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Introduction

Closing the yield gap of staple crops is a priority for 
ensuring future food security, especially in developing 
nations (Godfray et  al. 2010). The population of Africa 
is projected to double between 2015 and 2050 to 2.5 
billion and increase further to 4.4 billion by 2100 by 
which time 38% of the global population is projected to 
be African (UN 2015). In many parts of the world emphasis 
can be placed on cereals to address the demands of popu-
lation growth (West et  al. 2014) but not in some key 
areas in Sub-Saharan Africa (SSA).

Banana including plantain (Musa spp.) is an important 
staple crop in tropics. Annual global production of banana 
is about 145 million tons (FAOSTAT 2014). Approximately 
a third of that production is in Africa, and Africa accounts 
for about 72% of production of plantains (FAOSTAT 
2014). Investment in banana improvement holds great 
potential for improving food security as these crops feed 
more people per unit area of production than other staple 
crops (West et  al. 2014). For instance, Uganda produces 
30% of the global production of cooking bananas and 
has the highest consumption per capita (FAOSTAT 2014). 
In southeastern Nigeria, smallholder farmers generate up 
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Abstract

Banana is an important staple food crop feeding more than 100 million Africans, 
but is subject to severe productivity constraints due to a range of pests and 
diseases. Banana Xanthomonas wilt caused by Xanthomonas campestris pv. 
musacearum is capable of entirely destroying a plantation while nematodes can 
cause losses up to 50% and increase susceptibility to other pests and diseases. 
Development of improved varieties of banana is fundamental in order to tackle 
these challenges. However, the sterile nature of the crop and the lack of resist-
ance in Musa germplasm make improvement by traditional breeding techniques 
either impossible or extremely slow. Recent developments using genetic engi-
neering have begun to address these problems. Transgenic banana expressing 
sweet pepper Hrap and Pflp genes have demonstrated complete resistance against 
X.  campestris pv. musacearum in the field. Transgenic plantains expressing a 
cysteine proteinase inhibitors and/or synthetic peptide showed enhanced resist-
ance to a mixed species population of nematodes in the field. Here, we review 
the genetic engineering technologies which have potential to improve agriculture 
and food security in Africa.
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to 30% of their income from plantain cultivation (Pasberg-
Gauhl and Gauhl 1996). In Central and West Africa, 
plantains account for about 32% of total Musa production 
(Lescot 2008), which feed approximately 70 million people 
with >25% of their carbohydrates and 10% of their food 
energy (Ortiz and Vuylsteke 1996; Robinson 1996).

Most cultivated banana varieties are triploids with low 
to no fertility generated by hybridizations between two 
diploid species, Musa acuminata and M. balbisiana, which 
contribute to the A and B genomes, respectively (Ortiz 
et  al. 1995). The sweet dessert banana that forms the 
bulk of the export market and East African highland 
bananas (EAHB) are AAA, plantains and East African 
dessert bananas are AAB, and most other cooking bananas 
are ABB (Simmonds 1987).

Banana production is severely hampered by several pests 
and diseases, particularly on low-input, subsistence farms. 
Banana Xanthomonas wilt (BXW) caused by Xanthomonas 
campestris pv. musacearum is seriously threatening the 
banana production in East Africa (Tripathi et  al. 2009; 
Shimwela et  al. 2016a). The disease starts with wilting of 
leaves or male bud and premature ripening of fruits lead-
ing to death of plant and rotting of fruits. Where it occurs, 
BXW causes acute infections that can lead to a complete 
loss of a plantation. It caused 30–50% decrease in banana 
yields in Uganda between 2001 and 2004 (Karamura et al. 
2006; Shimwela et  al. 2016a). Economic losses of about 
$2–8 billion have been reported over a decade in the 
East Africa (Tripathi et  al. 2009; Nkuba et  al. 2015; 
Shimwela et al. 2016a). BXW disease is transmitted mainly 
by insects, contaminated farming tools, infected planting 
materials, and probably rain splash (Shimwela et  al. 
2016a,b). It can be contained by the use of cultural prac-
tices such as removal of the male bud to prevent insect 
transmitted infection, using sterilized farming tools, 
destroying infected plants, and using clean pathogen-free 
planting materials. However, the adoption of these practices 
is inconsistent as these techniques are labor intensive and 
may enhance disease spread if cutting of plants occurs 
during rainy season (Shimwela et al. 2016a,b). The disease 
affects all banana varieties and no resistant source has 
been identified in Musa germplasm yet.

Nematodes cause losses globally to banana production. 
Analysis of data from experimental applications of nemati-
cides across a range of African countries has demonstrated 
yield responses of 71 ± 16% over 3 years after nematicide 
application (Atkinson 2003). Losses of >50% have been 
confirmed in a field trial with plantain (Roderick et  al. 
2012a). Nematodes are often controlled in commercial 
banana plantations by periodic application of environ-
mentally damaging pesticides, but they are not normally 
available or suitable for smallholders in Africa. Crop rota-
tion is not often possible for such farmers, many of whom 

have insufficient land to accept the associated yield loss, 
given that plantains out produce all other staple crops 
in conditions that favor them.

Development of nematodes or banana Xanthomonas 
wilt-resistant cultivars by traditional crosspollination tech-
niques is hampered by the sterility of the polyploid genomes 
of cultivated banana and plantains (Lorenzen et  al. 2010). 
However, conventional breeding has produced hybrids with 
resistance to Radopholus similis though these tend to remain 
moderate hosts for Pratylenchus species (Quénéhervé et  al. 
2009). No hybrid has shown resistance to the concurrent 
infections by several nematode species (Pinochet 1988; De 
Waele and Elsen 2002; Lorenzen et  al. 2010) as required 
to manage them on banana and plantain crops.

No resistant varieties of banana have been identified 
with both nematode and Xanthomonas wilt resistance, 
but transgenic plants with both of these resistance traits 
have been valued for Uganda alone at $962  m over a 
30-year period (Kalyebara et  al. 2007). Male and female 
sterility of most edible cultivars, lack of crossfertile wild 
relatives, and clonal propagation of banana all contribute 
to no risk of gene flow from transgenic banana plants 
to either wild or cultivated plants. Deployment of farmer 
preferred transgenic cultivars is unlikely to adversely affect 
the already very low genetic variability in the banana crop 
due to its perennial nature and a reliance on very few 
cultivars across large geographical areas. This review 
describes progress on developing transgenic banana resist-
ance to both Xanthomonas wilt disease and nematodes 
and key issues to be resolved before their deployment to 
growers in Africa.

Xanthomonas wilt Resistant Banana

Genetic engineering is an important tool that facilitates 
transfer of genes for useful agronomic traits across spe-
cies. It can complement conventional breeding of banana 
by allowing the bottlenecks of breeding for developing 
improved varieties to be overcome. In the absence of 
known host plant resistance among banana genotypes, 
genetic engineering provides a cost-effective alternative 
technique to develop Xanthomonas wilt resistant banana 
varieties. Host plant resistance against pathogens can be 
enhanced by expressing resistance (R) genes, antimicrobial 
genes, or defense genes (Tripathi et  al. 2016; Table  1). 
The Hypersensitive Response Assisting Protein (Hrap) and 
Plant Ferredoxin Like Protein (Pflp) genes from sweet 
pepper (Capsicum annuum) are defense genes which can 
intensify the hypersensitive response (Lin et al. 1997; Chen 
et  al. 2000). These genes have provided resistance against 
various bacterial pathogens such as Erwinia, Pseudomonas, 
Ralstonia, and Xanthomonas spp. in transgenic Arabidopsis, 
tobacco, tomato, orchids, calla lily, and rice (Tang et  al. 
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2001; Ger et  al. 2002; Liau et  al. 2003; Huang et  al. 2004, 
2007; Pandey et  al. 2005; Yip et  al. 2007).

Transgenic bananas have been generated by inserting 
Hrap or Pflp gene in embryogenic cell suspensions of 
banana cultivars, the AAB sweet banana cultivar ‘Sukali 
Ndiizi’, and the AAA-EAHB cultivar ‘Nakinyika’, through 
Agrobacterium-mediated transformation (Tripathi et  al. 
2010; Namukwaya et al. 2012). The transgenic events were 
analyzed to confirm the presence of transgene by PCR 
and integration of transgene in banana genome by Southern 
blot analysis. Several of these transgenic events showed 
enhanced resistance under laboratory and glasshouse con-
ditions (Tripathi et  al. 2010; Namukwaya et  al. 2012). The 
promising transgenic events showing 100% resistance against 
Xcm in glasshouse experiments were selected for confined 
field trial. Sixty-five transgenic events (40 Hrap gene lines 
and 25 Pflp gene lines) were evaluated for disease resist-
ance in a confined field trial at the National Agricultural 
Research Laboratory (NARL), Kawanda, Uganda. Complete 
resistance to Xanthomonas wilt disease was demonstrated 
for 11 transgenic events (7 Hrap lines and 4 Pflp lines) 
for both mother and progeny crops (Tripathi et al. 2014a). 
Control nontransgenic plants developed disease symptoms 
and wilted completely. The results from field trial experi-
ment confirmed the transfer of the disease resistance trait 
from mother to progeny. These 11 transgenic events, besides 
showing absolute resistance to Xanthomonas wilt disease, 
also showed agronomic characteristics (flowering and yield) 
similar to nontransgenic control varieties (Tripathi et  al. 
2014a). These transgenic events were further evaluated in 
a second confined trial to measure agronomic performance. 
As bacterial pathogens evolve fast, there is risk of breaking 
down of resistance in transgenic plants developed using 
single gene. To avoid or delay this situation, we are devel-
oping transgenic banana varieties using stacked genes 
(Hrap-Pflp). The transgenic banana expressing stacked Hrap 
and Pflp genes did not show higher or additive resistance 
against pathogen in comparison to individual genes; how-
ever, stacking might provide the benefit of durable resist-
ance in case one transgene function is lost (Muwonge 
et  al. 2016).

The rice pattern recognition receptor (PRR) XA21 has 
also been tested for resistance against X.  campestris pv. 
musacearum in order to identify additional disease resist-
ance genes for use in gene pyramiding strategies. The 
transgenic rice overexpressing Xa21 gene confers resistance 
to the bacterial pathogen X.  oryzae pv. oryzae (Ronald 
et al. 1992; Wang et al. 1996). Transgenic banana express-
ing rice Xa21 gene were developed and tested for 
Xanthomonas wilt disease resistance. These transgenic 
plants demonstrated enhanced resistance against X.  camp-
estris pv. musacearum under glass house conditions (Tripathi 
et  al. 2014b).

Several other potential transgenes have been identified 
that suppress development of disease lesions in other plants 
species or shown in vitro antibacterial effects against 
Xanthamonas sp. Transgenic tomato expressing the R-genes, 
Pto or Bs2, showed resistance against X.  campestris pv. 
vesicatoria (Tai et  al. 1999; Tang et  al. 1999). The maize 
Rxo1 gene provides resistance against X. oryzae pv. oryzicola 
causing bacterial streak disease in rice (Zhao et  al. 2005). 
Overexpression of Arabidopsis NPR1 or the rice NH1 gene 
enhanced resistance to the rice bacterial blight pathogen 
X.  oryzae pv. oryzae (Chern et  al. 2005; Yuan et  al. 2007). 
Expression of receptor EFR from Arabidopsis thaliana confers 
resistance against range of phytopathogenic bacteria in 
Nicotiana benthamiana, tomato, rice, and wheat (Lacombe 
et al. 2010; Schoobeek et al. 2015; Schwessinger et al. 2015). 
Cecropins derived from the Cecropia moth (Hyalophora 
cecropia) including native (cecropin B), synthetic (Shiva-1, 
D4E1), and mutant (SB-37, MB39) have shown antimi-
crobial activity against bacterial pathogens X. campestris and 
X.  populi (Nordeen et  al. 1992; Kaduno-Okuda et  al. 1995; 
Rajasekaran et  al. 2001; Mentag et  al. 2003).

Nematode Resistant Bananas

The key nematode pests of banana in SSA are the migra-
tory species Radopholus similis, Pratylenchus goodeyi, P. cof-
feae, Helicotylenchus multicinctus, and sedentary Meloidogyne 
spp. The migratory endoparasite R.  similis is considered 
the most damaging where it occurs causing extensive root 
necrosis as the nematode migrates through the root feed-
ing. This reduces root function and compromises plant 
anchorage leading to toppling during storms. Pratylenchus 
spp. are becoming increasingly prevalent pests of Musa 
across Africa, especially on plantain in West Africa, result-
ing in growing concern for their potential impact (Coyne 
2009). They impose root pathology similar to R.  similis 
(Bridge et  al. 1997). H.  multicinctus occurs in almost all 
banana-growing areas mainly in root cortex causing some 
necrosis. The sedentary root parasite Meloidogyne spp. 
differs in modifying plant cells into a feeding site at one 
locale (Gowen et  al. 2005). Infestations of complexes of 
species are prevalent and the combination of nematode 
species present in banana plantations varies with the locality 
(Coyne et  al. 2013).

Several transgenic defenses against nematodes are in 
different stages of development (Table  1). Cysteine pro-
teinases are major digestive enzymes of many nematodes 
and can be inhibited by cysteine proteinase inhibitors 
(cystatins). The expression of plant cystatins by roots sup-
presses nematode growth and reproduction on several 
plants in containment including tomato (Urwin et  al. 
1995), Arabidopsis (Urwin et  al. 1997, 2000), rice (Vain 
et  al. 1998), dessert banana (Atkinson et  al. 2004a), 
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aubergine (Papolu et  al. 2016), and Easter Lily (Vieira 
et  al. 2015). High levels of efficacy have also been estab-
lished in confined field trials for both potato expressing 

an engineered rice grain cystatin (Urwin et al. 2001, 2003; 
Lilley et  al. 2004) and plantain expressing a maize kernel 
cystatin (Roderick et  al. 2012b).

Table 1. List of genes introduced to various crops for developing resistance to bacterial disease and nematodes.

Resistance 
Technology/
Target Gene Origin Target Organism Crop Mode of Action

Resistance

ReferencesGreen house Field

Bacterial Disease Resistance
Hrap Sweet pepper X. campestris pv. 

musacearum
Banana Hypersensitivity 

Response
Full Full Tripathi et al. (2010, 

2014a)
Pflp Sweet pepper X. campestris pv. 

musacearum
Banana Hypersensitivity 

Response
Full Full Namukwaya et al. (2012); 

Tripathi et al. (2014a)
Xa21 Rice X. campestris pv. 

musacearum
Banana Pathogen 

Recognition
Full – Tripathi et al. (2014b)

Pto Tomato X. campestris pv. 
vesicatoria

Tomato Resistance (R) Gene Enhanced – Tang et al. (1999)

Bs2 Sweet pepper X. campestris pv. 
vesicatoria

Tomato Resistance (R) Gene Enhanced – Tai et al. (1999)

Rxo1 Maize X. oryzae pv. 
oryzicola

Rice Resistance (R) Gene Enhanced – Zhao et al. (2005)

Npr1 Arabidopsis X. oryzae pv. 
oryzae

Rice Systemic Acquired 
Resistance

Enhanced – Chern et al. (2005)

NH1 Rice X. oryzae pv. 
oryzae

Rice Systemic Acquired 
Resistance

Enhanced – Yuan et al. (2007)

EFR Arabidopsis Ralstonia 
solanacearum, 
Xanthomonas 
perforans

Tomato Pathogen 
Recognition

Enhanced – Lacombe et al. (2010)

D4E1 Synthetic X. populi pv. 
populi

Popular Cecropin 
Antimicrobial 
Peptide

Enhanced – Mentag et al. (2003)

Nematode Resistance
CCII Maize R. similis, 

H. multicinctus, 
Meloidogyne sp.

Plantain Antifeedant 84% 98% Roderick et al. (2012b); 
Tripathi et al. (2015)

Peptide Synthetic R. similis, 
H. multicinctus, 
Meloidogyne sp.

Plantain Behavioral Repellent 66% 99% Roderick et al. (2012b); 
Tripathi et al. (2015)

CCII + Peptide Synthetic R. similis, 
H. multicinctus, 
Meloidogyne sp.

Plantain As above 70% 95% Roderick et al. (2012b); 
Tripathi et al. (2015)

OcIΔD86 Rice R. similis Banana Antifeedant 70% – Atkinson et al. (2004a)
Cry5B B. thuringiensis M. incognita Tomato Bt Toxin 64% – Li et al. (2008)
16D10 M. incognita M. incognit, 

M. Javanica, 
M. arenaria, 
M. hapla

Arabidopsis RNAi 93% – Huang et al. (2006)

tp M. incognita M. incognita Soybean RNAi 82% – Ibrahim et al. (2010)
msp M. incognita M. incognita Soybean RNAi 85% – Ibrahim et al. (2010)
cb-1 R. similis R. similis Tobacco RNAi 73% – Li et al. (2015a)
crt R. similis R. similis Tomato RNAi 75% – Li et al. (2015b)
Splicing Factor M. incognita M. incognita Tobacco RNAi 100% – Yadav et al. (2006)
Integrase M. incognita M. incognita Tobacco RNAi 99% – Yadav et al. (2006)
flp-14 M. incognita M. incognita Tobacco RNAi 50% – Papolu et al. (2013)
flp-18 M. incognita M. incognita Tobacco RNAi 58% – Papolu et al. (2013)

Full – transgenic lines identified with full resistance to bacterial pathogen, and Enhanced – transgenic lines identified with reduced disease symptoms. 
Best line percentage resistance to nematodes calculated from nematodes/100 g root relative to infected nontransgenic control plants.
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A second well-developed transgenic resistance defense 
is based on expression of peptides that reduce invasion 
of roots without being lethal to nematodes. The peptides 
undergo retrograde transport along certain chemosensory 
dendrites to neuronal cell bodies of several nematodes 
including R.  similis resulting in a loss of orientation to 
roots (Winter et  al. 2002; Wang et  al. 2011; Roderick 
et  al. 2012b). The peptide that has been deployed in 
plantains is a disulfide-constrained 7-mer with the amino 
sequence CTTMHPRLC (Winter et al. 2002; Roderick et al. 
2012b). It has provided resistance to Globodera pallida in 
the glasshouse (Lilley et  al. 2011) and field (Green et  al. 
2012). Both the peptide and a cystatin provided a high 
level of resistance in plantain to both R.  similis and 
H.  multicinctus with evidence of an accumulative benefit 
as the crop advanced to harvest as the introduced nema-
todes failed to maintain their density on the growing root 
system (Tripathi et  al. 2015; Fig.  1).

Bacillus thuringiensis derived Bt endotoxin genes, similar 
to the highly effective insecticidal genes deployed in several 
crops, have also demonstrated an ability to suppress 
Meloidogyne species (Li et  al. 2008; Zhang et  al. 2012; 
Yu et  al. 2015). Plant lectins have also been shown to 
suppress M.  incognita but are toxic to insects and mam-
mals (Burrows and de Waele 1997). RNA interference 
(RNAi) based defenses are being developed and have shown 
promise against Meloidogyne species (Huang et  al. 2006; 
Yadav et al. 2006; Ibrahim et al. 2011; Papolu et al. 2013), 
R.  similis (Haegeman et  al. 2009; Li et  al. 2015a,b), and 
Pratylenchus species (Joseph et  al. 2012; Tan et  al. 2013). 
However, none of these resistance technologies have been 
deployed into banana as they lack the broad control 
required for concomitant infections typical in banana 
plantations (Wei et  al. 2003).

Food and Environmental Biosafety

Bioinformatics approaches comparing the amino acid 
sequences of PFLP and HRAP proteins to known allergens 
(AllergenOnline.org and NCBI) and toxins (NCBI) con-
firmed that both the proteins are safe for human con-
sumptions and do not have similarity with any toxin or 
allergen in database. The transgenic banana expressing 
Hrap or Pflp gene will be evaluated for food and envi-
ronmental safety during next field trial.

There is a well-established case for the food and envi-
ronmental safety of both the cystatin and peptide defenses. 
The rice and maize seed cystatins deployed in banana 
are not novel dietary proteins. They are consumed as 
part of the staple diet of many Africans and a similar 
protein is present in human saliva (Veerman et  al. 1996). 
Experimental approaches concluded that they are neither 
toxins (Atkinson et  al. 2004b) nor allergens (MAFF UK 

2000). They also share no similarity with any known toxic 
or allergenic proteins in databases. The peptide expressed 
in plantains is destroyed by cooking and by simulated 
intestinal fluid. It is not recognized as a potential allergen 
by Allergenonline (http://www.allergenonline.com) or 
Allermatch (http://allermatch.org; Fiers et  al. 2004), two 
tools that meet Food and Agriculture Organization/World 
Health Organization (FAO/WHO) Codex alimentarius 
guidelines for allergenicity assessment (http://bit.ly/
CodexAlimentarius). The lack of allergenicity of the 1.16-
kDa peptide is also consistent with the observation that 
proteins of less than 3  kDa do not normally elicit an 
allergic response in mammals (Van Beresteijn et al. 1994).

Expression of the engineered rice cystatin by potato 
plants does not pose a measurable environmental risk to 
aerial invertebrate associates of a transgenic potato crop 
(Cowgill et  al. 2002a, 2004; Cowgill and Atkinson 2003), 
or perturb soil organism communities in the field (Cowgill 
et al. 2002b). Free-living soil nematodes are also unaffected 
by potato plants expressing the engineered rice cystatin 
(Green et  al. 2012). The peptide is rapidly degraded in 
the soil, presumably being utilized by soil microorganisms. 
It is not lethal to nontarget invertebrates at levels above 
those produced by transgenic plants (Wang 2009). Its 
release from transgenic potato does not perturb nontarget 
communities of soil nematodes in the field (Green et  al. 
2012). Both food and environmental biosafety can be 
enhanced further by controlling expression under promot-
ers that express preferentially in roots (Green et  al. 2012). 
This strategy may also enhance the effectiveness of the 
peptide defense. Placing the peptide under control of a 
root-cap-specific promoter provided 94.9 ± 0.8% resistance 
to G.  pallida in contained potato plant trial compared to 
34.4 ± 8.4% resistance when the peptide was under control 
of the constitutive CaMV35S promoter (Lilley et  al. 2011).

Future Perspectives

The progress of innovations to the market has been charted 
for a wide range of technologies using the Hype cycle 
(Fenn and Raskino 2008). Crucial to applying this approach 
is defining a metric of visibility. In the case of transgenic 
technologies citation number based on keyword searches, 
as used in a meta-analysis of the agronomic and economic 
impacts of GM crops (Klümper and Qaim 2014), provide 
a useful measure of the developmental state of specific 
genetic modifications. Citation frequency falls as workers 
with fundamental science interests disengage from the field 
leaving only those involved in translational and subsequent 
research for those applications showing commercial poten-
tial. Additionally, the years for citations to accumulate 
are less for more recent, translational research than the 
older publications on which that effort is based.

http://www.allergenonline.com
http://allermatch.org
http://bit.ly/CodexAlimentarius
http://bit.ly/CodexAlimentarius
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The anti-insect protein from Bacillus thuringiensis (Bt) 
that confers resistance to certain insects can act as a 
comparator for nematode resistance technologies when 

applying the Hype cycle method (Fig.  2). Bt represents 
a mature resistance technology in food crops that has a 
stable market based on real benefits. A limitation of 

Figure 1. Stacked columns of cumulative percentage resistance (mean ± SEM) for the periods vegetative growth, flowering, and harvest (i.e., Line 
D30 had 22% resistance at vegetative sampling, 61% resistance at flowering sampling, and 80% resistance at harvest flowering) for 12 transgenic 
lines relative to the control plants to which nematodes were added before planting (+nem). Data are based on Tripathi et al. 2015. The expressed 
transgenes in the independent, transgenic events are as follow: C, cystatin; P, peptide; and D, both C and P.

Figure 2. Gartner Hype cycle applied to development of Bt technology for transgenic insect control (solid line) and nematode resistance (dashed line 
and squares) expressed as percentage of the highest citation value in the peak of inflated expectations. The search terms used for Bt technology were 
“Bt + insect + crop” followed by stepped addition of “field”, then “yield”, then “benefit”, and finally “Bt grower + society”. For nematode resistance, 
these were “nematode + transgenic” followed by stepped addition of “crop”, then “field”, then “yield”, and finally “improved”. Estimated time to 
plateau of productivity for Bt technology; light-gray triangle, >10 years; gray circle <5–10 years; and open circles <2 years or on plateau. †, Herring 
2015; *, James 2014.
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fitting the Hype cycle to development of nematode and 
particularly banana Xanthomonas wilt resistance is a shal-
lower evidence base provided by a much smaller number 
of researchers involved in than those working on Bt. 
Despite this limitation, the analysis does suggest that 
nematode resistance technologies are within 5–10  years 
of achieving the plateau of productivity based on the 
similar stages of development in Bt insect resistance. A 
similar timeline is likely for the banana Xanthomonas 
wilt resistance technologies that are at a similar stage of 
development to the nematode resistance technologies.

The most substantial issue for the development of these 
public good technologies is maintaining a level of donor 
support required for the translation phases, by comparison 
the development of Bt in cotton and maize was more 
assured due to investment by biotechnology companies. 
Science-related factors include the need to demonstrate 
efficacy across all African regions where marketing is 
anticipated. Resistance breaking might eventually require 
management but is more likely to limit the duration of 
productivity rather emerge before widespread uptake. A 
more substantial issue is the capacity within Africa to 
produce the many millions of transgenic plantlets that 
would be required. Data compiled to date independently 
of the technology developers establish that neither of the 
new banana technologies poses toxicological or allergenic 
risk. Consequently, regulatory actions that resulted in 
withdrawal of soybeans expressing a novel protein that 
proved to be an allergen (Herman 2003) seem unlikely. 
However, regulatory processes have not yet optimized in 
Africa to support rapid and safe uptake of beneficial crops 
(Atkinson et  al. 2015). A further major issue is political 
concerns that have hindered progress for aubergine (Brinjal) 
in India but not Bangladesh (Herring 2015). The future 
scientific objectives in addition to translational effort is 
to increase the benefits offered by transgenic banana by 
stacking traits such as resistance to nematode and banana 
Xanthomonas wilt in grower-preferred cultivars.

Acknowledgments

The authors would like to thank United States Agency 
for International Development (USAID) for financial sup-
port to BXW research and the USAID ABSPII program, 
the Biotechnology and Biological Sciences Research Council 
(BBSRC), Department for International Development 
(DFID), and CGIAR Research Program on Roots, Tubers 
and Bananas (RTB) for financial support to nematode 
research. We acknowledge Academia Sinica, Taiwan and 
the University of California, Davis for providing gene 
constructs for BXW resistance. We also acknowledge 
African Agricultural Technology Foundation (AATF) for 
negotiating license of Pflp and Hrap genes from Academia 

Sinica and for sublicensing the genes to International 
Institute of Tropical Agriculture (IITA).

Conflict of Interest

The authors declare no competing financial interests.

References

Atkinson, H. J. 2003. Strategies for resistance to nematodes 

in Musa spp. Pp. 74–107 in H. J. Atkinson, et  al., eds. 

Genetic transformation strategies to address the major 

constraints to banana and plantain production in Africa. 

INIBAP, Montpellier, France.

Atkinson, H. J., S. Grimwood, K. A. Johnston, and J. 

Green. 2004a. Prototype demonstration of transgenic 

resistance to the nematode Radopholus similis conferred 

on banana by a cystatin. Transgenic Res. 13:135–142.

Atkinson, H. J., K. A. Johnston, and M. Robbins. 2004b. 

Prima facie evidence that a phytocystatin for transgenic 

plant resistance to nematodes is not a toxic risk in the 

human diet. J. Nutr. 134:431–434.

Atkinson, H. J., H. Roderick, and L. Tripathi. 2015. Africa 

needs streamlined regulation to support the deployment 

of GM crops. Trends Biotechnol. 33:433–435.

Bridge, J., R. Fogain, and S. Paul. 1997. The root lesion 

nematodes of banana. Musa Pest Fact Sheet No. 2. 

INIBAP, Montpellier, France.

Burrows, P. R., and D. de Waele. 1997. Engineering 

resistance against plant parasitic nematodes using 

anti-nematode genes. Pp. 217–236 in C. Fenoll, F. M. W. 

Grundler and S. A. Ohl, eds. Cellular and molecular 

aspects of plant-nematode interactions. Kluwer Academic 

Press, Dordrecht, Netherlands.

Chen, C. H., H. J. Lin, M. J. Ger, D. Chow, and T. Y. 

Feng. 2000. The cloning and characterization of a 

hypersensitive response assisting protein that may be 

associated with the harpin-mediated hypersensitive 

response. Plant Mol. Biol. 43:429–438.

Chern, M., H. A. Fitzgerald, P. E. Canlas, D. A. Navarre, 

and P. C. Ronald. 2005. Over-expression of a rice NPR1 

homolog leads to constitutive activation of defence 

response and hypersensitivity to light. Mol. Plant Microbe 

Interact. 18:511–520.

Cowgill, S. E., and H. J. Atkinson. 2003. A sequential 

approach to risk assessment of transgenic plants 

expressing protease inhibitors: effects on non-target 

herbivorous insects. Transgenic Res. 12:439–449.

Cowgill, S. E., C. Wright, and H. J. Atkinson. 2002a. 

Transgenic potatoes with enhanced levels of nematode 

resistance do not have altered susceptibility to non-target 

aphids. Mol. Ecol. 11:821–827.

Cowgill, S. E., R. D. Bardgett, D. T. Kiezebrink, and H. J. 

Atkinson. 2002b. The effect of transgenic nematode 



44 © 2017 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 

L. Tripathi et al.Genetically Engineered Bananas

resistance on non-target organisms in the potato 

rhizosphere. J. Appl. Ecol. 39:915–923.

Cowgill, S. E., C. Danks, and H. J. Atkinson. 2004. 

Multitrophic interactions involving genetically modified 

potatoes, nontarget aphids, natural enemies and 

hyperparasitoids. Mol. Ecol. 13:639–647.

Coyne, D. 2009. Pre-empting plant-parasitic nematode losses 

on Musa spp. Acta Hortic. 828:227–236.

Coyne, D., A. Omowumi, I. Rotifa, and S. O. Afolami. 

2013. Pathogenicity and damage potential of five 

plant-parasitic nematode species on plantain (Musa spp., 

AAB genome) cv. Agbagba. Nematol. 15:589–599.

De Waele, D., and A. Elsen. 2002. Migratory endoparasities: 

Pratylenchus and Radopholus species. Pp. 175–206 in J. J. 

Starr, R. Cook and J. Bridge, eds. Plant resistance to 

parasitic nematodes. CABI, Wallingford, UK.

FAOSTAT. 2014. Agriculture data. Available at http://faostat.

fao.org. (accessed 27 September 2016).

Fenn, J., and M. Raskino. 2008. Mastering the hype cycle: 

how to choose the right innovation at the right time. 

Harvard Business Press, MA, USA.

Fiers, M. W. E. J., G. A. Kleter, H. Nijland, A. A. C. M. 

Peijnenburg, J. P. Nap, and R. C. H. J. van Ham. 2004. 

Allermatch™, a webtool for the prediction of potential 

allergenicity according to current FAO/WHO Codex 

alimentarius guidelines. BMC Bioinformatics 5:133.

Ger, M. J., C. H. Chen, S. Y. Hwang, H. E. Huang, A. R. 

Podile, B. V. Dayakar, et  al. 2002. Constitutive expression 

of Hrap gene in transgenic tobacco plant enhances 

resistance against virulent bacterial pathogens by 

induction of a hypersensitive response. Mol. Plant 

Microbe Interact. 15:764–773.

Godfray, H. C., J. R. Beddington, I. R. Crute, L. Haddad, 

D. Lawrence, J. F. Muir, et  al. 2010. Food security: the 

challenge of feeding 9 billion people. Science 

327:812–818.

Gowen, S. C., P. Quénéherve, and R. Fogain. 2005. 

Nematode parasites of bananas and plantains. Pp. 

611–643 in M. Luc, R. A. Sikora and J. Bridge, eds. 

Plant parasitic nematodes in subtropical and tropical 

agriculture, 2nd ed. CABI, Wallingford, UK.

Green, J., D. Wang, C. J. Lilley, P. E. Urwin, and H. J. 

Atkinson. 2012. Transgenic potatoes for potato cyst 

nematode control can replace pesticide use without 

impact on soil quality. PLoS ONE 7:e30973.

Haegeman, A., B. Vanholme, and G. Gheysen. 2009. 

Characterization of a putative endoxylanase in the 

migratory plant-parasitic nematode Radopholus similis. 

Mol. Plant Pathol. 10:389–401.

Herman, E. M. 2003. Genetically modified soybeans and 

food allergies. J. Exp. Bot. 54:1317–1319.

Herring, R. J. 2015. State science, risk and agricultural 

biotechnology: Bt cotton to Bt brinjal in India. J. Peasant 

Stud. 42:159–186.

Huang, S. N., C. H. Chen, H. J. Lin, M. J. Ger, Z. I. 

Chen, and T. Y. Feng. 2004. Plant ferredoxin-like 

protein  AP1 enhances Erwinia induced hypersensitive 

response of tobacco. Physiol. Mol. Plant Pathol. 

64:103–110.

Huang, G. Z., R. Allen, E. L. Davis, T. J. Baum, and R. S. 

Hussey. 2006. Engineering broad root-knot resistance in 

transgenic plants by RNAi silencing of a conserved and 

essential root-knot nematode parasitism gene. Proc. Natl 

Acad. Sci. USA 103:14302–14306.

Huang, H. E., M. J. Ger, C. Y. Chen, A. K. Pandey, M. K. 

Yip, H. W. Chou, et  al. 2007. Disease resistance to 

bacterial pathogens affected by the amount of 

ferredoxin-I protein in plants. Mol. Plant Pathol. 

8:129–137.

Ibrahim, H. M. M., N. W. Alkharouf, S. L. F. Meyer, M. 

A. M. Aly, A. Y. Gamal El-Din, E. H. A. Hussein, et  al. 

2011. Post-transcriptional gene silencing of root-knot 

nematode in transformed soybean roots. Exp. Parasitol. 

127:90–99.

James, C. 2014. Global Status of Commercialized Biotech/

GM Crops: 2014. ISAAA Brief No. 49. ISAAA, Ithaca, 

NY.

Joseph, S., G. Gheysen, and K. Subramaniam. 2012. RNA 

interference in Pratylenchus coffeae: knock down of 

Pc-pat-10 and Pc-unc-87 impedes migration. Mol. 

Biochem. Parasitol. 186:51–59.

Kaduno-Okuda, K., K. Taniai, Y. Kato, E. Kotani, and M. 

Yamakaula. 1995. Effects of synthetic Bombyx mori 

cecropin B on growth of plant pathogenic bacteria. J. 

Invertebr. Pathol. 65:309–319.

Kalyebara, R., S. Wood, and P. M. Abodi. 2007. Assessing 

the potential impact of selected technologies on the 

banana industry in Uganda. Pp. 141–153 in M. Smale 

and W. K. Tushemereirwe, eds. An economic assessment 

of banana genetic improvement and innovation in the 

Lake Victoria region of Uganda and Tanzania. IFPRI, 

Washington, DC.

Karamura, E., G. Kayobyo, G. Blomme, S. Benin, S. J. 

Eden-Green, and R. Markham. 2006. Impacts of BXW 

epidemic on the livelihoods of rural communities in 

Uganda. P. 57 in Proceedings of the 4th international 

bacterial wilt symposium, 17–20 July 2006. Central 

Science Laboratory, York, UK.

Klümper, W., and M. Qaim. 2014. A meta-analysis of the 

impacts of genetically modified crops. PLoS ONE 

9:e111629.

Lacombe, S., A. Rougon-Cardoso, E. Sherwood, N. Peeters, 

D. Dahlbeck, H. P. van Esse, et  al. 2010. Interfamily 

transfer of a plant pattern-recognition receptor confers 

broad-spectrum bacterial resistance. Nat. Biotechnol. 

28:365–369.

Lescot, T. 2008. Genetic diversity of banana in figures. 

Fruitrop 155:29–33.

http://faostat.fao.org
http://faostat.fao.org


45© 2017 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 

Genetically Engineered BananasL. Tripathi et al.

Li, X. Q., A. Tan, M. Voegtline, S. Bekele, C.-S. Chen, and 

R. V. Aroian. 2008. Expression of Cry5B protein from 

Bacillus thuringiensis in plant roots confers resistance to 

rootknot nematode. Biol. Control 47:97–102.

Li, Y., K. Wang, and H. Xie. 2015a. Cathepsin B cysteine 

proteinase is essential for the development and 

pathogenesis of the plant parasitic nematode Radopholus 

similis. Int. J. Biol. Sci. 11:1073–1087.

Li, Y., K. Wang, H. Xie, Y. T. Wang, and D. W. Wang. 

2015b. A nematode calreticulin, Rs-CRT, is a key effector 

in reproduction and pathogenicity of Radopholus similis. 

PLoS ONE 10:e0129351.

Liau, C. H., J. C. Lu, V. Prasad, J. T. Lee, H. H. Hsiao, S. 

J. You, et  al. 2003. The sweet pepper ferredoxin-like 

protein (pflp) conferred resistance against soft rot disease 

in Oncidium orchid. Transgenic Res. 12:329–336.

Lilley, C. J., P. E. Urwin, K. A. Johnston, and H. J. 

Atkinson. 2004. Preferential expression of a plant cystatin 

at nematode feeding sites confers resistance to 

Meloidogyne incognita and Globodera pallida. Plant 

Biotechnol. J. 2:3–12.

Lilley, C. J., D. Wang, H. J. Atkinson, and P. E. Urwin. 

2011. Effective delivery of a nematode-repellent peptide 

using a root-cap-specific promoter. Plant Biotechnol. J. 

9:151–161.

Lin, H. J., H. Y. Cheng, C. H. Chen, H. C. Huang, and T. 

Y. Feng. 1997. Plant amphipathic proteins delay the 

hypersensitive response caused by harpinPss and 

Pseudomonas syringae pv. syringae. Physiol. Mol. Plant 

Pathol. 51:367–376.

Lorenzen, J., A. Tenkouano, R. Bandyopadhyay, B. Vroh, D. 

Coyne, and L. Tripathi. 2010. Over view of banana and 

plantain (Musa spp.) improvement in Africa: past and 

future. Acta Hortic. 879:595–603.

Mentag, R., M. Lukevich, M. J. Morency, and A. Seguin. 

2003. Bacterial disease resistance of transgenic hybrid 

poplar expressing the synthetic antimicrobial peptide 

D4E1. Tree Physiol. 23:405–411.

Ministry of Agriculture, Fisheries and Food, United 

Kingdom. 2000. Final Project Report: Development of 

methods to predict the allergenic potential of genetically 

modified foods and new protein products. MAFF project 

code FS 3023.

Muwonge, A., J. N. Tripathi, K. Kunert, and L. Tripathi. 

2016. Expressing stacked Hrap and Pflp genes in 

transgenic banana has no synergistic effect on 

resistance  to Xanthomonas wilt disease. S. Afr. J. Bot. 

104:125–133.

Namukwaya, B., L. Tripathi, J. N. Tripathi, G. Arinaitwe, S. 

B. Mukasa, and W. K. Tushemereirwe. 2012. Transgenic 

banana expressing Pflp gene confers enhanced resistance 

to Xanthomonas wilt disease. Transgenic Res. 4:855–865.

Nkuba, J., W. Tinzaara, G. Night, N. Niko, W. Jogo, I. 

Ndyetabula, et  al. 2015. Adverse impact of Banana 

Xanthomonas Wilt on farmers’ livelihoods in Eastern and 

Central Africa. Afr. J. Plant Sci. 9:279–286.

Nordeen, R. O., S. L. Sinden, J. M. Jaynes, and L. D. 

Owens. 1992. Activity of cecropin SB37 against 

protoplasts from several plant species and their bacterial 

pathogens. Plant Sci. 82:101–107.

Ortiz, R., and D. Vuylsteke. 1996. Improving plantain and 

banana-based systems. Pp. 2–7 in R. Ortiz and M. O. 

Akoroda, eds. Plantain and banana production and 

research in West and Central Africa. IITA, Ibadan, 

Nigeria.

Ortiz, R., R. S. B. Ferris, and D. R. Vuylsteke. 1995. 

Banana and plantain breeding. Pp. 110–146 in S. Gowen, 

ed. Bananas and plantains. Chapman and Hall, London, 

UK.

Pandey, A. K., M. J. Ger, H. E. Huang, M. K. Yip, J. Zeng, 

and T. Y. Feng. 2005. Expression of the hypersensitive 

response-assisting protein in Arabidopsis results in 

harpin-dependent hypersensitive cell death in response to 

Erwinia carotovora. Plant Mol. Biol. 59:771–780.

Papolu, P. K., N. P. Gantasala, D. Kamaraju, P. Banakar, R. 

Sreevathsa, and U. Rao. 2013. Utility of host delivered 

RNAi of two FMRF amide like peptides, flp-14 and 

flp-18, for the management of root knot nematode, 

Meloidogyne incognita. PLoS ONE 8:e80603.

Papolu, P. K., T. K. Dutta, N. Tyagi, P. E. Urwin, C. J. 

Lilley, and U. Rao. 2016. Expression of a cystatin 

transgene in eggplant provides resistance to root-knot 

nematode, Meloidogyne incognita. Front. Plant Sci. 7:1122.

Pasberg-Gauhl, C., and F. Gauhl. 1996. Musa research in 

the plant health management division at IITA: activities 

at the high rainfall station, Onne in Nigeria. Pp. 7–14 in 

R. Ortiz and M. O. Akoroda, eds. Plantain and banana 

production and research in West and Central Africa. 

IITA, Ibadan, Nigeria.

Pinochet, J. 1988. Comments on the difficulty in breeding 

bananas and plantains for resistance to nematodes. Rev. 

Nematol. 11:3–5.

Quénéhervé, P., F. Salmon, P. Topart, and J. P. Horry. 

2009. Nematode resistance in bananas: Screening results 

on some new Mycosphaerella resistant banana hybrids. 

Euphytica 165:123–136.

Rajasekaran, K., K. D. Stromberg, J. W. Cary, and T. E. 

Cleveland. 2001. Broad-spectrum antimicrobial activity in 

vitro of the synthetic peptide D4E1. J. Agric. Food 

Chem. 49:2799–2803.

Robinson, J. C. 1996. Bananas and plantain. CABI, 

Wallingford, UK.

Roderick, H., E. Mbiru, D. Coyne, L. Tripathi, and H. J. 

Atkinson. 2012a. Quantitative digital imaging of banana 

growth suppression by plant parasitic nematodes. PLoS 

ONE 7:e53355.

Roderick, H., L. Tripathi, A. Babirye, D. Wang, J. Tripathi, 

P. E. Urwin, et  al. 2012b. Generation of transgenic 



46 © 2017 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 

L. Tripathi et al.Genetically Engineered Bananas

plantain (Musa spp.) with resistance to plant pathogenic 

nematodes. Mol. Plant Pathol. 13:842–851.

Ronald, P. C., B. Albano, R. Tabien, L. Abenes, K. Wu, S. 

McCouch, et  al. 1992. Genetic and physical analysis of 

the rice bacterial blight disease resistance locus, Xa21. 

Mol. Gen. Genet. 236:113–120.

Schoobeek, H. J., H. H. Wang, F. L. Stefanato, M. Craze, S. 

Bowden, E. Wallington, et  al. 2015. Arabidopsis EF-Tu 

receptor enhances bacterial disease resistance in transgenic 

wheat. New Phytol. 206:606–613.

Schwessinger, B., O. Bahar, N. Thomas, N. Holton, V. 

Nekrasov, D. Ruan, et  al. 2015. Transgenic expression of 

the dicotyledonous pattern recognition receptor EFR in 

rice leads to ligand-dependent activation of defense 

responses. PLoS Pathog. 11:e1004809.

Shimwela, M. M., R. C. Ploetz, F. D. Beed, J. B. Jones, J. 

K. Blackburn, S. I. Mkulila, et  al. 2016a. Banana 

Xanthomonas wilt continues to spread in Tanzania 

despite an intensive symptomatic plant removal 

campaign: an impending socio-economic and ecological 

disaster. Food Secur. 8:939–951.

Shimwela, M. M., J. K. Blackburn, J. B. Jones, J. Nkuba, H. 

A. Narouei-Khandan, R. C. Ploetz, et  al. 2016b. Local 

and regional spread of banana Xanthomonas wilt (BXW) 

in space and time in Kagera, Tanzania. Plant. Pathol. 

doi:10.1111/ppa.12637.

Simmonds, N. W. 1987. Classification and breeding of 

bananas. Pp. 69–73 in G. Persley, E. De Langhe, eds. 

Banana and plantain breeding strategies. ACIAR 

proceedings No. 21. ACIAR, Canberra, Australia.

Tai, T. H., D. Dahlbeck, E. T. Clark, P. Gajiwala, R. 

Pasion, M. C. Whalen, et  al. 1999. Expression of the Bs2 

pepper gene confers resistance to bacterial spot disease in 

tomato. Proc. Natl Acad. Sci. USA 23:14153–14158.

Tan, J. A. C. H., M. G. K. Jones, and J. Fosu-Nyarko. 

2013. Gene silencing in root lesion nematodes 

(Pratylenchus spp.) significantly reduces reproduction in a 

plant host. Exp. Parasitol. 133:166–178.

Tang, X., M. Xie, Y. J. Kim, J. Zhou, D. F. Klessig, and G. 

B. Martin. 1999. Overexpression of Pto activates defense 

responses and confers broad resistance. Plant Cell 

11:15–29.

Tang, K., X. Sun, Q. Hu, A. Wu, C. H. Lin, H. J. Lin, 

et  al. 2001. Transgenic rice plants expressing the 

ferredoxin-like protein (AP1) from sweet pepper show 

enhanced resistance to Xanthomonas oryzae pv. oryzae. 

Plant Sci. 160:1035–1042.

Tripathi, L., M. Mwangi, S. Abele, V. Aritua, W. K. 

Tushemereirwe, and R. Bandyopadhyay. 2009. A threat to 

banana production in east and central Africa. Plant Dis. 

93:440–451.

Tripathi, L., H. Mwaka, J. N. Tripathi, and W. K. 

Tushemereirwe. 2010. Expression of sweet pepper Hrap 

gene in banana enhances resistance to Xanthomonas 

campestris pv. musacearum. Mol. Plant Pathol. 

11:721–731.

Tripathi, L., J. N. Tripathi, A. Kiggundu, S. Korie, F. 

Shotkoski, and W. K. Tushemereirwe. 2014a. Field trial 

of Xanthomonas wilt disease-resistant bananas in East 

Africa. Nat. Biotechnol. 32:868–870.

Tripathi, J. N., J. Lorenzen, O. Bahar, P. Ronald, and L. 

Tripathi. 2014b. Transgenic expression of the rice Xa21 

pattern-recognition receptor in banana (Musa sp.) confers 

resistance to Xanthomonas campestris pv. musacearum. 

Plant Biotech. J. 12:663–673.

Tripathi, L., A. Babirye, H. Roderick, J. N. Tripathi, C. 

Changa, P. E. Urwin, et  al. 2015. Field resistance of 

transgenic plantain to nematodes has potential for future 

African food security. Sci. Rep. 5:8127.

Tripathi, L., J. N. Tripathi, and J. Kubiriba. 2016. 

Transgenic Technologies for Bacterial Wilt Resistance. Pp. 

197–209 in S. Mohandas and K. V. Ravishankar, eds. 

Banana: genomics and transgenic approaches for genetic 

improvement. Springer, Singapore.

United Nations, Department of Economic and Social Affairs, 

Population Division. 2015. World Population Prospects: 

The 2015 Revision, Key Findings and Advance Tables. 

Working Paper No. ESA/P/WP.241.

Urwin, P. E., H. J. Atkinson, D. A. Waller, and M. J. 

McPherson. 1995. Engineered oryzacystatin-I expressed in 

transgenic hairy roots confers resistance to Globodera 

pallida. Plant J. 8:121–131.

Urwin, P. E., C. J. Lilley, M. J. McPherson, and H. J. 

Atkinson. 1997. Resistance to both cyst and root-knot 

nematodes conferred by transgenic Arabidopsis expressing 

a modified plant cystatin. Plant J. 12:455–461.

Urwin, P. E., A. Levesley, M. J. McPherson, and H. J. 

Atkinson. 2000. Transgenic resistance to the nematode 

Rotylenchulus reniformis conferred by Arabidopsis thaliana 

plants expressing proteinase inhibitors. Mol. Breed. 

6:257–264.

Urwin, P. E., K. M. Troth, E. I. Zubko, and H. J. 

Atkinson. 2001. Effective transgenic resistance to 

Globodera pallida in potato field trials. Mol. Breed. 

8:95–101.

Urwin, P. E., J. Green, and H. J. Atkinson. 2003. 

Expression of a plant cystatin confers partial resistance 

to  Globodera, full resistance is achieved by pyramiding 

a  cystatin with natural resistance. Mol. Breed. 

12:263–269.

Vain, P., B. Worland, M. C. Clarke, G. Richard, and M. 

Beavis. 1998. Expression if an engineered cysteine 

protease inhibitor (Oryzacystatin-I1D86) for nematode 

resistance in transgenic rice plants. Theor. Appl. Genet. 

96:266–271.

Van Beresteijn, E. C. H., R. A. Peeters, J. Kaper, R. J. G. 

M. Meijer, A. J. P. M. Robben, and D. G. Schmidt. 

1994. Molecular mass distribution, immunological 

https://doi.org/10.1111/ppa.12637


47© 2017 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 

Genetically Engineered BananasL. Tripathi et al.

properties and nutritive value of whey protein 

hydrolysates. J. Food Prot. 57:619–625.

Veerman, E. C., P. A. van den Keybus, A. Vissink, and A. 

V. Nieuw Amerongen. 1996. Human glandular salivas: 

their separate collection and analysis. Eur. J. Oral Sci. 

104:346–352.

Vieira, P., S. Wantoch, C. J. Lilley, D. J. Chitwood, H. J. 

Atkinson, and K. Kamo. 2015. Expression of a cystatin 

transgene can confer resistance to root lesion nematodes 

in Lilium longiflorum cv’.Nellie White’. Transgenic Res. 

24:421–432.

Wang, D. 2009. Reducing the environmental risks and 

hazards of crop production by biosafe use of transgenic 

crops. [Ph.D. thesis], Faculty of Biological Sciences, 

University of Leeds, Leeds.

Wang, G. L., W. Y. Song, D. L. Ruan, S. Sideris, and P. C. 

Ronald. 1996. The cloned gene Xa21 confers resistance to 

multiple Xanthomonas oryzae pv. oryzae isolates in 

transgenic plants. Mol. Plant Microbe Interact. 9:850–855.

Wang, D., L. M. Jones, P. E. Urwin, and H. J. Atkinson. 

2011. A synthetic peptide shows retro- and anterograde 

neuronal transport before disrupting the chemosensation 

of plant-pathogenic nematodes. PLoS ONE 6:e17475.

Wei, J. Z., K. Hale, L. Cara, E. Platzer, C. Wong, S. C. 

Fang, et  al. 2003. Bacillus thuringiensis crystal proteins 

that target nematodes. Proc. Natl Acad. Sci. USA 

10:2760–2765.

West, P. C., J. S. Gerber, P. M. Engstrom, N. D. Mueller, 

K. A. Brauman, K. M. Carlson, et  al. 2014. Leverage 

points for improving global food security and the 

environment. Science 345:325–328.

Winter, M. D., M. J. McPherson, and H. J. Atkinson. 2002. 

Neuronal uptake of pesticides disrupts chemosensory cells 

of nematodes. Parasitology 125:561–565.

Yadav, B. C., K. Veluthambi, and K. Subramaniam. 

2006.  Host generated double stranded RNA 

induces  RNAi  in plant-parasitic nematodes and protects 

the host from infection. Mol. Biochem. Parasitol. 

148:219–222.

Yip, M. K., H. E. Huang, M. J. Ger, S. H. Chiu, Y. C. 

Tsai, C. I. Lin, et  al. 2007. Production of soft rot 

resistant calla lily by expressing a ferredoxin-like protein 

gene (pflp) in transgenic plants. Plant Cell Rep. 

26:449–457.

Yu, Z., J. Xiong, Q. Zhou, H. Luo, S. Hu, L. Xia, et  al. 

2015. The diverse nematicidal properties and biocontrol 

efficacy of Bacillus thuringiensis Cry6A against the 

root-knot nematode Meloidogyne hapla. J. Invertebr. 

Pathol. 125:73–80.

Yuan, Y., S. Zhong, Q. Li, Z. Zhu, Y. Lou, L. Wang, et  al. 

2007. Functional analysis of rice NPR1 -like genes reveals 

that OsNPR1 ⁄ NH1 is the rice orthologue conferring 

disease resistance with enhanced herbivore susceptibility. 

Plant Biotechnol. J. 5:313–324.

Zhang, F., D. Peng, X. Ye, Z. Yu, Z. Hu, L. Ruan, et  al. 

2012. In vitro uptake of 140  kDa Bacillus thuringiensis 

nematicidal crystal proteins by the second stage juvenile 

of Meloidogyne hapla. PLoS ONE 7:e38534.

Zhao, B., X. Lin, J. Poland, H. Trick, J. Leach, and S. 

Hulbet. 2005. A maize resistance gene functions against 

bacterial streak disease in rice. Proc. Natl Acad. Sci. USA 

43:15383–15388.


