospora musae 
and Pseudocercospora eumusae, which are the causal agents of black siga-
toka, yellow sigatoka and eumusae leaf spot disease, respectively. While 
each fungal species differs slightly in morphology, generally sigatoka 
pathogenesis begins when spores land on the leaves of banana and the 
environmental conditions for pathogen growth (humidity, precipitation 
and temperature) are optimal. Germinated spores then move through the 
stomata in leaf tissue and colonize intercellular spaces within mesophyll 
structures (Alakonya et al., 2018). Necrosis of the infected leaves produce 
the distinctive spotting and streaking seen in sigatoka infection, greatly 
reducing the plants’ ability to photosynthesize. Consequently, this lack of 
energy results in large reductions in fruit yield and quality due to defects in 
ripening, fruit filling, colouring, bunch size and taste (Chillet et al., 2014). 
The impact of these diseases is widespread in banana- producing countries 
from the Americas to Africa and South- East Asia (Thangavelu and Devi, 
2018). Black and yellow sigatoka have also been detected in parts of north-
ern Australia (Henderson et  al., 2006). Management of sigatoka diseases 
is often difficult especially for small subsistence farmers. Fungicides for 
sigatoka require frequent applications costing from US$1000 to US$1800 
per hectare. This not only has socio- economic disadvantages for banana 
growers, but also has significant environmental and health risks (Friesen, 
2016; Alakonya et al., 2018). Reduction in sensitivity to sterol demethyla-
tion inhibitor (DMI) fungicides also poses a risk to this control approach. 
Interestingly, mutations in the pfcyp51 gene were recently identified in 
fungal populations with reduced DMI sensitivity. These mutations were 
located within the pfcyp51 gene promoter at concatenated repeats, there-
fore likely affecting the expression level of this gene (Diaz- Trujillo et al., 
2018). Alternatives to fungicides such as maintaining plant health with 
adequate nutrients, reducing humidity in the field and ensuring there is 
effective drainage can reduce fungal infection rates (Marin et  al., 2003). 
Biological control measures have also been explored, however with very 
limited success (Arango Isaza et al., 2016). Regardless of these challenges, 
molecular research has revealed much about the sigatoka complex, includ-
ing its evolution, pathogenesis and banana host defences.

Whole- genome analysis by Chang et  al. (2016) demonstrated that 
P. fijiensis, P. musae and P. eumusae are closely related to each other. The 
researchers also investigated divergence of virulence between species and 
showed that accumulation of transposable elements was a major contribut-
ing factor to speciation and diversification. The greater virulence acquired 
by P. fijiensis and P. eumusae was also proposed to be driven through 
convergent evolution of metabolic pathways involved in the acquisition 
of nutrients. While evolutionarily close, analysis of their secretomes 
revealed that all three sigatoka species had a diverse repertoire of effector 
proteins for pathogenesis. Arango Isaza et al. (2016) used the same whole- 
genome sequence of P. fijiensis to reveal potential effectors that may play 
a role in aiding the pathogenicity of the fungus through host invasion. 
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Bioinformatic analysis identified a homologue of an avirulence protein 
4 (Avr4) in related Cladosporium fulvum, which is secreted by the fungus 
through host infection, preventing the hydrolysis of fungal cell walls 
by host chitinases (van Esse et  al., 2007). The authors proposed that the 
sigatoka- resistant banana, M. acuminata ssp. burmannicoides var. Calcutta 
4, may encode a resistant gene product that interacts with PfAVR4 based 
on a hypersensitive- like response observed following infiltration of the 
purified effector protein into leaves.

Identifying the molecular tools used by fungal pathogens to sup-
press and disrupt host defences can greatly increase our understanding 
of pathogenicity and provide new prospects for disease control. Noar and 
Daub (2016a) used genomic sequencing and bioinformatic prediction tools 
to analyse and predict polyketide (PKS) genes in P. fijiensis. Polyketide toxins 
play an important role in the pathogenicity of the closely related fungus, 
Cercospora spp. Several homologues were identified, including a cluster of 
PKS genes responsible for melanin and fumonisin biosynthesis. The same 
research group conducted a transcriptome analysis of a P. fijiensis infec-
tion in Grand Nain (Cavendish cv.) and identified 802 pathogenicity gene 
candidates (Noar and Daub, 2016b). Genes encoding secondary metabolites 
were highly expressed, including cytochrome P450s and oxidoreductases. 
Other genes implicated in pathogenicity included a gene cluster of a puta-
tive novel fusicoccane, hydrophobic surface- binding proteins and salicylate 
hydroxylase- like proteins.

Next- generation transcriptome sequencing has also been used to profile 
genes for the development of sigatoka- resistant cultivars through breeding 
programmes, genetic modification and gene editing. As mentioned previ-
ously, Calcutta 4 germplasm is resistant to P. fijiensis, and likely P. musae 
and P. eumusae. Following P. fijiensis infection of Calcutta 4 and Williams 
(Cavendish cv.), Rodriguez et  al. (2020) showed that genes involved in 
jasmonic acid biosynthesis (allene oxide synthase, allene oxide cyclase and 
OPDA reductase) were upregulated in the resistant Calcutta 4 in the first 
24 h of infection. Ethylene transcription factors were also upregulated. 
Long non- coding RNAs (lncRNAs), which are important gene regulators 
in plants under stress, have also been explored through transcriptomics 
in P. eumusae–banana interactions. In a study by Muthusamy et  al. (2019), 
lncRNAs were different following infection of the susceptible cultivar Grand 
Naine (Cavendish cv.) and resistant cultivar Manoranjitham (AAA). lncRNA 
profiles involved in the P. eumusae response in Grand Naine (Cavendish cv.) 
were predicted to suppress mRNAs of horcoline genes (antifungal proteins). 
Stress- responsive genes associated with surrounding lncRNA were enriched 
in catalytic pathways and membrane components in Manoranjitham. 
Extending upon this research by characterizing potential lncRNA candidates 
that could be overexpressed presents an interesting approach to developing 
P. eumusae- resistant bananas. lncRNAs also serve as epigenetic regulators, 
molecular decoys and miRNA precursors, which could present new avenues 
for future bioinformatic analysis.
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1.6 Nematodes

Nematodes are a serious parasitic pest of banana. There is a diverse range 
of nematode species that inhabit plantations in banana- growing countries 
across the globe. Spiral nematode Helicotylenchus multicinctus, burrowing 
nematode Radopholus similis, and root- lesion nematodes Pratylenchus coffeae 
and Pratylenchus goodeyi are among the important banana parasites (Moens 
et al., 2006). Infection mechanisms vary between species; however, generally 
the parasite invades the host roots and devours tissue as it migrates into the 
root cortex, where it then reproduces (Haegeman et  al., 2010). A resulting 
infestation can be greatly detrimental to crop production with symptoms 
including stunted growth, reduced fruit yield and toppling in severe cases. 
Nematodes can be transmitted to new sites through contaminated soil and 
planting materials. Safeguarding against the spread of nematodes is main-
tained through the use of sterile plants from tissue culture, clean planting 
tools and the routine use of nematicides. These precautions are not always 
successful, especially in countries that use traditional methods of propagation 
through suckers. Mass use of nematicides also generates ongoing health and 
environmental concerns. Australia has experienced success with preventive 
measures against burrowing nematodes, using fallowing as a management 
strategy (Quénéhervé, 2009). However, development of nematode- resistant 
cultivars always offers a less management- intensive alternative.

Genomic accessions for nematode species are becoming increasingly 
available, with the genome of banana pests Meloidogyne incognita pub-
lished in 2008, the draft genome of R. similis published in 2019 and those 
for significant nematode pests of rice (Meloidogyne graminicola) and 
potato (Ditylenchus destructor) published in 2018 and 2016, respectively 
(Abad et  al., 2008; Zheng et  al., 2016; Somvanshi et  al., 2018; Mathew 
et  al., 2019). Pathogen–host interactions captured through transcrip-
tome sequencing have also been well documented and have revealed 
a number of virulence and effector proteins with key roles throughout 
infection. Expressed sequence tag (EST) sequencing using the Sanger 
454 platform has been widely adopted for transcriptome analysis and 
used to characterize enzymes involved in plant cell- wall modifica-
tion and the modulation of plant defence. Using this approach with P. 
coffeae, Haegeman et al. (2011) identified enzymes that were believed to 
be involved in degradation of callose (needed for plant penetration), 
candidates for effector genes (oxidoreductases, transport proteins and 
ethylene- forming enzymes) and orthologues involved in the RNAi 
pathway. In banana, chitinases have been implicated to play an impor-
tant role in defence against nematodes. This was demonstrated using 
genome- wide and differential expression analysis following P. coffeae 
infection of the susceptible cultivar Nendran (AAB) and the resistant 
cultivar Karthobiumthum (ABB) (Backiyarani et al., 2015). Upregulation 
of class I native chitinase isoforms was suggested as one approach for 
generating transgenic resistance to this pest.
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RNAi, by transgenic expression of double- stranded RNA (dsRNA), has 
been reported against three species of banana nematode pests (R. similis, P. 
coffeae and M. incognita) (Roderick et al., 2018). The Actin- 4 gene was identi-
fied through EST sequence searches from all three nematodes and an Actin- 4 
hpRNA- expressing cassette was transformed into carrot using Agrobacterium 
rhizogenes to generate hairy root cultures. When carrot root cultures were 
challenged with the parasite, a notable reduction of nematodes was observed 
in the dsRNA- expressing lines. Chemoreception- disruptive genes and 
cystatin genes have also been used successfully to control nematodes, with 
the first trial of nematode- resistant transgenic plantains, cv. Gonja manjaya 
(AAB), deployed into the field in Uganda in 2012 (Tripathi et  al., 2015). A 
cystatin gene identified in maize and a synthetic peptide (nAChRbp) isolated 
from transgenic potato root resulted in disrupted nematode feeding likely 
by inhibiting key digestive enzymes and loss of orientation, respectively 
(Roderick et  al., 2012). Transgenic plant lines carrying the synthetic potato 
peptide and lines carrying a stacked gene cassette performed the best agro-
nomically, with no impact to yield. These results if implemented into com-
mercial application could potentially save over US$250 million in nematode 
control over a period of 30 years in Uganda alone (Tripathi et al., 2015).

1.7 Bacterial Xanthomonas Wilt

Bacterial wilt in banana is caused by a diverse range of bacterial species. 
Xanthomonas campestris pv. musacearum is the causal agent of bacterial 
Xanthomonas wilt (BXW), a bacterial disease that in extreme cases is 
responsible for yield losses of up to 100% (Kikulwe et al., 2019). The origins 
of the bacterial disease were reported first in enset (Ensete ventricosum) in 
Ethiopia. The disease has since spread to Uganda followed by many other 
banana- growing regions, predominantly in Eastern and Central Africa. Ease 
of transmission facilitates the spread of BXW. Any object that comes into 
contact with an infected banana has the potential to transmit the disease. 
The bacteria can be transported by rain, infected plant materials and tools, 
insects and animal vectors, soil and debris (Uwamahoro et al., 2019). Infected 
plants exhibit premature ripening and rotting of fruit, bacterial discharge, 
yellowing of leaves and vascular bundles, and wilting (Biruma et al., 2007). 
Efforts to control BXW are scarce, with control methods largely relying on 
educating farmers on preventive methods. These techniques include removal 
and destruction of infected plants, early removable of floral buds to prevent 
insect transmission and sterilization of contaminated tools (McCampbell 
et al., 2018). The lack of resistant cultivars and a reliance on farmers to under-
take labour- intensive sanitary practices puts strain on BXW management, 
as no effective chemical controls exist for BXW. This problem highlights the 
importance of generating resources that inform us on BXW epidemiology, 
transmission and plant host–pathogen interactions. These resources are 
required to develop control strategies in the future and prevent the spread of 
BXW to other banana- producing countries.
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Emerging from Ethiopia into Uganda in 2001, BXW is a relatively new 
disease to the banana industry and much remains to be revealed about its 
epidemiology and evolutionary history. Recently, whole- genome sequenc-
ing of BXW was conducted on 15 bacterial isolates sampled across affected 
areas in Africa (Nakato et  al., 2020). Previously considered as having low 
genetic diversity, this study identified a further four clades of BXW in addi-
tion to the original two clades, all isolated from Ethiopia. The two original 
sub- lineages were also found in isolates outside previously identified loca-
tions. The genome of BXW has been previously sequenced by Studholme 
et al. (2010), who compared it with the closely related Xanthomonas spp. This 
research uncovered potential effector gene candidates, including several 
T3SS effectors and type IV pili homologue components which are involved 
in plant–pathogen responses. Evidence of genetic transfer from other bacte-
rial genes was also observed.

Further studies into BXW host–pathogen interactions are required as, 
thus far, only M. balbisiana (B) genotypes have been identified as resistant. 
Importantly, the B genotypes are not preferred for breeding due to the pres-
ence of integrated banana streak badnavirus sequences in their genomes 
(Nakato et al., 2018). Transcriptome analyses have recently been conducted 
on M. balbisiana infected with BXW and complemented with the highly 
susceptible Pisang Awak (ABB) (Tripathi et al., 2019). A plethora of genes 
was found to be upregulated in M. balbisiana compared with Pisang Awak, 
including those involved in early defence responses, specifically mitogen- 
activated protein kinase (MAPK) cascades, production of reactive oxygen 
species (ROS) and lignin biosynthesis. Genes in the jasmonic acid and 
effector- triggered immunity pathways were activated, while interestingly 
a gene for MLO- like protein 13 was downregulated. MLO- like genes are 
reportedly negative regulators in disease responses and are documented 
disease susceptibility genes. This transcriptome study has provided many 
new gene candidates for the development of BXW- resistant cultivars. Genes 
identified in sweet pepper encoding a hypersensitive response- assisting 
protein (Hrap) and a plant ferredoxin- like protein (Pflp) have also been 
transferred to banana in an attempt to generate resistance to BXW. These 
genes play a role in hypersensitivity and redox responses and transgenic 
banana lines expressing these candidates had high levels of BXW resist-
ance in the field (Tripathi et al., 2014). The results generated from the field 
trial are encouraging; however, using transgenes that are native to bananas 
such as those identified in the NGS study by Tripathi et al. (2019) may help 
create greater confidence in consumers. While genetically modified (GM) 
bananas will have an important role in achieving future food security, 
public perception of GM crops remains a major limiting factor to their 
release. Susceptibility genes encoding the MLO- like proteins identified by 
Tripathi et al. (2019) are useful candidates for gene editing using CRISPR 
(clustered regularly interspaced short palindromic repeats) technology. 
The potential to knock out a susceptibility gene by non- GM gene editing 
could be a simple means of generating disease- resistant plants with greater 
public acceptance.
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1.8 Future Prospects and Conclusions

NGS approaches permit the discovery of complex host–pathogen interac-
tions in a timely and cost- efficient manner. This has major implications 
for the future of crop improvement and food security. Initially utilized for 
the identification of trait- defining genetic markers in plant breeding, NGS 
approaches are now being applied for the precise engineering of crop 
genomes using CRISPR/Cas9 (CRISPR- associated protein 9) technologies 
(Visendi et al., 2013, 2014). Continued application of novel sequencing and 
genomic technologies will further advance banana research. Larger databases 
of published genomes and transcriptomes contribute to resources available 
for the identification of genes that can be used to improve nutritional traits, 
stress tolerance and disease resistance (Dale et al., 2017a). Sequencing data 
have aided in identifying resistance genes that confer disease resistance to 
popular cultivars such as Cavendish and Lady Finger (Paul et al., 2011; Dale 
et al., 2017b). Expanding genetic resources into more banana cultivars and 
germplasms provides an opportunity to develop hybrid, transgenic and 
gene- edited bananas. Varieties such as Goldfinger and SH- 3142 remain to be 
sequenced despite reports of resistance to sigatoka diseases, burrowing nem-
atodes and Foc races 1 and 4 (Daniells et al., 1995). Focusing on susceptible 
cultivars would also provide opportunities to identify disease susceptibility 
genes or genes which negatively regulate pathogen response pathways in 
banana. These genes could then be targeted for ‘knockout’ using non- GM 
CRISPR- based editing strategies. Non- GM gene editing will likely become 
the preferred standard for enhancing bananas because of the simplified road 
to deregulation and greater consumer acceptance (Wang et al., 2019).

Surveying the regulatory landscape of the banana chromatin is the next 
frontier in understanding host–pathogen responses. New NGS technolo-
gies such as ATAC (assay for transposase- accessible chromatin)- sequencing 
allows the characterization of accessible chromatin regions, revealing, in 
depth and at high resolution, the transcriptional regulation of gene expres-
sion. This tool is still in early stages of refinement and adaption into plant 
systems, as it was originally developed for animal genomes (Lu et  al., 
2017). The methodology of ATAC- sequencing involves a hyperactive Tn5 
transposase which probes DNA and inserts sequencing adaptors into open 
and accessible regions of chromatin. ATAC- sequencing of a banana disease 
response could enlighten researchers on how the epigenetic landscape 
changes during infection. ATAC- sequencing would complement additional 
genomic and transcriptomic profiling and assist in determining resistance 
or susceptibility gene candidates. For example, a multifaceted approach 
using sRNA- sequencing and RNA- sequencing in combination with ATAC- 
sequencing under pathogen infection would provide a thorough analysis of 
the plant–pathogen response landscape. This methodology would generate 
data on differential gene expression (RNA- sequencing) as well as profiling 
post- transcriptional regulation (sRNA- sequencing) and chromatin acces-
sibility (ATAC- sequencing) following infection.
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As NGS resources expand and studies become more complex, process-
ing data analysis using machine learning algorithms needs to be embraced. 
Machine learning is a powerful tool that can assist plant scientists in gene 
discovery (Mahood et al., 2020). Algorithms built for machine learning are 
currently being applied in genome assembly, phenotyping and predicting 
functions of genes and interactions of cellular components. Protein structure 
prediction has advanced considerably. Now three- dimensional structures 
can be predicted from amino acid sequences equivalent to those generated 
by expensive crystallography techniques. Powerful tools such as trRosetta 
and AlphaFold can predict the three- dimensional structure of proteins using 
residue–residue distances and orientations rather than relying on only 
homology modelling (Senior et  al., 2020; Yang et  al., 2020). Machine learn-
ing has only been applied to plants within the last 6 years and has gained 
significant interest from plant biologists (Ma et al., 2014). Applications such 
as protein prediction will assist biologists in studying pathogen effectors, 
to help determine their structures and potential interactions between host 
proteins and pathogen effectors. Identification of protein–protein interac-
tions from computationally predicted structures has been previously dem-
onstrated (Cong et al., 2019). Effector structures can be generated with even 
higher accuracy and with fewer sequence homologies using the AlphaFold 2 
protein structure prediction algorithm. AlphaFold 2’s performance has been 
incredibly successful in resolving protein structures that could not be deter-
mined experimentally (Callaway, 2020). If released to the research commu-
nity, AlphaFold 2 could easily provide information for larger proteome data 
sets of plant hosts, facilitating an in- depth understanding of host–pathogen 
responses.

The future of crop improvement is bright. The possibilities that NGS 
gives scientists to improve crops are endless. It is feasible that, in the future, 
a banana could be disease- resistant with enhanced nutrition, improved 
shelf life and stress tolerance. This super banana would appeal to farmers, 
supermarkets and consumers alike. Bananas have already been developed 
that have the potential to save communities from vitamin A deficiency and 
to ensure small- scale farmers can continue their livelihoods with Fusarium- 
resistant crops (Dale et al., 2017b; Paul et al., 2018). With much more to be 
discovered through NGS, the development of a super banana within the next 
few years is certainly well within the realms of possibility.

References

Abad, P., Gouzy, J., Aury, J.-M., Castagnone- Sereno, P., Danchin, E.G.J. et al. (2008) Genome 
sequence of the metazoan plant- parasitic nematode Meloidogyne incognita. Nature 
Biotechnology 26(8), 909–915.  DOI: 10.1038/nbt.1482.

Ahmad, F., Martawi, N.M., Poerba, Y.S., de Jong, H., Schouten, H. et  al. (2020) Genetic 
mapping of Fusarium wilt resistance in a wild banana Musa acuminata ssp. malac-
censis accession. Theoretical and Applied Genetics. 133(12), 3409–3418.  DOI: 10.1007/
s00122-020-03677-y.



17The Use of Next- Generation Sequencing to Study Banana

Alakonya, A.E., Kimunye, J., Mahuku, G., Amah, D., Uwimana, B. et  al. (2018) Progress in 
understanding Pseudocercospora banana pathogens and the development of resistant Musa 
germplasm. Plant Pathology 67, 759–770.  DOI: 10.1111/ppa.12824.

Arango Isaza, R.E., Diaz- Trujillo, C., Dhillon, B., Aerts, A., Carlier, J. et al. (2016) Combating 
a global threat to a clonal crop: banana black sigatoka pathogen Pseudocercospora fijiensis 
(synonym Mycosphaerella fijiensis) genomes reveal clues for disease control. PLoS Genetics 
12(8), e1005876.  DOI: 10.1371/journal.pgen.1005876.

Backiyarani, S., Uma, S., Nithya, S., Chandrasekar, A., Saraswathi, M.S. et al. (2015) Genome- 
wide analysis and differential expression of chitinases in banana against root lesion 
nematode (Pratylenchus coffeae) and eumusa leaf spot (Mycosphaerella eumusae) pathogens. 
Applied Biochemistry and Biotechnology 175(8), 3585–3598.  DOI: 10.1007/s12010-015-1528-z.

Bai, T.-T., Xie, W.-B., Zhou, P.-P., Wu, Z.-L., Xiao, W.-C. et al. (2013) Transcriptome and expres-
sion profile analysis of highly resistant and susceptible banana roots challenged with 
Fusarium oxysporum f. sp. cubense tropical race 4. PloS ONE 8(9), e73945.  DOI: 10.1371/ 
journal.pone.0073945.

Beetham, P.R., Hafner, G.J., Harding, R.M. and Dale, J.L. (1997) Two mRNAs are transcribed 
from banana bunchy top virus DNA- 1. The Journal of General Virology 78(Pt 1), 229–236.  
DOI: 10.1099/0022-1317-78-1-229.

Biruma, M., Pillay, M., Tripathi, L., Blomme, G., Abele, S. et al. (2007) Banana Xanthomonas 
wilt: a review of the disease, management strategies and future research directions. African 
Journal of Biotechnology 6, 953–962.  DOI: 10.5897/AJB2007.000-2116.

Bolger, M.E., Weisshaar, B., Scholz, U., Stein, N., Usadel, B. et al. (2014) Plant genome sequenc-
ing - applications for crop improvement. Current Opinion in Biotechnology 26, 31–37.  DOI: 
10.1016/j.copbio.2013.08.019.

Bubici, G., Kaushal, M., Prigigallo, M.I., Gómez- Lama Cabanás, C. and Mercado- Blanco, J. 
(2019) Biological control agents against Fusarium wilt of banana. Frontiers in Microbiology 
10, 616.  DOI: 10.3389/fmicb.2019.00616.

Burns, T., Harding, R. and Dale, J. (1995) The genome organization of banana bunchy top 
virus: analysis of six ssDNA components. Journal of General Virology 76, 1471–1482.  DOI: 
10.1099/0022-1317-76-6-1471.

Callaway, E. (2020) “It will change everything”: DeepMind’s AI makes gigantic leap in solving 
protein structures. Nature 588(7837), 203–204.  DOI: 10.1038/d41586-020-03348-4.

Chang, T.C., Salvucci, A., Crous, P.W. and Stergiopoulos, I. (2016) Comparative genomics of 
the sigatoka disease complex on banana suggests a link between parallel evolutionary 
changes in Pseudocercospora fijiensis and Pseudocercospora eumusae and increased viru-
lence on the banana host. PLoS Genetics 12(8), e1005904.  DOI: 10.1371/journal.pgen. 
1005904.

Chillet, M., Castelan, F.P., Abadie, C., Hubert, O., Chilin- Charles, Y. et al. (2014) Effect of differ-
ent levels of sigatoka disease severity on banana pulp colour and early ripening. Canadian 
Journal of Plant Pathology 36(1), 48–53.  DOI: 10.1080/07060661.2013.870931.

Cong, Q., Anishchenko, I., Ovchinnikov, S. and Baker, D. (2019) Protein interaction networks 
revealed by proteome coevolution. Science 365, 185–189.  DOI: 10.1126/science.aaw6718.

Dale, J.L. (1987) Banana bunchy top: an economically important tropical plant virus disease. In: 
Maramorosch, K., Murphy, F.A., and Shatkin, A.J. (eds) Advances in Virus Research, Vol. 33. 
Academic Press, New York, pp. 301–325.  DOI: 10.1016/s0065-3527(08)60321-8.

Dale, J., Phillips, D. and Parry, J. (1986) Double- stranded RNA in banana plants with bunchy 
top disease. Journal of General Virology 67(2), 371–375.  DOI: 10.1099/0022-1317-67-2-371.

Dale, J.L., Burns, T., Oehlschlager, S., Karan, M. and Harding, R. (1992) Banana bunchy top 
virus: prospects for control through biotechnology. In: Biotechnology Applications for Banana 
and Plantain Improvement. International Network for the Improvement of Banana and 
Plantain, San Jose, California, pp. 85–92.



18 G. Stephan et al.

Dale, J., Paul, J.Y., Dugdale, B. and Harding, R. (2017a) Modifying bananas: from transgenics to 
organics? Sustainability 9(3), 333.  DOI: 10.3390/su9030333.

Dale, J., James, A., Paul, J.-Y., Khanna, H., Smith, M. et  al. (2017b) Transgenic Cavendish 
bananas with resistance to Fusarium wilt tropical race 4. Nature Communications 8(1), 1496.  
DOI: 10.1038/s41467-017-01670-6.

Daniells, J. (2011) New and Alternative Banana Varieties Designed to Increase Market Growth. 
Queensland Government Department of Employment, Economic Development and 
Innovation, Sydney, Australia. Available at: https://www.horticulture.com.au/globalas 
sets/hort-innovation/historic-reports/new-and-alternative-banana-varieties-designed-t 
o-increase-market-growth-ba09041.pdf (accessed 9 February 2022).

Daniells, J., Pegg, K.G., Searle, C., Smith, M., Whiley, T. et al. (1995) Goldfinger in australia: a 
banana variety with potential. INFOMUSA 4, 5–6.

Diaz- Trujillo, C., Chong, P., Stergiopoulos, I., Cordovez, V., Guzman, M. et al. (2018) A new 
mechanism for reduced sensitivity to demethylation- inhibitor fungicides in the fungal 
banana black Sigatoka pathogen Pseudocercospora fijiensis. Molecular Plant Pathology 19(6), 
1491–1503.  DOI: 10.1111/mpp.12637.

Elayabalan, S., Subramaniam, S. and Selvarajan, R. (2017) Construction of BBTV rep gene 
RNAi vector and evaluate the silencing mechanism through injection of Agrobacterium 
tumefaciens transient expression system in BBTV infected hill banana plants cv. Virupakshi 
(AAB). Indian Journal of Natural Sciences 7, 12395–12403.

Elitzur, T., Yakir, E., Quansah, L., Zhangjun, F., Vrebalov, J. et al. (2016) Banana MaMADS tran-
scription factors are necessary for fruit ripening and molecular tools to promote shelf- life 
and food security. Plant Physiology 171(1), 380–391.  DOI: 10.1104/pp.15.01866.

Facundo, H.V. d. V., Garruti, D. d. S., Dias, C.T. d. S., Cordenunsi, B.R. and Lajolo, F.M. (2012) 
Influence of different banana cultivars on volatile compounds during ripening in cold 
storage. Food Research International 49(2), 626–633.  DOI: 10.1016/j.foodres.2012.08.013.

FAO (2019) Food Outlook – Biannual Report on Global Food Markets – November 2019. Food and 
Agriculture Organization of the United Nations, Rome. Available at: https://www.fao.or 
g/documents/card/en/c/CA6911EN/ (accessed 9 February 2022).

FAO (2020) Banana Market Review: February 2020 Snapshot. Food and Agriculture Organization 
of the United Nations, Rome. Available at: https://www.fao.org/3/ca9212en/ca9212en.p 
df (accessed 9 February 2022).

Fei, S., Czislowski, E., Fletcher, S., Peters, J., Batley, J. et  al. (2019) Small RNA profiling of 
Cavendish banana roots inoculated with Fusarium oxysporum f. sp. cubense race 1 and 
tropical race 4. Phytopathology Research 1, 22.  DOI: 10.1186/s42483-019-0029-3.

Friesen, T.L. (2016) Combating the sigatoka disease complex on banana. PLoS Genetics 12, 
e1006234.  DOI: 10.1371/journal.pgen.1006234.

Fusaro, A.F., Matthew, L., Smith, N.A., Curtin, S.J., Dedic- Hagan, J. et al. (2006) RNA interference- 
inducing hairpin RNAs in plants act through the viral defence pathway. EMBO Reports 7, 
1168–1175.  DOI: 10.1038/sj.embor.7400837.

Ganapathi, T.R., Higgs, N., Balint- Kurti, P., Arntzen, C., May, G. et  al. (2001) Agrobacterium- 
mediated transformation of embryogenic cell suspensions of the banana cultivar Rasthali 
(AAB). Plant Cell Reports 20, 157–162.  DOI: 10.1007/s002990000287.

García- Bastidas, F.A., Quintero- Vargas, J.C., Ayala- Vasquez, M., Schermer, T., Seidl, M.F. 
et  al. (2020) First report of Fusarium wilt tropical race 4 in Cavendish bananas caused 
by Fusarium odoratissimum in Colombia. Plant Disease 104(3), 994–994.  DOI: 10.1094/
PDIS-09-19-1922-PDN.

Haegeman, A., Elsen, A., De Waele, D. and Gheysen, G. (2010) Emerging molecular knowledge 
on Radopholus similis, an important nematode pest of banana. Molecular Plant Pathology 11, 
315–323.  DOI: 10.1111/j.1364-3703.2010.00614.x.

https://www.horticulture.com.au/globalassets/hort-innovation/historic-reports/new-and-alternative-banana-varieties-designed-to-increase-market-growth-ba09041.pdf
https://www.horticulture.com.au/globalassets/hort-innovation/historic-reports/new-and-alternative-banana-varieties-designed-to-increase-market-growth-ba09041.pdf
https://www.horticulture.com.au/globalassets/hort-innovation/historic-reports/new-and-alternative-banana-varieties-designed-to-increase-market-growth-ba09041.pdf
https://www.fao.org/documents/card/en/c/CA6911EN/
https://www.fao.org/documents/card/en/c/CA6911EN/
https://www.fao.org/3/ca9212en/ca9212en.pdf
https://www.fao.org/3/ca9212en/ca9212en.pdf


19The Use of Next- Generation Sequencing to Study Banana

Haegeman, A., Joseph, S. and Gheysen, G. (2011) Analysis of the transcriptome of the root 
lesion nematode Pratylenchus coffeae generated by 454 sequencing technology. Molecular 
and Biochemical Parasitology 178, 7–14.  DOI: 10.1016/j.molbiopara.2011.04.001.

Harding, R.M., Burns, T.M. and Dale, J.L. (1991) Virus- like particles associated with banana 
bunchy top disease contain small single- stranded DNA. Journal of General Virology 72, 
225–230.  DOI: 10.1099/0022-1317-72-2-225.

Harding, R., Burns, T., Hafner, G.J., Dietzgen, R. and Dale, J. (1993) Nucleotide sequence of one 
component of the banana bunchy top virus genome contains a putative replicase gene. 
Journal of General Virology 74, 323–328.  DOI: 10.1099/0022-1317-74-3-323.

Henderson, J., Pattemore, J., Porchun, S., Hayden, H., Van Brunschot, S. et  al. (2006) Black 
sigatoka disease: new technologies to strengthen eradication strategies in Australia. 
Australasian Plant Pathology 35, 181–193.  DOI: 10.1071/AP06017.

Jekayinoluwa, T., Tripathi, L., Tripathi, J.N., Ntui, V.O., Obiero, G. et al. (2020) RNAi technology 
for management of banana bunchy top disease. Food and Energy Security 9, e247.  DOI: 
10.1002/fes3.247.

Jekayinoluwa, T., Tripathi, J.N., Dugdale, B., Obiero, G., Muge, E. et  al. (2021) Transgenic 
expression of dsRNA targeting the Pentalonia nigronervosa acetylcholinesterase gene in 
banana and plantain reduces aphid populations. Plants (Basel, Switzerland) 10, 613.  DOI: 
10.3390/plants10040613.

Kikulwe, E.M., Kyanjo, J.L., Kato, E., Ssali, R.T., Erima, R. et al. (2019) Management of banana 
Xanthomonas wilt: evidence from impact of adoption of cultural control practices in 
Uganda. Sustainability 11, 2610.  DOI: 10.3390/su11092610.

Li, W.M., Dita, M., Wu, W., Hu, G.B., Xie, J.H. et al. (2015) Resistance sources to Fusarium oxyspo-
rum f. sp. cubense tropical race 4 in banana wild relatives. Plant Pathology 64, 1061–1067.  
DOI: 10.1111/ppa.12340.

Lu, Z., Hofmeister, B.T., Vollmers, C., DuBois, R.M. and Schmitz, R.J. (2017) Combining ATAC- 
seq with nuclei sorting for discovery of cis- regulatory regions in plant genomes. Nucleic 
Acids Research 45, e41.  DOI: 10.1093/nar/gkw1179.

Ma, C., Zhang, H.H. and Wang, X. (2014) Machine learning for Big Data analytics in plants. 
Trends in Plant Science 19, 798–808.  DOI: 10.1016/j.tplants.2014.08.004.

Mahood, E.H., Kruse, L.H. and Moghe, G.D. (2020) Machine learning: a powerful tool for 
gene function prediction in plants. Applications in Plant Science 8, e11376.  DOI: 10.1002/
aps3.11376.

Marimo, P., Caron, C., Van den Bergh, I., Crichton, R., Weltzien, E. et al. (2020) Gender and 
trait preferences for banana cultivation and use in Sub- Saharan Africa: a literature review. 
Economic Botany 74, 226–241.  DOI: 10.1007/s12231-020-09496-y.

Marin, D., Romero, R., Guzman, M. and Sutton, T. (2003) Black sigatoka: an increasing threat to 
banana cultivation. Plant Disease 87, 208–222.  DOI: 10.1094/PDIS.2003.87.3.208.

Mathers, T.C., Mugford, S.T., Hogenhout, S.A. and Tripathi, L. (2020) Genome sequence of the 
banana aphid, Pentalonia nigronervosa Coquerel (Hemiptera: Aphididae) and its symbi-
onts. G3: Genes, Genomes, Genetics 10, 4315–4321.  DOI: 10.1534/g3.120.401358.

Mathew, R., Burke, M. and Opperman, C.H. (2019) A draft genome sequence of the bur-
rowing nematode Radopholus similis. Journal of Nematology 51, e2019-51.  DOI: 10.21307/
jofnem-2019-051.

McCampbell, M., Schut, M., Van den Bergh, I., van Schagen, B., Vanlauwe, B. et  al. (2018) 
Xanthomonas wilt of banana (BXW) in Central Africa: opportunities, challenges, and 
pathways for citizen science and ICT- based control and prevention strategies. NJAS – 
Wageningen Journal of Life Sciences 86–87, 89–100.  DOI: 10.1016/j.njas.2018.03.002.

Mlalazi, B., Welsch, R., Namanya, P., Khanna, H., Geijskes, R.J. et al. (2012) Isolation and func-
tional characterisation of banana phytoene synthase genes as potential cisgenes. Planta 236, 
1585–1598.  DOI: 10.1007/s00425-012-1717-8.



20 G. Stephan et al.

Moens, T., Araya, M., Swennen, R. and De Waele, D. (2006) Reproduction and pathogenic-
ity of Helicotylenchus multicinctus, Meloidogyne incognita and Pratylenchus coffeae, 
and their interaction with Radopholus similis on Musa. Nematology 8, 45–58.  DOI: 
10.1163/156854106776179999.

Mohapatra, D., Mishra, S., Singh, C.B. and Jayas, D.S. (2010) Post- harvest processing of banana: 
opportunities and challenges. Food and Bioprocess Technology 4, 327–339.  DOI: 10.1007/
s11947-010-0377-6.

Muthusamy, M., Uma, S., Suthanthiram, B., Saraswathi, M.S. and Chandrasekar, A. (2019) 
Genome- wide identification of novel, long non- coding RNAs responsive to Mycosphaerella 
eumusae and Pratylenchus coffeae infections and their differential expression patterns in 
disease- resistant and sensitive banana cultivars. Plant Biotechnology Reports 13(1), 73–83.  
DOI: 10.1007/s11816-018-00514-z.

Nakato, G., Christelová, P., Were, E., Nyine, M., Coutinho, T. et al. (2018) Sources of resistance in 
Musa to Xanthomonas campestris pv. musacearum, the causal agent of banana Xanthomonas 
wilt. Plant Pathology 68, 49–59.  DOI: 10.1111/ppa.12945.

Nakato, G.V., Studholme, D.J., Blomme, G., Grant, M., Coutinho, T.A. et al. (2020) SNP- based 
genotyping and whole- genome sequencing reveal previously unknown genetic diversity 
in Xanthomonas vasicola pv. musacearum, causal agent of banana Xanthomonas wilt, in its 
presumed Ethiopian origin. Plant Pathology 70(3), 534–543.  DOI: 10.1111/ppa.13308.

Nansamba, M., Sibiya, J., Tumuhimbise, R., Karamura, D., Kubiriba, J. et al. (2020) Breeding 
banana ( Musa spp.) for drought tolerance: A review. Plant Breeding 139(4), 685–696.  DOI: 
10.1111/pbr.12812.

Noar, R.D. and Daub, M.E. (2016a) Bioinformatics prediction of polyketide synthase gene 
clusters from Mycosphaerella fijiensis. PloS ONE 11(7), e0158471.  DOI: 10.1371/journal. 
pone.0158471.

Noar, R.D. and Daub, M.E. (2016b) Transcriptome sequencing of Mycosphaerella fijiensis during 
association with Musa acuminata reveals candidate pathogenicity genes. BMC Genomics 17, 
690.  DOI: 10.1186/s12864-016-3031-5.

Paul, J.-Y., Becker, D.K., Dickman, M.B., Harding, R.M., Khanna, H.K. et al. (2011) Apoptosis- 
related genes confer resistance to Fusarium wilt in transgenic “Lady Finger” bananas. 
Plant Biotechnology Journal 9(9), 1141–1148.  DOI: 10.1111/j.1467-7652.2011.00639.x.

Paul, J.Y., Harding, R., Tushemereirwe, W. and Dale, J. (2018) Banana21: from gene discovery to 
deregulated Golden Bananas. Frontiers in Plant Science 9, 558.  DOI: 10.3389/fpls.2018.00558.

Pegg, K.G., Coates, L.M., O’Neill, W.T. and Turner, D.W. (2019) The epidemiology of Fusarium 
wilt of banana. Frontiers in Plant Science 10, 1395.  DOI: 10.3389/fpls.2019.01395.

Peraza- Echeverria, S., Dale, J.L., Harding, R.M. and Collet, C. (2008) Molecular cloning and in 
silico analysis of potential Fusarium resistance genes in banana. Molecular Breeding 23(3), 
431–443.  DOI: 10.1007/s11032-008-9247-6.

Pereira, A. and Maraschin, M. (2015) Banana (Musa spp) from peel to pulp: ethnopharma-
cology, source of bioactive compounds and its relevance for human health. Journal of 
Ethnopharmacology 160, 149–163.  DOI: 10.1016/j.jep.2014.11.008.

Perrier, X., De Langhe, E., Donohue, M., Lentfer, C., Vrydaghs, L. et al. (2011) Multidisciplinary 
perspectives on banana (Musa spp.) domestication. Proceedings of the National Academy of 
Sciences USA 108(28), 11311–11318.  DOI: 10.1073/pnas.1102001108.

Pitino, M., Coleman, A.D., Maffei, M.E., Ridout, C.J. and Hogenhout, S.A. (2011) Silencing of 
aphid genes by dsRNA feeding from plants. PloS ONE 6, e25709.  DOI: 10.1371/journal. 
pone.0025709.

Ploetz, R.C. (2005) Panama disease: an old nemesis rears its ugly head: Part 1. The beginnings 
of the banana export trades. Plant Health Progress 6(1).  DOI: 10.1094/php-2005-1221-01-rv.

Ploetz, R.C. (2015) Management of Fusarium wilt of banana: a review with special reference to 
tropical race 4. Crop Protection 73, 7–15.  DOI: 10.1016/j.cropro.2015.01.007.



21The Use of Next- Generation Sequencing to Study Banana

Ploetz, R.C., Kepler, A., Daniells, J. and Nelson, S. (2007) Banana and plantain – an overview 
with emphasis on Pacific Island cultivars. Species Profiles for Pacific Island Agroforestry 1, 
21–32.

Qazi, J. (2015) Banana bunchy top virus and the bunchy top disease. Journal of General Plant 
Pathology 82, 2–11.  DOI: 10.1007/s10327-015-0642-7.

Quénéhervé, P. (2009) Integrated management of banana nematodes. In: Ciancio, A. and 
Mukerji, K. (eds) Integrated Management of Fruit Crops and Forest Nematodes, Vol. 4. Springer, 
Dordrecht, The Netherlands, pp. 3–62.

Ravi, I., Uma, S., Vaganan, M.M. and Mustaffa, M.M. (2013) Phenotyping bananas for drought 
resistance. Frontiers in Physiology 4, 9.  DOI: 10.3389/fphys.2013.00009.

Robson, J.D., Wright, M.G. and Almeida, R.P.P. (2007) Effect of imidacloprid foliar 
treatment and banana leaf age on Pentalonia nigronervosa (Hemiptera, Aphididae) 
survival. New Zealand Journal of Crop and Horticultural Science 35(4), 415–422.  DOI: 
10.1080/01140670709510209.

Roderick, H., Tripathi, L., Babirye, A., Wang, D., Tripathi, J. et al. (2012) Generation of trans-
genic plantain (Musa spp.) with resistance to plant pathogenic nematodes. Molecular Plant 
Pathology 13(8), 842–851.  DOI: 10.1111/j.1364-3703.2012.00792.x.

Roderick, H., Urwin, P.E. and Atkinson, H.J. (2018) Rational design of biosafe crop resistance 
to a range of nematodes using RNA interference. Plant Biotechnology Journal 16, 520–529.  
DOI: 10.1111/pbi.12792.

Rodriguez, H.A., Hidalgo, W.F., Sanchez, J.D., Menezes, R.C., Schneider, B. et  al. (2020) 
Differential regulation of jasmonic acid pathways in resistant (Calcutta 4) and susceptible 
(Williams) banana genotypes during the interaction with Pseudocercospora fijiensis. Plant 
Pathology 69(5), 872–882.  DOI: 10.1111/ppa.13165.

Rouard, M., Droc, G., Martin, G., Sardos, J., Hueber, Y. et al. (2018) Three new genome assemblies 
support a rapid radiation in Musa acuminata (wild banana). Genome Biology and Evolution 
10(12), 3129–3140.  DOI: 10.1093/gbe/evy227.

Sánchez Timm, E., Hidalgo Pardo, L., Pacheco Coello, R., Chávez Navarrete, T., Navarrete 
Villegas, O. et  al. (2016) Identification of differentially- expressed genes in response to 
Mycosphaerella fijiensis in the resistant Musa accession ‘Calcutta- 4’ using suppression 
subtractive hybridization. PloS ONE 11(8), e0160083.  DOI: 10.1371/journal.pone.0160083.

Schnurr, M.A., Addison, L. and Mujabi- Mujuzi, S. (2020) Limits to biofortification: farmer 
perspectives on a vitamin A enriched banana in Uganda. The Journal of Peasant Studies 
47(2), 326–345.  DOI: 10.1080/03066150.2018.1534834.

Senior, A.W., Evans, R., Jumper, J., Kirkpatrick, J., Sifre, L. et  al. (2020) Improved protein 
structure prediction using potentials from deep learning. Nature 577(7792), 706–710.  DOI: 
10.1038/s41586-019-1923-7.

Shekhawat, U.K., Srinivas, L. and Ganapathi, T.R. (2011) MusaDHN- 1, a novel multiple stress- 
inducible SK(3)- type dehydrin gene, contributes affirmatively to drought- and salt- stress 
tolerance in banana. Planta 234, 915–932.  DOI: 10.1007/s00425-011-1455-3.

Shekhawat, U.K.S., Ganapathi, T.R. and Hadapad, A.B. (2012) Transgenic banana plants 
expressing small interfering RNAs targeted against viral replication initiation gene display 
high- level resistance to banana bunchy top virus infection. Journal of General Virology 93, 
1804–1813.  DOI: 10.1099/vir.0.041871-0.

Somvanshi, V.S., Tathode, M., Shukla, R.N. and Rao, U. (2018) Nematode genome announce-
ment: a draft genome for rice root- knot nematode, Meloidogyne graminicola. Journal of 
Nematology 50, 111–116.  DOI: 10.21307/jofnem-2018-018.

Studholme, D.J., Kemen, E., MacLean, D., Schornack, S., Aritua, V. et al. (2010) Genome- wide 
sequencing data reveals virulence factors implicated in banana Xanthomonas wilt. FEMS 
Microbiology Letters 310, 182–192.  DOI: 10.1111/j.1574-6968.2010.02065.x.



22 G. Stephan et al.

Subandiyah, S., Rahayuniati, R.F., Hartono, S., Somowiyarjo, S., Soffan, A. et al. (2020) RNA- seq 
data of banana bunchy top virus (BBTV) viruliferous and non- viruliferous banana aphid 
(Pentalonia nigronervosa). Data in Brief 28, 104860.  DOI: 10.1016/j.dib.2019.104860.

Sun, J., Zhang, J., Fang, H., Peng, L., Wei, S. et al. (2019) Comparative transcriptome analysis 
reveals resistance- related genes and pathways in Musa acuminata banana “Guijiao 9” in 
response to Fusarium wilt. Plant Physiology and Biochemistry 141, 83–94.  DOI: 10.1016/j.
plaphy.2019.05.022.

Thangavelu, R. and Devi, P.G. (2018) Rapid and sensitive detection of Pseudocercospora eumusae 
pathogen causing eumusae leaf spot disease of banana by loop- mediated isothermal 
amplification (LAMP) method. 3 Biotech 8, 442.  DOI: 10.1007/s13205-018-1468-8.

Tripathi, L., Odipio, J., Tripathi, J.N. and Tusiime, G. (2008) A rapid technique for screening 
banana cultivars for resistance to Xanthomonas wilt. European Journal of Plant Pathology 121, 
9–19.  DOI: 10.1007/s10658-007-9235-4.

Tripathi, L., Tripathi, J.N., Kiggundu, A., Korie, S., Shotkoski, F. et  al. (2014) Field trial of 
Xanthomonas wilt disease- resistant bananas in East Africa. Nature Biotechnology 32(9), 
868–870.  DOI: 10.1038/nbt.3007.

Tripathi, L., Babirye, A., Roderick, H., Tripathi, J.N., Changa, C. et al. (2015) Field resistance of 
transgenic plantain to nematodes has potential for future African food security. Scientific 
Reports 5, 8127.  DOI: 10.1038/srep08127.

Tripathi, L., Tripathi, J.N., Shah, T., Muiruri, K.S. and Katari, M. (2019) Molecular basis of 
disease resistance in banana progenitor Musa balbisiana against Xanthomonas campestris pv. 
musacearum. Scientific Reports 9(1), 7007.  DOI: 10.1038/s41598-019-43421-1.

Unamba, C.I., Nag, A. and Sharma, R.K. (2015) Next generation sequencing technologies: the 
doorway to the unexplored genomics of non- model plants. Frontiers in Plant Science 6, 
1074.  DOI: 10.3389/fpls.2015.01074.

Uwamahoro, F., Berlin, A., Bylund, H., Bucagu, C. and Yuen, J. (2019) Management strate-
gies for banana Xanthomonas wilt in Rwanda include mixing indigenous and improved 
cultivars. Agronomy for Sustainable Development 39, 22.  DOI: 10.1007/s13593-019-0569-z.

van Esse, H.P., Bolton, M.D., Stergiopoulos, I., de Wit, P.J.G.M. and Thomma, B.P.H.J. (2007) The 
chitin- binding Cladosporium fulvum effector protein Avr4 is a virulence factor. Molecular 
Plant- Microbe Interactions 20(9), 1092–1101.  DOI: 10.1094/MPMI-20-9-1092.

Visendi, P., Batley, J. and Edwards, D. (2013) Next generation characterisation of cereal genomes 
for marker discovery. Biology 2, 1357–1377.  DOI: 10.3390/biology2041357.

Visendi, P., Batley, J. and Edwards, D. (2014) Next generation sequencing and germplasm 
resources. In: Tuberosa, R., Graner, A., and Frison, E. (eds) Genomics of Plant Genetic 
Resources, Vol. 1. Managing, Sequencing and Mining Genetic Resources. Springer, Dordrecht, 
The Netherlands, pp. 369–390.

Wang, T., Zhang, H. and Zhu, H. (2019) CRISPR technology is revolutionizing the improve-
ment of tomato and other fruit crops. Horticulture Research 6, 77.  DOI: 10.1038/
s41438-019-0159-x.

Wanitchakorn, R., Hafner, G.J., Harding, R. and Dale, J. (2000) Functional analysis of proteins 
encoded by banana bunchy top virus DNA- 4 to -6. Journal of General Virology 81, 299–306.

Watanabe, S., Greenwell, A.M. and Bressan, A. (2013) Localization, concentration, and 
transmission efficiency of banana bunchy top virus in four asexual lineages of Pentalonia 
aphids. Viruses 5, 758–776.  DOI: 10.3390/v5020758.

Yang, J., Anishchenko, I., Park, H., Peng, Z., Ovchinnikov, S. et  al. (2020) Improved protein 
structure prediction using predicted interresidue orientations. Proceedings of the National 
Academy of Sciences USA 117, 1496–1503.  DOI: 10.1073/pnas.1914677117.

Zhang, L., Cenci, A., Rouard, M., Zhang, D., Wang, Y. et al. (2019) Transcriptomic analysis of 
resistant and susceptible banana corms in response to infection by Fusarium oxysporum 
f. sp. cubense tropical race 4. Scientific Reports 9, 8199.  DOI: 10.1038/s41598-019-44637-x.



23The Use of Next- Generation Sequencing to Study Banana

Zheng, J., Peng, D., Chen, L., Liu, H., Chen, F. et al. (2016) The Ditylenchus destructor genome 
provides new insights into the evolution of plant parasitic nematodes. Proceedings of the 
Royal Society B: Biological Sciences 283, 20160942.  DOI: 10.1098/rspb.2016.0942.

Zhu, X., Song, Z., Li, Q., Li, J., Chen, W. et al. (2020) Physiological and transcriptomic analysis 
reveals the roles of 1- MCP in the ripening and fruit aroma quality of banana fruit (Fenjiao). 
Food Research International 130, 108968.  DOI: 10.1016/j.foodres.2019.108968.




