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Abstract: Banana (Musa spp.) is an essential fruit with high economic value 
worldwide. One of the main environmental constraints in banana cultivation is 
abiotic stress on marginal land caused by salinity stress. This salinity stress can 
significantly reduce banana productivity and even cause plant death. Global 
climate change due to warming and reduced rainfall has increased the number 
of agricultural areas affected by salinity. This review article will describe 
current knowledge of biodiversity and various biological responses when 
banana plants are exposed to saline stress. This article also mentions the 
challenges in the banana breeding program with the current development of 
plant breeding and genetic engineering technology that could be used to create 
salinetolerant banana accessions, its prospects, and the societal controversy 
underlying this technology. Thus, the information presented in this article could 
be a reference in the salinetolerant banana breeding program. 
 
 
1. Introduction 
 
     Bananas (Musa spp.) are ancient monocotyledonous plants grown in 
nearly 120 countries in tropical and subtropical regions worldwide. 
Moreover, banana is also a staple food and a major source of nutrition for 
more than 500 million people (Wang et al., 2019). After rice, maize, and 
wheat, bananas are among the world’s most important food crops and 
the second most popular fruit. The worldwide production of bananas 
(Musa spp.) totaled 113.9 million metric tons in 2017 (Evans et al., 2020), 
highlighting its importance as a substantial crop in global diets and 
commerce. Banana has a significant market share globally due to their 
broad appeal (De Langhe et al., 2009; Wang et al., 2021). It is rich in 
protein, vitamins, and minerals and is a premium export commodity in 
some countries (Aquil et al., 2012; Ji et al., 2021). Banana consumption 
worldwide continues to increase year by year. Consequently, the area of 
banana cultivation will expand as well. 
     In order to support the growth of the increasing demand for bananas, 
marginal land has emerged as a viable option for agricultural land 
development for planting bananas (Kusdianti et al., 2016). However, 
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marginal land has relatively poor agricultural yield 
potential (Dikayani et al., 2017). This land is widely 
accessible, but its agricultural potential remains 
largely untapped for agricultural activities. As an 
illustration, in Indonesia, coastal agricultural areas 
often face salinity issues attributed to rising sea levels 
resulting from climate change. Approximately 12.020 
million hectares, or 6.20% of Indonesia’s total land 
area, are estimated to be prone to salinity near the 
coast (Karolinoerita and Annisa, 2020). 
     Salinity is among the most critical abiotic stressors 
affecting plant development and productivity 
worldwide. Salinity is a prominent concern among 
the abiotic stressors affecting farming (Rao et al., 
2016). Salinity induces two types of stress: direct 
osmotic stress and delayed ion toxicity stress. They 
will affect plant development directly and indirectly. 
Osmotic stress occurs when excessive salt 
concentration disrupts osmotic balance, causing a 
physiological drought and thus inhibiting plant water 
uptake (Endris and Mohammad, 2007; Manojkumar 
et al., 2022). 
     Salinity problems can arise in coastline areas, dry 
environments on saline soil and from using low
quality irrigation water. Furthermore, an area with 
higher water evaporation rates in agricultural lands 
than rainfall also has a significant amount of land at 
risk of salinity stress. Salinity stress can cause 
reduced growth, fruit yield, and quality, which can 
have significant economic impacts on banana 
producers. Excessive salinity also increases salt 
content in the roots, reducing potassium absorption, 
slowing development, delaying flowering, and 
reducing crop production (Rao et al. ,  2016). 
Developing banana plants with improved salinity 
tolerance is crucial to ensure food security, especially 
in regions prone to stress. 
     Fortunately, some plant accessions possess 
natural tolerance to environmental stressors, 
enabling them to withstand adverse conditions. This 
adaptation relies on the activation of intricate 
molecular networks responsible for stress detection, 
signal transduction, metabolite production, and the 
expression of stressrelated genes. Additionally, it is 
crucial to consider the interplay between signaling 
molecules to understand the synergistic or 
antagonistic interactions that influence plant 
responses to abiotic stressors. We can better 
understand plant performance under stress 
conditions by identifying the genes involved in stress 
tolerance, including those responsible for cellular 

protection and stress response regulation. This 
comprehensive understanding is vital for developing 
effective strategies to enhance plant tolerance to 
salinity (Nguyen et al., 2018). 
     To our knowledge, no national or globalscale 
banana breeding efforts have yet been executed to 
generate salttolerant banana cultivars successfully 
deployed for utilization by general farmers and the 
banana cultivation sector. This review explores the 
importance of banana biodiversity, genetic 
engineering technology advancements, challenges, 
and opportunities to improve banana salinity 
tolerance. It also highlights crucial aspects of banana 
breeding, identifies the unknown physiological and 
molecular processes underlying saline stress 
adaptation, evaluates the current status of banana 
genetic transformation technology, and discusses the 
potential application of newly discovered genome 
editing technology in banana breeding in saline stress 
adaptation. 
 
 
2. Saline stress response in plants and bananas 
 
     Soil  water salinity generally restricts plant 
development by affecting the soil solution’s osmotic 
potential. It hinders plant water uptake and retards 
plant growth, which is commonly referred to as 
water deficit due to salinity. Moreover, excess salt 
entering the plant system through transpiration force 
can produce ion toxicity and cell damage in plant 
organs, further reducing plant development 
(Greenway and Munns, 1980). At the cellular level, 
high salt concentration could also deactivate plants’ 
main cellular activities (Cuartero et al. ,  2006; 
Anusuya and Soorianathasundaram, 2014). Because 
the osmotic pressure in the soil is higher than in plant 
cells, excessive soil salt levels can also trigger cell 
plasmolysis in plants. In addition, plant growth 
caused by excessive salinity has the following 
characteristics: (1) plants with low water potential, 
(2) Na+ and Cl ion toxicity, and (3) nutrient imbalance 
in plants (Dikayani et al., 2017). Next, salinity will also 
affect plant physiology, including CO2 uptake, protein 
synthesis, respiration, and phytohormone cycles 
(Mengel and Kirkby, 1987; Ravi et al., 2013; Rao et 
al., 2016). 
     Firstly, saline stress reduced water availability, 
higher respiration rates, mineral distribution 
changes, membrane instability, and inability to 
maintain turgor pressure are some factors that 
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contribute to poor plant performance due to saline 
stress (Cuartero et al. ,  2006; Anusuya and 
Soorianathasundaram, 2014). Secondly, ionic stress 
causes the accumulation of sodium chloride (NaCl) 
ions in plant cells and tissues. Ionic stress could result 
in toxicity and physiological disturbances. Thus, 
salinity has an inhibitory effect on plant development 
due to the excess of Na+ and Cl ions toxicity towards 
water uptake as well (Cherian and Reddy, 2003; 
Sharif et al., 2018; Verma et al., 2019; Manojkumar 
et al., 2022). 
     Generally, salinetolerant plants can show one or 
a combination of processes, such as plant organ 
robustness, salt excretion, and osmotic adjustment, 
by producing solutes that can counteract ion 
accumulation in the tonoplast with more unsaturated 
fatty acids in the membrane composition (Mengel 
and Kirkby, 1987). Additionally, plants perform 
tolerancerelated responses such as protein 
stabilization, osmotic protection, reactive oxygen 
species (ROS) detoxification, and ion homeostasis to 
adapt to a saline environment, enhancing plant 
durability (Jacob et al., 2017; Nguyen et al., 2018). 
Furthermore, protein stabilization compounds for 
osmotic adjustment, such as Proline (Pro), Trehalose 
(Tre),  and other soluble sugars, are excellent 
osmoprotectants that can reduce osmotic damage 
caused by salt pressure (Türkan and Demiral, 2009; 
Deinlein et al., 2014). 
     On the other hand, during saline stress, 
peroxidase (APX), superoxide dismutase (SOD), 
peroxidase family protein (POD), thioredoxin family 
protein, and glutathione S‐transferase family protein 
(GST) were identified as differentially expressed 
genes (DEGs) in a plant. Transcription factors (TFs) 
can function as gene activators, repressors, or both 
(Ji et al., 2021). On top of that, saline tolerance is a 
complex characteristic involving multiple genes and 
various physiological and biochemical adaptive 
pathways (Cuartero et al., 2006; Anusuya and 
Soorianathasundaram, 2014). It also implies that 
there are genetic and metabolic mechanisms that 
plants can use to adapt to saline stress and enhance 
their ability to better adapt to these environmental 
conditions. 
     Bananas are especially vulnerable to saline stress, 
as high salinity levels can significantly reduce banana 
yields (Dikayani. et al., 2017). Saline stress injuries 
manifest as leaf edge necrosis and then spread to the 
centre of the banana leaf. Moreover, salinity stress 
also causes yellowing and decreased chlorophyll 

content and stability, followed by leaf drying, 
significantly affecting plant development. The impact 
of salt is then significantly reducing stem thickness 
and prolonged flowering period of vulnerable 
cultivars. Due to lower photosynthesis activity in 
these leaves, harvest yields are reduced due to 
decreased banana finger weight which also produces 
lowquality commercial bunches and fails to develop 
the characteristic finger (fruit) physical characteristics 
of fruit, such as length, circumference, fruit flesh, skin 
weight, volume, and density (Israeli et al., 1986; Ravi 
et al., 2013; Ravi et al., 2014; Rao et al., 2016; Ravi 
and Vaganan, 2016). Thus, salinity reduces banana 
production significantly. Further research on the 
genetic mechanisms responsible for adaptation to 
saline environments is expected to facilitate breeding 
of highyielding banana cultivars that can thrive in 
saline environments and meet market demand. 
 

 
 
3. Breeding for saline tolerant banana 
 
Genetic diversity for salinity adaptation 
     The potential tolerance sources should be 
identified before breeding stress tolerance bananas. 
Thus, screening cultivars is the main approach to 
identifying genetic resources for plant breeding 
programs in the future (Anusuya and 

Fig. 1  From left to right, pictures A to D show the conditions of 
the banana seedling phase with a plant height of ±40 cm 
exposed to salinity through hydroponic treatment. 
Pictures E to H show the conditions of banana leaves 
exposed to a saline environment. Starting from before 
the salt application treatment until the banana plant 
eventually dies. The plant wilts and dries; it starts from 
the older leaves to the younger ones, gradually from the 
leaf edges until eventually drying out completely in 
three months (author personal collection, unpublished).
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Soorianathasundaram, 2014). Genetic resources for 
environmental saline stress tolerance could be 
derived at least from (1) the natural gene pool of 
banana accessions and their close relatives already 
present in the wild, (2) by promoting natural 
mutations in existing banana accessions using cis
genesis methods, and (3) by incorporating genes 
from entirely different species using genetic 
engineering approaches (transgenesis). 
     Several types of banana accessions are known to 
be more tolerant of environmental stress than other 
accessions. These accessions have several genes 
related to their useful agronomic traits, including 
height, leaf angle, root spread, and resistance to 
abiotic and biotic stresses (HeslopHarrison and 
Schwarzacher, 2007). The B genome of bananas, for 
example, has long been the target of breeding 
programs because of the strong tolerance of bananas 
to abiotic stress (Tripathi et al., 2019). Therefore, 
genotyping and phenotyping exploration of the B 
banana genome, both accessions of cultivars and 
their wild relatives, should be considered as a way to 
find novel metabolisms or genes that can play a 
significant role in increasing the tolerance of banana 
cultivars to saline environments. 
     Previously, research has been carried out on the 
tolerance level to saline stress on various genotypes 
of banana cultivars. Various banana cultivars such as 
cv. Tongat (AA), cv. Ney Poovan (AB), cv. H 212 (AB), 
cv. Grand Naine (AAA), cv. Karpooravalli (ABB), cv. H 
96/7 (ABB), cv. Poovan (AAB), cv. Rasthali (AAB), cv. 
Chakkaiya (ABB), cv. FHIA1 (AAAB), cv. FHIA23 
(AAAA), and cv. FHIA17 (AAAA) which were tested 
with four salt concentrations, namely 0 mM NaCl   
NaCl, 150 mM NaCl, and 200 mM NaCl, in a research 
by Anusuya and Soorianathasundaram (2014). The 
experiment demonstrated significant variability in 
the tolerance response of bananas to salinity stress, 
whereas the banana accessions ‘FHIA1’ and ‘Grand 
Naine’ are very sensitive to the saline treatment 
given. Meanwhile, the banana accessions ‘Ney 
Poovan’, ‘Poovan’ and ‘Karpooravalli’ appeared to be 
more tolerant compared to other banana cultivars in 
the study (Anusuya and Soorianathasundaram, 
2014). This finding suggests that while bananas are 
generally susceptible to saline stress, unique 
molecular processes in the different banana 
accessions can be utilized in breeding programs to 
develop new, salinetolerant banana cultivars. In 
short, genetic diversity is crucial for successful plant 
breeding (Nandariyah et al., 2020) and in producing 

salinetolerant bananas. 
     In addition, Rao et al. (2016) found that among 
the tested genotypes, Ney Poovan, Poovan, and 
Karpooravalli can be classified as tolerant bananas 
based on their capacity to develop and maintain 
tolerable physiological conditions even under 
concentrated saline stress levels of 200 mM. 
However, saline stress affected fruit growth in 
vulnerable banana cultivars, particularly in the 
Cavendish group but not in the tolerant Saba 
genotype. Mature Saba bananas grown in affected 
areas produced normal bunches (Rao et al., 2016; 
Ravi and Vaganan, 2016). 
     On the other hand, Southeast Asia is known as the 
origin of bananas (Wang et al., 2021). This location 
also has the highest diversity of wild Musa species 
(Musa acuminata AA and Musa balbisiana BB) found 
today, as well as the earliest domestication 
(Simmonds, 1962; Rao et al., 2016). However, testing 
and recording the saline tolerance traits of various 
cultivars and endemic wild banana accessions in 
Southeast Asia are not widely reported. Research on 
the tolerance level of salinity stress in banana 
cultivars and wild species is expected to be used to 
identify banana accessions as donor genes for the 
salinity stress tolerance trait in bananas that have 
not been documented previously. 
     Essentially, the most significant cultivated banana 
type in the world is triploid, resulting from inter or 
intraspecific hybridization of two wild diploid species, 
Musa acuminate (genome A) and Musa balbisiana 
(genome B) (Wang et al., 2019). As a result, most 
banana cultivars are sterile, and their genetic 
diversity is limited, making traditional breeding 
schemes challenging to implement for this plant. 
Based on this, although candidate genes for saline 
tolerance in bananas have been identified, there will 
be further challenges in transferring these genes of 
interest through conventional breeding methods to 
existing industrial and consumer banana accessions. 
On the opposite, since the genetic engineering 
method avoids reproductive barriers and promotes 
the production of superior strains based on large 
cultivars, this may be a solid alternative to traditional 
banana breeding (HeslopHarrison and 
Schwarzacher, 2007). Considering these conditions, 
the genetic engineering approach could be a 
reasonable option to produce salinetolerant banana 
accessions for consumption and industry. 
     An additional issue with cultivated banana plants 
is that they are propagated vegetatively, leading to a 
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decrease in genetic variation (López et al., 2017; 
Hasim et al., 2021). However, improving plant traits 
can be achieved by increasing genetic diversity, 
including inducing mutations. Induced mutations can 
enhance the genetics of vegetatively propagated 
plants (Ghag and Ganapathi, 2017; Nandariyah et al., 
2020). Gamma radiation technology can be an option 
to increase the genetic diversity of bananas. Gamma 
radiation mutagen is frequently used as a mutagenic 
agent to induce mutations (Indrayanti et al., 2012). 
Gamma rays are commonly used in mutation 
breeding because they can interact with atoms or 
molecules in cells with water to form free radicals. 
These radicals can damage or alter key components 
in plant cells, affecting plants’ morphology, anatomy, 
biochemistry, and physiological differentiation (Datta 
et al. ,  2018). Gamma radiation is highenergy 
electromagnetic radiation produced by radioactive 
isotopes or nuclear reactors. When applied to plant 
tissue, it can affect the gene structure, increasing 
genetic variability in irradiated plants (Astutik, 2009; 
Khumaida et al., 2015; Maharani et al., 2015). 
     In another research, Nandariyah et al. (2020) 
developed a gamma radiation protocol to generate 
genetic variability in bananas, which is one of the 
options that can be used. Observations of the 
number of fruits per bunch on each cv. Raja Bulu 
banana plant that received gamma radiation 
treatment from the first to the third bunch showed 
significant differences. The study showed that 
gamma radiation treatment had a more significant 
effect on the average number of fruits per bunch, 
bunch weight, and fruit weight than the control. 
According to Datta et al. (2018), gamma radiation 
with a dose of 10 Gy changed the appearance of 
morphological varieties in the generative phase of 
the M1V1 Raja Bulubanana (Nandariyah et al., 2020). 
In their study, Nandariyah et al. (2020) successfully 
produced a new genotype of a banana with superior 
traits compared to its parent. 
     However, this method also poses challenges that 
need to be considered. One of them is that gamma 
radiation can cause random mutations. It means that 
this method will require laborious phenotyping 
selection which could take considerable time to 
separate the desired mutant plants from the 
undesired ones. The random nature of this method 
also means that there is a possibility that the 
survived mutants from the experiment may 
ultimately fail to produce a better cultivar than their 

parent. 
 
Screening methods for salinity stress tolerance in 
bananas 
     Screening for salinity tolerance plants has been 
conducted using various methodological approaches, 
including controlled artificial conditions such as in 
vitro culture, pot planting conditions, hydroponic 
media, greenhouse cultivation, and direct field 
planting. However, the latter approach is relatively 
challenging to control due to high environmental 
variability and difficulty fully controlling field 
conditions. 
     Tissue culture techniques have rapidly assessed 
the saline tolerance traits of different tested banana 
accessions on an in vitro  scale. It provides a 
controlled environment where the effects of salinity 
can be evaluated by exposing banana explants or 
tissue cultures to different salt concentrations. 
Currently, in vitro culture of bananas has been 
developed using various explants, such as shoot tips 
(Matheka et al., 2019), immature male flowers (Jalil 
et al., 2003), apical meristems (Novak et al., 1989), 
bulbs (May et al., 1995), flower tops (Liu et al., 2017), 
and Embryogenic Cell Suspension (ECS) (Vuylsteke 
and De Langhe, 1985; Sági et al., 1995; Côte et al., 
1996; Cote et al., 2000). In addition, the development 
of in vitro Musa acuminata L. is likely influenced by 
salt. The treatment in cv. Barangan with NaCl in 200 
mM for plant height character was lower than the 
control. The height of banana plantlets decreased 
after the cultivation age in the 4th week. This study 
also showed that NaCl treatment could simulate 
saline tolerance in banana plants in vitro (Dikayani et 
al., 2017). This strategy can yield reliable data in a 
short period as salinity can significantly impact the 
growth of banana plantlets. 
     The in vitro test approach allows for evaluating 
various specific physiological and biochemical 
responses to salinity stress, including changes in ion 
accumulation, osmotic adjustment, and antioxidant 
enzyme activity. Morphologically, the impact of 
salinity is characterized by a brown coloration, 
particularly in the leaves, and dark brown coloration 
in the roots. This is attributed to the high 
concentration of Na+ ions, which hinders the plant’s 
uptake of K+ ions. Normal plant cells typically contain 
a higher concentration of K+ than Na+. Potassium ions 
are crucial in maintaining osmotic pressure in cells, 
regulating stomatal opening and closing, protein 
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synthesis, and functioning as enzymes such as 
pyruvate kinase. Therefore, low K+ concentration in 
cells leads to chlorosis and necrosis (Munns and 
Termaat, 1986; Hasegawa et al., 2000; Mahajan and 
Tuteja, 2005; Dikayani et al., 2017). 
     In a different research study using the in vitro 
assay technique, Kusdianti et al. (2016) found that 
the activity of banana plantlets induced proline 
accumulation after exposure to saline stress. This 
study also found that saline stress affected the gene 
expression pattern of Heat Shock Protein 81‐2 (HSP 
81‐2) and delta‐1‐pyrroline‐5‐carboxylate synthase 
(P5CS1). In this experiment, shoot meristem Musa 
acuminata cv. Barangan was cultured in vitro with 25, 
50, 75, and 100 mM NaCl (Kusdianti et al., 2016). 
Thus, in vitro testing of salinetolerant banana traits 
can be considered one of the most powerful research 
methods for screening saline tolerance cultivars. This 
method enables testing many samples in a relatively 
short time. 
     On the other hand, hydroponic methods also offer 
another advantageous platform for studying saline 
stress in bananas. By growing banana plants in 
nutrient solutions with controlled salt 
concentrations, researchers can investigate the 
effects of different salinity levels on plant growth, 
physiological parameters, and gene expression 
profiles. Thus, hydroponicbased screening enables 
the identification of key genes and pathways involved 
in saline tolerance, providing valuable insights into 
the molecular mechanisms underlying plant 
responses to saline stress. Moreover, evaluating 
various banana genotypes under hydroponic 
conditions allows identifying potential candidates 
with more specific salinity tolerance levels. 
     However, while in vitro and hydroponic testing 
offers controlled conditions, it must be 
complemented by direct testing in salineaffected 
fields to ensure accuracy. This is because both tests 
are conducted in controlled environments, 
simplifying the realworld complexity of abioticbiotic 
interactions in a field. Thus, field experiments with 
actual cultivation conditions are still essential to 
evaluate banana plants’ performance under saline 
stress accurately. Nevertheless, the inherent 
environmental variability in field settings, including 
temperature fluctuations, rainfall patterns, and soil 
heterogeneity, poses challenges in obtaining 
consistent data. Factors such as temperature 
fluctuations, rainfall patterns, and soil heterogeneity 
contribute to the complexity of field trials, making it 

difficult to assess the true genetic potential and 
performance of banana genotypes under saline 
stress. 
     Based on the aforementioned points, screening 
banana genotypes for salinity tolerance necessitates 
a combination of controlled artificial conditions and 
realistic evaluations in field settings. In vitro culture 
and hydroponic systems provide controlled 
environments where physiological and molecular 
responses to saline stress can be studied in detail. On 
the other hand, field evaluations offer insights into 
the performance of banana plants under actual 
cultivation conditions. Ultimately, the breeding 
outcomes of bananas will be grown by farmers in 
agricultural fields. Therefore, in the end, banana 
accessions selected through rapid in vitro testing still 
need to be validated through multilocation field 
trials. Integrating these approaches, robust 
experimental design, and statistical analysis will 
contribute to developing salinetolerant banana 
varieties through combined plant breeding programs 
and precise molecular analyses. 
 
 
4. Salinetolerant genes in Banana 
 
Potential saline‐tolerant genes in banana 
     Various genes in multiple plant species have been 
discovered to enhance plant tolerance to abiotic 
stress. These include the over production of enzymes 
involved in metabolite synthesis, membrane lipid 
biosynthesis, antioxidant defense, protective 
proteins, and transporters (Yang et al., 2018; Zheng 
et al., 2018). Genes like PROLINE DEHYDROGENASE 
(ProDH) and 1‐pyrroline‐5‐carboxylate synthetase 
(P5CS) regulate proline synthesis and contribute to 
stress response (Villao et al., 2021). Upregulation of 
OsbZIP23 (Dey et al., 2016) and OsNAC6 (Nakashima 
et al., 2007) in transgenic rice increases salt and 
drought tolerance, while SNAC1 and SNAC2 enhance 
cold, salt, and drought tolerance (An et al., 2018). 
The expression of protein kinases such as SnRK2, 
CIPK, and CDPK has also been shown to improve salt, 
cold, and drought tolerancein various crops (Saijo et 
al., 2000; Boudsocq and Lauriere, 2005; Xiang et al., 
2007; Zhang et al., 2016; FedorowiczStrońska et al., 
2017). The Mitogen‐Activated Protein Kinase (MAPK) 
cascade (Boudsocq and Lauriere, 2005) and Protein 
Phosphatase 1a (OsPP1a) (Liao et al., 2016) are 
involved in stress response pathways. Identifying key 
regulators and utilizing them for stress acclimation is 
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an important research focus. Such findings can be 
valuable references for identifying potential gene 
donors in breeding programs to enhance abiotic 
stress tolerance in bananas. 
     Various attempts have also already been made to 
make bananas more tolerant of saline stress. Among 
them is to look for genes that play a significant role in 
making plants able to tolerate the effects of 
environmental salinity. The search for this target 
gene can be carried out using the RNAseq method, 
as done by Ji et al. (2021). They use the RNAseq 
approach to compare transcriptome changes in 
banana roots exposed to salt (60 mM NaCl) with 
those grown under normal conditions. After 12 and 
24 hours of salt treatment, 1466 and 2089 DEGs were 
found, consisting of 542 upregulated and 924 down
regulated genes, 507 upregulated and 1582 down
regulated genes, respectively. Stress signalling 
transduction, reactive oxygen species (ROS) 
scavenging, osmoregulation, and TFs are all elements 
of the saline stress response. A total of 3,355 DEGs 
were classified into 40 functional groupings, with 
biological processes (15 subcategories), cellular 
components (10 subcategories), and molecular 
functions (7 subcategories) being the most common 
(Ji et al., 2021). 

     In that research, HSP 81‐2 and P5CS1 genes were 
expressed at varying levels in all banana plantlets. 
With 75 mMNaCl treatment, HSP 81‐2 was most 
abundant in the shoots and roots of the plants. 
Similarly, this treatment resulted in the most 
significant accumulation of proline. The expression of 
the HSP 81‐2 gene was greater than the P5CS1 gene 
in all roots and shoots given NaCl treatment. They 
concluded that Musa acuminata cv.Barangan has a 
defense mechanism against salt (Kusdianti et al., 
2016). Proline accumulation by plantlets given NaCl 
and expression of the HSP 81‐2 and P5CS1 genes was 
found to vary among all plantlets, and maximum HSP 
81‐2 was expressed by the shoots and roots of plants 
given 75 mMNaCl treatment (Kusdianti et al., 2016). 
In general, gene findings using genetic factors and 
molecular methods are rapidly growing research 
activity and widely used in the past decade. This 
method allows for discovering various genes that 
contribute to a specific trait. Thus, understanding 
genetic and molecular mechanisms underlying the 
trait can be more comprehensive. 
 
Confirming the potential saline‐tolerant gene 
     Our current understanding of saline stress 
perception, signaling pathways, and downstream 

Fig. 2  Phases of breeding salttolerant banana plants. These phases initiates with identifying the negative effects of saline stress on 
banana plants. The next steps entail exploring genetic diversity for salt stress tolerance within the existing gene pool and devel
oping an appropriate breeding scheme. These steps aim to produce new banana genotype as potential candidates for saltresis
tant banana cultivar.
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factors is primarily based on research on the model 
plant Arabidopsis thaliana. It has yet to be widely 
applied to other crops. To effectively enhance saline 
tolerance in different plant species, it is crucial to 
identify and understand the specific growth 
adaptations to salt that benefit each species. Even in 
Arabidopsis, saline stress’s early cellular perception 
and signaling are still obscure. During saline stress, 
intracellular Ca2

+ spikes and wave signals seem to be 
a convergent sensory mechanism through which the 
cell perceives high salinity. It triggers a signaling 
pathway involving the Salt Overly Sensitive (SOS) 
proteins, which regulate sodium concentration in the 
cytosol. The SOS pathway comprises SOS1, SOS2, and 
SOS3 and is induced by saline stress. Upon binding 
with Ca2

+, SOS2 is activated and forms a complex with 
SOS3, which then phosphorylates the H+/cation 
antiporter SOS1, excluding sodium from the cell. This 
mechanism has been reviewed in detail in 2020 (van 
Zelm et al., 2020). 
     Functional genetic studies aimed at elucidating 
the function of banana genes in saline stress are even 
more scarce. Table 1 lists known validated factors in 
the body of current literature. Two transcription 
factors from the banana cv. Karibale Monthan (ABB), 
Musa NAC04 (Tak et al., 2017), and Musa WRKY71 
(Shekhawat et al., 2011 a) have been identified to be 
involved in the control of the saline stress response. 
WRKY71 expression is elevated by many stressors, 
such as cold, dehydration, salt, and other hormones, 
while Musa NAC04 is activated by salt treatment. 
NAC04 or WRKY71 overexpression in transgenic 
bananas has been associated with increased saline 
tolerance. It is indicated by sustained chlorophyll 
content, lower oxidative damage, and a better Fv/Fm 
ratio than wildtype (Tak et al., 2017). Moreover, the 
induction of putative gene expression related to 
abiotic stress responses in WRKY71 overexpression 
lines upon salt treatment suggests that WRKY71 is 
involved in the upregulation of down stream stress 
response genes in bananas (Shekhawat et al., 2011 
a). 
     Aquaporins are among the other factors that have 
been validated to be involved in banana saline 
tolerance. Aquaporins are water channels that 
promote symplastic water movement. The banana 
aquaporin gene, MaTIP1;2, is known to be expressed 
in the root, stem, and leaves and is strongly 
upregulated by salt and drought conditions. 
Transgenic Arabidopsis overexpressing MaPIP1;1 is 

more tolerant to saline stress. Similarly, over 
expression of MusaPIP2;6 in transgenic bananas 
resulted in higher saline tolerance than that of the 
wild type. A protection mechanism from osmotic 
shock through upregulation of Banana Dehydrin1 
was suggested in a study by Shekhawat et al. 
(Shekhawat et al., 2011 b). Banana Dehydrin1, a type 
of Late Embryo Abundance (LEA) protein encoded by 
the MusaDHN‐1 gene, was induced by drought, cold, 
and high salt (Shekhawat et al., 2011 b). Over 
expression of MusaDHN1 leads to enhanced banana 
tolerance via accumulation of proline and reduced 
malondialdehyde levels upon drought and saline 
stress (Shekhawat et al., 2011 b). 
     Nevertheless, various genetic profiling studies 
recorded in bananas are generally held on cultivated 
bananas. Exploration and research of genetic 
profiling of salinetolerant traits in wild banana 
relatives in their center of diversity in Southeast Asia 
can be expected to provide information and potential 
tolerance traits that are not yet known. This is partly 
due to wild bananas undergoing more complex 
adaptation processes in nature than those cultivated 
on agricultural land. This diversity of traits is 
expected to enrich the genetic and molecular 
mechanism toolbox that can be applied to cultivated 
bananas. Therefore, it can provide new possibilities 
in breeding programs to produce cultivated bananas 
tolerant to saline environments. 
 
The prospect of genetic transformation technology in 
Banana breeding  
     Natural selection and conventional banana 
crossing have been the most commonly used 
breeding methods worldwide. This is based on 
considerations of its simplicity and not requiring 
sophisticated instruments in their implementation. 
However, conventional breeding is based on natural 
genetic variation, and an extensive backcross 
program is required to add desirable characteristics 
to elite plants. This has led to the use of this method 
in banana breeding being considered laborious and 
timeconsuming. Moreover, the availability of 
favorable alleles or genetic variation in nature is 
limited to exploit this approach (Manshardt, 2004). 
     Meanwhile, breeding through random 
mutagenesis (physical, chemical, or biological 
mutations) can result in mutations of many traits and 
undesirable changes. Breeding these mutations 
should also be followed by screening huge and time
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consuming populations to identify mutants with the 
desired traits (McCallum et al., 2000). Breeding 
mutations usually have a shallow frequency (0.1% of 
total mutations). In contrast, crossbreeding using 
markers is often very expensive, and linking markers 
to the desired trait is sometimes very difficult and 
timeconsuming. This method will also produce 
products requiring complex regulatory processes, 
timeconsuming requirements, and expensive safety 
analyses (Lusser et al., 2012). Moreover, most 
Banana consumption cultivars are triploid. Thus, the 
sterility and polyploidy of bananas greatly inhibit 
conventional or molecular breeding from providing a 
practical and effective way for genetic improvement 
(Tenkouano et al., 2011). In order to overcome this 
problem, transgenic bananas achieved through 
genetic engineering techniques might be a 
reasonable way to produce bananas with saline 
tolerance traits. In addition, genetic transformation 
technology also allows the addition or insertion of 
genes from groups of l iving things that are 
phylogenetically distant or sexually incompatible. 
     In the modern genetic engineering approach using 
agrobacterium plasmid, tissue culture methods are 
generally needed in the implementation stage. 
Usually, in vitro  bananas could be genetically 
modified using particle bombardment or 
Agrobacteriummediated transformation (May et al., 
1995; Sági et al., 1995; Wang et al., 2021). It is also 
worth noting that the approach using Agrobacterium 
tumefaciens is one of the most widely used due to its 
ease of use and ability to be applied to various plant 
tissues (Villao et al., 2021). In addition, regeneration 
in the genetic modification of bananas is often 
carried out by organogenesis based on meristematic 
tissue or somatic embryogenesis based on ECS 
(Novak et al., 1989; May et al., 1995). Because of its 
rapid regeneration rate, meristematic tissue from 
shoot tips and flower buds are usually used as 
explants for cloning and genetic transformation (May 
et al., 1995; Liu et al., 2017; Wang et al., 2021). 
Additionally, scientists commonly prefer to use plant 
materials for the genetic transformation process 
using the Agrobacteriummediated transformation 
technique in somatic embryos, callus, and protoplast 
cultures (Villao et al., 2021). 
 
Development of saline‐tolerance banana through 
transgenesis and gene editing 
     Perhaps the most known successful transgenesis 
in bananas so far is transgenic Cavendish banana 

using Agrobacterium tumefaciens from Dale et al. 
(2017). Normally, Cavendish bananas are highly 
susceptible to TR4, a destructive fungal disease that 
poses a significant threat to plantations worldwide. 
Currently, there is no known effective resistant 
replacement for Cavendish banana. The researchers 
conducted a 3year field trial using transgenic banana 
lines transformed with genes RGA2 and Ced9 in this 
experiment. Both lines remained diseasefree, 
indicating resistance to TR4. This study demonstrates 
how transgenic and gene editing approaches can 
practically enhance Banana cultivars to overcome 
environmental challenges through single gene 
transformation (Dale et al., 2017). 
     In addition, just recently, in 2021, one experiment  
by Villao et al. (2021) successfully developed a 
genetic transformation protocol from banana apical 
meristem for the cv. Williams (genotype AAA). This 
protocol was based on the cocultivation of explants 
(whole in vitro plants or meristematic tissue divided 
in two from in vitro plants) with Agrobacterium 
tumefaciens separately. As an illustration of the 
timeline required to implement this protocol, Villao 
et al. also mentioned that after embryogenic cell 
suspension transformation mediated by 
Agrobacterium, it would take six to twelve months to 
obtain transgenic banana plants in vitro (Villao et al., 
2021). In addition, the maturation of embryogenic 
cell suspensions can take eight to twelve months 
(Tenkouano et al., 2011). The technique designed in 
the Dale et al .  and Villao et al.  experiments, 
mentioned above, could aid in genetically 
transforming various banana cultivars. That approach 
could also be considered to produce transgenic 
banana tolerant. 
     Recently, genome editing in plant breeding has 
been on the rise due to the development of 
CRISPR/Cas9 technology. This is partly because the 
CRISPR/Cas9 system allows for various methods of 
genome editing, depending on the repair route and 
the availability of repair templates (Bortesi and 
Fischer, 2015), contributing to its precision. As a 
result, with the openaccess publication of the 
banana genome and the development of viable 
genetic transformation methods, gene editing 
systems such as hostinduced gene silencing (HIGS) 
and CRISPR have been increasingly used to mutate 
specific genes, resulting in the creation of mutant 
plants without the need for foreign gene insertion 
(Tripathi et al., 2019; Wang and Chen, 2020; Wang et 
al., 2021). Hence, CRISPR technology has emerged as 
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a promising option in genetic transformation 
programs to produce banana cultivars that are 
tolerantto saline environments. By considering this 
factor, the development of genetic engineering 
technology for producing salinetolerantbanana 
cultivars can progress more smoothly than before. 
     Although there have not been many massive 
genetic transformation programs to produce banana 
cultivars that can tolerate and thrive in saline 
environments, scientists have successfully created 
salinetolerantcultivars of other crops using genetic 
transformation. The information from these studies 
is becoming more relevant as various molecular 
mechanisms involved in the process are also known 
to occur in banana tissues. This information can help 
study genetic transformation techniques and their 
potential application in banana cultivars in the near 
future. 
 
 
5. Concluding remarks and future prospect 
 
     Bananas are popular worldwide, but abiotic stress 
factors often limit their production. One such 
stressor is salinity, exacerbated by global warming, 
particularly in tropical regions like Southeast Asia 
with extensive coastlines. As the center of banana 
diversity, Southeast Asia has abundant genetic 
variability in wild and local bananas. This biodiversity 
richness can be utilized further to address the various 
challenges in banana cultivation. Additionally, 
countries experiencing higher water evaporation 
rates in agricultural lands than rainfall face significant 
risks from salinity stress. 
     However, developing elite cultivars tolerant to 
salinity stress presents a unique challenge, mainly 
since elite cultivar bananas are typically seedless and 
triploid or parthenocarpic. Various breeding and 
genetic engineering techniques can be employed to 
overcome these challenges. By using these 
techniques, it is possible to produce elite banana 
cultivars that are more tolerant to saline stress, have 
high yields, and are preferred by consumers in a 
shorter period. Therefore, continued efforts towards 
developing improved banana cultivars for salinity 
tolerance are necessary for the sustainable 
production of this vital crop. 
     The following are some essential topics related to 
banana breeding for saline tolerance that may be of 
significant research interest in producing an elite 
cultivar of salinetolerant banana. Firstly, utilizing 

wild banana genetic resources alone or combined 
with mutation can enhance genetic variability for 
screening saline tolerance. Additionally, translational 
studies in model plants and omics approaches like 
genomics, transcriptomics, and metabolomics can 
uncover biological response and tolerance genes in 
bananas. Investigating the physiological and 
biochemical mechanisms underlying saline tolerance, 
such as ion transporters, osmoprotectants, and 
antioxidant enzymes, provides insights into the 
molecular basis of saline tolerance in bananas.  
Furthermore, improving micropropagation, 
embryogeniccell induction, and regeneration 
techniques facilitate genetic transformation and gene 
editing in diverse elite banana cultivars. Additionally, 
markerassisted selection strategies integrated with 
molecular markers linked to saline tolerance traits 
can expedite the screening and selection of saline
tolerant genotypes. Finally, integrating traditional 
breeding approaches with biotechnological tools like 
markerassisted backcrossing and genome editing 
can accelerate breeding progress and the 
development of this field. 
     As for the safety concerns surrounding the use of 
genetically modified crops, including transgenic 
bananas, this will still be a controversial topic for the 
foreseeable future. It is crucial for all stakeholders, 
including scientists and governments, to apply the 
precautionary principle when dealing with GMO 
products and technology. The emergence of gene 
editing approaches such as CRISPR/Cas9 offers an 
alternative approach to conventional transgenesis, 
which may change the acceptance of genetically 
modified products in the coming years. 
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