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MOLECULAR ANALYSIS OF WRKY TRANCRIPTION FACTORS IN
BANANA (Musa acuminata cv. Berangan) PRIMED WITH PLANT GROWTH
PROMOTING BACTERIA

ABSTRACT

Saline soils pose a significant threat to food security, necessitating the exploration of
solutions. In this study, halotolerant bacteria were isolated from a Malaysian mangrove
forest and their effects on banana plantlets under salt stress were investigated. Among the
collected isolates, three rhizobacterial strains (RB1, RB3, and RB4) and three endophytic
bacterial strains (EB1, EB2, and EB3) exhibited the best performance in promoting plant
growth. These strains, identified as Bacillus sp. and Pseudomonas sp., were further
analyzed. Scanning electron microscopy confirmed their successful colonization of
banana plantlet roots. When subjected to salt stress, the colonized plantlets, particularly
those with strains EB3 and RB3, demonstrated improved growth, increased levels of
chlorophyll, carotenoids, and proline, as well as reduced malondialdehyde content,
reactive oxygen species generation, and electrolyte leakage. The activity of antioxidant
enzymes was also enhanced in the presence of strains EB3 and RB3. These findings
highlight the multifunctional plant growth-promoting activity of halotolerant Bacil/lus and
Pseudomonas strains from the mangrove, offering potential for mitigating salt stress in
bananas. Furthermore, a plant-growth promoting bacterial consortium comprising
halotolerant Bacillus sp. and Pseudomonas sp. was evaluated for its priming effect on
banana plants subjected to abiotic (salinity) and biotic (Foc-TR4) stresses. Primed banana
plants exhibited improved growth parameters, including plant height, root length, and
biomass, along with enhanced physiological characteristics such as relative water content,
chlorophyll, and carotenoid contents, compared to non-primed plants under stress. Lipid
peroxidation was reduced, and proline levels and antioxidant enzyme activities were
increased in primed plants. In salt-stress conditions, primed plants showed elevated levels
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of K*, Ca?*, and Mg?" ions, and reduced levels of Cl" and Na*. Under Foc-TR4 stress,
primed plants demonstrated significant enhancements in total soluble phenolics, lignin
content, and defense-related enzyme activities. Additionally, the expression analysis of
stress-responsive MaWRKY genes revealed their upregulation in primed banana plants
under salt and Foc-TR4 stresses. These findings highlight the effectiveness of the PGPB
consortium in promoting banana plant growth and priming WRKY-mediated protection
against abiotic and biotic stresses. In conclusion, the utilization of halotolerant Bacillus
and Pseudomonas strains from mangroves as plant growth-promoting bacteria shows
promise in alleviating salt stress in bananas. The priming effect of the bacterial
consortium enhances plant growth, physiological parameters, ion balance, and defense
mechanisms against abiotic and biotic stresses. These findings contribute to the
exploration of microbial strategies for improving banana resilience and provide insights
into the potential applications of halotolerant microbes in salt-stress tolerance
enhancement in plants.

Keywords: Banana, Plant growth promoting bacteria (PGPB), Salinity, Fusarium,

WRKY
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ANALISIS MOLEKUL FAKTOR TRANKRIPSI WRKY DALAM PISANG
(Musa acuminata cv. Berangan) DIPERBAIKI DENGAN BAKTERIA
PENGGALAK PERTUMBUHAN TUMBUHAN

ABSTRAK

Tanah masin menimbulkan ancaman besar kepada keselamatan makanan, yang
memerlukan penerokaan penyelesaian. Dalam kajian ini, bakteria halotolerant telah
diasingkan daripada hutan bakau Malaysia dan kesannya terhadap tumbuhan pisang di
bawah tekanan garam telah disiasat. Antara pencilan yang dikumpul, tiga strain
rhizobakteria (RB1, RB3, dan RB4) dan tiga strain bakteria endofit (EB1, EB2, dan EB3)
mempamerkan prestasi terbaik dalam menggalakkan pertumbuhan tumbuhan. Strain ini,
yang dikenal pasti sebagai Bacillus sp. dan Pseudomonas sp., masing-masing, dianalisis
selanjutnya. Mengimbas mikroskop elektron mengesahkan kejayaan mereka menjajah
akar plantlet pisang. Apabila mengalami tekanan garam, tumbuhan yang dijajah,
terutamanya yang mempunyai strain EB3 dan RB3, menunjukkan pertumbuhan yang
lebih baik, peningkatan tahap klorofil, karotenoid dan prolin, serta kandungan
malondialdehid yang berkurangan, penjanaan spesies oksigen reaktif dan kebocoran
elektrolit. Aktiviti enzim antioksidan juga dipertingkatkan dengan kehadiran strain EB3
dan RB3. Penemuan ini menyerlahkan aktiviti penggalak pertumbuhan tumbuhan
pelbagai fungsi bagi strain Bacillus dan Pseudomonas halotolerant daripada bakau,
menawarkan potensi untuk mengurangkan tekanan garam dalam pisang. Tambahan pula,
konsortium bakteria menggalakkan pertumbuhan tumbuhan yang terdiri daripada
Bacillus sp yang bertoleransi halo. dan Pseudomonas sp. telah dinilai untuk kesan
penyebuannya pada pokok pisang yang tertakluk kepada tegasan abiotik (kemasinan) dan
biotik (Foc-TR4). Tumbuhan pisang prima mempamerkan parameter pertumbuhan yang
lebih baik, termasuk ketinggian tumbuhan, panjang akar dan biojisim, bersama-sama
dengan ciri fisiologi yang dipertingkatkan seperti kandungan air relatif, klorofil dan

v



kandungan karotenoid, berbanding tumbuhan bukan prima di bawah tekanan.
Pengoksidaan lipid telah dikurangkan, dan tahap prolin dan aktiviti enzim antioksidan
telah meningkat dalam tumbuhan prima. Dalam keadaan tekanan garam, tumbuhan prima
menunjukkan paras ion K*, Ca?",dan Mg?" yang tinggi, dan paras Cl- dan Na* yang
berkurangan. Di bawah tegasan Foc-TR4, tumbuhan prima menunjukkan peningkatan
ketara dalam jumlah fenolik larut, kandungan lignin dan aktiviti enzim berkaitan
pertahanan. Di samping itu, analisis ekspresi gen MaWRKY yang responsif tekanan
mendedahkan pengawalseliaan mereka dalam tanaman pisang prima di bawah tekanan
garam dan Foc-TR4. Penemuan ini menyerlahkan keberkesanan konsortium PGPB dalam
menggalakkan pertumbuhan pokok pisang dan menyediakan perlindungan pengantara
WRKY terhadap tekanan abiotik dan biotik. Kesimpulannya, penggunaan strain Bacillus
dan Pseudomonas halotolerant daripada bakau sebagai bakteria penggalak pertumbuhan
tumbuhan menunjukkan janji dalam mengurangkan tekanan garam dalam pisang. Kesan
penyebuan konsortium bakteria meningkatkan pertumbuhan tumbuhan, parameter
fisiologi, keseimbangan ion, dan mekanisme pertahanan terhadap tegasan abiotik dan
biotik. Penemuan ini menyumbang kepada penerokaan strategi mikrob untuk
meningkatkan daya tahan pisang dan memberikan pandangan tentang potensi aplikasi

mikrob halotolerant dalam peningkatan toleransi tekanan garam dalam tumbuhan.

Kata kunci: Pisang, Bakteria penggalak pertumbuhan tumbuhan (PGPB), Kemasinan,
Fusarium, WRKY
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CHAPTER 1: INTRODUCTION

Bananas (Musa spp.) are a globally important fruit crop, contributing to both food
security and economic prosperity. With an annual production of over 116 million tonnes,
bananas serve as a vital dietary staple in many regions (FAO, 2022). However, the
productivity of banana plants is significantly affected by various abiotic and biotic
stresses. Among these, soil salinity and the fungal pathogen Fusarium oxysporum f. sp.
cubense tropical race 4 (Foc-TR4) pose significant challenges to banana cultivation,
leading to substantial yield losses and economic repercussions (Ismaila et al., 2022;
Mazumdar et al., 2019). Soil salinity, resulting from coastal flooding and human activities
has become a significant global concern for agriculture. Saline soils, characterized by
high levels of Ca?*, Mg?", Na*, Cl', HCOs and SO4* ions, are considered unsuitable for
cultivation (Arif et al., 2020; Goswami & Suresh, 2020). Salinity disrupts multiple
physiological and metabolic processes in banana plants, including nutrient uptake, ion
balance, photosynthesis, respiration, and water relations (Abbas et al., 2019; Pan et al.,
2021; Polash et al., 2019). Soil salinity also induces osmotic stress in plants, resulting in
the generation of reactive oxygen species (ROS) and oxidative damage to cellular
components (El Ghazali, 2020; Navada et al., 2020). Consequently, the growth,
development and productivity of banana plants are severely affected under saline
conditions. Furthermore, the devastating fungal pathogen Foc-TR4 causes Fusarium wilt
disease in banana plants, leading to the decline of infected plants and ultimately the death
of the crop (Ismaila et al., 2022). Fusarium wilt poses a significant threat to global banana
production, as the causative pathogen is highly virulent and difficult to control. The
pathogen colonizes the vascular system of banana plants, causing vascular wilting,
yellowing of leaves, and premature fruit ripening (Pastuszak et al.,, 2021). Once
established in the soil, Foc-TR4 persists for long periods, making it challenging to manage

and eradicate from infected areas.



The development of resilient banana varieties that can withstand salinity and Foc-
TR4 infection is crucial for ensuring sustainable banana production. Traditional breeding
methods and genetic engineering approaches have been explored to enhance stress
tolerance in bananas. However, the complex nature of plant stress responses, which
involve both genetic and environmental factors, necessitates additional strategies to
mitigate these stresses (Mazumdar et al., 2019). One promising approach is the utilization
of plant growth-promoting bacteria (PGPB) to enhance plant health and stress tolerance.
PGPB, such as strains of Bacillus spp. and Pseudomonas spp., have been reported to
exhibit plant growth-promoting activities and improve plant performance under abiotic
stresses including salinity and drought (Dixit et al., 2023; Ma et al., 2020). These bacteria
can colonize the roots of plants, stimulate plant immune responses, and enhance nutrient
uptake and physiological processes (Gamez et al., 2019). Moreover, some PGPB strains
possess biocontrol properties, providing protection against plant pathogens (Samain et
al., 2022). However, there are no reports on the application of PGPB in alleviating the
detrimental effects of salinity and Foc-TR4 infection, promoting plant growth and health
in banana (Musa acuminata cv. Berangan).

One mechanism by which PGPB enhance stress tolerance in plants is through the
induction of priming, a process that involves pre-activation of plant defense mechanisms.
Priming enables plants to respond more effectively to subsequent stress events, such as
salinity or pathogen attack (Garcia-Cristobal et al., 2015; Mhlongo et al., 2020). The
underlying molecular mechanisms of priming and the involvement of transcription factors
(TFs) in this process are still being elucidated. Members of the WRKY TF family,
characterized by zinc finger domains, have been identified as key regulators in plant
development and responses to abiotic and biotic stresses (Kiranmai et al., 2018; Singh et
al., 2018). Several studies have demonstrated the involvement of WRKY TFs in

conferring stress tolerance in various plant species (Lin et al., 2022; S. Yu et al., 2023).



However, the specific WRKY TFs involved in the regulation of gene expression during
bio-priming of banana with PGPB have not been reported.

In this study, the main aim is to isolate halotolerant bacteria from the rhizosphere
of mangrove plants, followed by the identification, characterization, and selection of
halotolerant bacterial strains with plant growth promoting agents. The selected
halotolerant PGPB (later identified as Pseudomonas sp. EB3 and Bacillus sp. RB3) are
further investigated to assess their potential in priming and mitigating the detrimental
effects of salt stress and Foc-TR4 infection in banana cv. Berangan. Various
physiological, biochemical, and molecular changes, including the expression of WRKY
genes, associated with the priming and stress treatments are examined. This research
contributes to the understanding of PGPB-mediated stress mitigation mechanisms in
banana and provides insights into the potential application of PGPB for enhancing banana
production under challenging environmental conditions.

The specific objectives of this study were:

e To isolate halotolerant bacteria from mangrove plant rhizosphere

e To identify, characterise and select halotolerant strains of bacteria for use as plant
growth promoting agents

e To investigate the potential of selected halotolerant PGPB (Pseudomonas sp. EB3
and Bacillus sp. RB3), to enhance stress tolerance in banana plants under salinity
and Foc-TR4 infection

e To examine the physiological and biochemical changes in banana plants treated
with the PGPB consortium, including nutrient uptake, ion balance,
photosynthesis, water relations, and enzyme activities

e To investigate the molecular mechanisms involved in PGPB-mediated stress
mitigation, particularly focusing on the expression of WRKY transcription factors

and their regulation of gene expression during bio-priming of banana



CHAPTER 2: LITERATURE REVIEW

2.1 Banana

Bananas (Musa spp.) are a highly significant fruit crop cultivated and consumed
extensively in tropical and subtropical regions. Between 2017 and 2022, the annual global
banana production exceeded 236 million tonnes, making banana fruit a highly significant
agricultural commodity (FAO, 2022). Banana are the fourth-most important food crop in
developing nations following rice, wheat, and maize (Zhang et al., 2022). The majority
of bananas are grown in Asia, Latin America, and Africa with India being the leading
producer in 2019, followed by China, Indonesia, Brazil, and Ecuador (FAOSTAT, 2020).
Banana plants belong to the Musa genus, specifically the Musa acuminata (A genome)
and Musa balbisiana (B genome) species, and their cultivars are derived from crosses
between these two diploid wild species. Musa acuminata produce sweet dessert bananas,
while Musa balbisiana cultivars produces starchy bananas commonly known as plantains.
The Cavendish banana, the most widely used commercial cultivar, accounts for
approximately 47% of overall production (Vaca et al., 2020). Cavendish bananas are
known for their nutritional value, containing vitamin C, vitamin A, and potassium
(Pareek, 2016; Wall, 2006). In Malaysia, bananas are among the important fruits for
export markets, with papaya, starfruit, and mango also playing significant roles. Malaysia
was the 53rd-largest banana exporter in the world, with exports worth USD 10.3 million
(Observatory of Economic Complexity, 2020; Simoes and Hidalgo (2011). However,
banana production in Malaysia faced challenges, with fluctuations in output from 2017
to 2020, and pest and disease infestations affecting local production (FAOSTAT, 2022).

Banana cultivation is mostly regulated by worldwide Agri-based bioeconomy.
Therefore, it is crucial to comprehend the difficulties involved in producing it and create
effective plans for resolving these issues. Growing healthy and profitable varieties of

bananas has garnered more interest in recent years. However, there is a significant gap in



the supply and demand of healthy planting materials (Jacobsen et al., 2019; Nkengla-Asi
et al., 2021). Additionally, the cultivation of bananas poses various challenges, including
the threat of climate factors and pathogenic agents such as bacteria, fungi, nematodes,
and viruses (Tripathi et al., 2019). To overcome these challenges and develop disease-
resistant banana crops, genetic engineering strategies and traditional breeding methods
such as diploid breeding (Rowe & Rosales, 1994), the 3x/2x strategy (pollination of
susceptible triploids with male fertile diploids that are resistant), and the 4x/2x strategy
(production of a tetraploid parent by chromosome doubling of an ancestral diploid with
good agronomic trait have been employed (Menon, 2016). However, the polyploidy
present in Musa species poses a major obstacle in banana breeding (Nansamba et al.,
2020), making the development of new cultivars a time-consuming process. In Malaysia,
pest and disease infestations frequently hinder local banana production which can
eventually have an adverse effect on output. Farmers frequently choose well-known
cultivars for cultivation, a practice known as mono-cropping, in an effort to increase
profits; however, by doing so, they have reduced genetic diversity among plantations,
increasing their vulnerability to pests and diseases (Ghag et al., 2015). Therefore, the
development of new banana varieties and disease-free planting material using
unconventional methods is crucial for preserving banana cultivation in the face of
changing global climate. The next section of the literature review focuses on the major

biotic (Fusarium wilt) and abiotic (salinity stress) factors that affect banana production.

2.2 Salinity Stress

Soil salinity is a significant abiotic stress factor that limits agricultural food
production. Currently, over 45 million hectares of cultivated land are affected by salinity,
and this number continues to increase (Velmurugan et al., 2020). Saline soil has an

electrical conductivity value (ECe) greater than 4 dS m-! and an exchangeable sodium



content of 15% in the root zone at 25 °C (Goswami & Suresh, 2020). Salts present in
saline soils include Na*, Ca®*, Mg?*, CI', SO>* and HCO>, leading to a wide range of
physiochemical properties in salt-affected soils (Arif et al., 2020). Salinization is caused
by natural factors such as irregular rainfall patterns, weathering of rocks, high
evaporation, and prolonged periods of strong winds, as well as anthropogenic behaviors
including land clearing, deforestation, improper fertilizer use, subpar irrigation systems,
and various agricultural practices (Corwin, 2021). Various techniques are employed for
the reclamation of saline soils, including physio-chemical techniques such as leaching,
drainage, and the use of soil amendments like gypsum, as well as plant-based strategies
like phytoremediation and traditional breeding approaches (Fita et al., 2015; Imadi et al.,
2016). However, physio-chemical techniques are not sustainable and can contribute to
environmental pollution (Arora et al., 2020). Selecting salt-tolerant varieties for breeding
projects from the same or closely related species with limited genetic differences often
leads to the expression of undesirable traits from the donor species, limiting their
suitability for saline soil reclamation (S. Jha, 2019). Additionally, the development of

salt-resistant crop varieties requires substantial time and financial support.

2.2.1 Plants under salinity stress

Salt stress exerts a harmful influence on plant health, especially when high
concentrations of salt are present in the root zone. This situation leads to both osmotic
stress and ion toxicity, which will impact yields and crop productivity. Initially, osmotic
stress inhibits plant growth which is eventually followed by ion toxicity (James et al.,
2011). Osmotic stress affects various plant growth processes, such as uptake of water,
germination of seeds, cell elongation, development of leaves, lateral bud formation,
lateral branching, rate of photosynthesis, uptake and translocation of nutrients,

carbohydrate supply to meristematic regions, and overall plant growth (Munns & Tester,



2008; Sheldon et al., 2017; Van Zelm et al., 2020). Salinity stress also causes hyperionic
stress through the accumulation of Na" and CI ions in plant tissues (Gupta & Huang,
2014). The excessive absorption of these ions disrupts ion balance, interferes with nutrient
uptake, damages the photosynthetic apparatus, causes stomatal closure, reduces CO>
availability, and negatively impacts plant physiological and biochemical processes,
ultimately leading to decreased vegetative and reproductive growth (Acosta-Motos et al.,
2017; Ashraf et al., 2020; Egamberdieva et al., 2019; Sharif et al., 2019). Salinity stress
affects the entire plant life cycle, from seed germination to seed production, and hampers
plant development at different stages (Polash et al., 2019).

Banana plants, akin to many other crop species, are vulnerable to saline soils and
irrigation water, leading to a substantial decrease in their growth and yield (Mazumdar et
al., 2019; Santana Junior et al., 2019). Studies have shown that bananas can survive
salinity levels up to 10.2 dS m!, but higher concentrations are lethal (Mazumdar et al.,
2019). While most salinity studies in bananas use NaCl treatments, which simulate salt
stress, only a few studies have utilized sea salt. However, studies on aquatic macrophytes
have demonstrated that the biological impacts of NaCl and sea salt are different. Aquatic
macrophytes treated with sea salt exhibit greater superoxide dismutase (SOD) activity
compared to those treated with NaCl, while NaCl-treated plants have higher peroxidase
activity. These differences are attributed to the interaction of metals like Ca, Mg, and K
with Na in sea salt, affecting water homeostasis, the activity of essential enzymes, and
the expression of genes involved in antioxidative enzyme system (Rout & Shaw, 2001).
Experiments that utilize sea water as a source of salinity can yield a more accurate and
dependable data on the physiological effects of seawater exposure by simulating the

conditions that bananas in coastal areas experience.



2.3  Fusarium Wilt

Fusarium wilt disease, caused by the fungal pathogen Fusarium oxysporum f. sp.
cubense, poses a significant threat to banana production worldwide (Siamak & Zheng,
2018). Initially described in 1874 in Australia, the pathogen devastated the "Gros Michel"
banana cultivar industry, which was extensively grown in monoculture farms across the
Americas, Africa, and the Far East during the 1900s (Ploetz, 2015). The susceptible "Gros
Michel" cultivar was subsequently replaced by resistant Cavendish group cultivars.
However, around 50 years ago in the 1970s, a destructive new variant of Fusarium
oxysporum f. sp. cubense known as tropical race 4 (TR4) emerged, causing the collapse
of Cavendish cultivars in Australia and Southeast Asia (Dita et al., 2018). Fusarium
oxysporum f. sp. cubense is categorized into races based on the cultivars they infect. The
three primary races affecting bananas are: race 1, which infects cultivars Gros Michel and
Lady Finger; race 2, which infects the same cultivars as race 1 as well as Bluggoe
cultivars; and race 4, which infects the majority of cultivars, including Cavendish (Ploetz,
2015). Originally, it was thought that race 4 could only infect Cavendish cultivars in
subtropical regions due to the cooller temperatures there (Ploetz, 2006). But in the early
1990s, Fusarium wilt began to kill Cavendish cultivars in the Southeast Asia tropical
regions, leading to the discovery of a "Tropical" race 4 of Fusarium oxysporum f. sp.
cubense (Foc-TR4) (Ploetz, 2015). Foc-TR4 has caused devastating losses in banana
plantations across Australia, China, Malaysia, the Philippines, Indonesia, and
Mozambique, spreading rapidly from the source (Sun et al., 2019). A recent field study
conducted in 2019 reported that many Malaysian banana cultivars, including Berangan,
Tanduk, Abu, Emas, Nangka, and Nipah, are susceptible to Foc-TR4 (Wong et al., 2019).
The impact of Foc-TR4 has resulted in significant financial losses for countries such as

Malaysia and Indonesia, with reported losses amounting to up to 121 and 243 million



dollars, respectively (Aquino et al., 2013). The management of Fusarium wilt remains
challenging due to the perennial nature of bananas and the polycyclic nature of the
disease, necessitating the development of novel and alternative management techniques

(Garcia-Bastidas, 2022).

2.3.1 Infection Process, Plant Pathogen Interaction and Disease Development
Foc-TR4 remains dormant in the soil until it senses or is stimulated to germinate
by root exudates from the host or non-host plants or through direct contact with specific
root tissues (Stover, 1962). Plant cutin layers containing dihydroxy-C16 and trihydroxy-
C18 acids aid in host identification and induce cutinase activity in these fungi (Husaini et
al., 2018). Within one or two days after inoculation, conidia and hyphae of Foc can be
observed adhering to the root surfaces (Li et al., 2017). Penetration occurs either directly
or through wounds, without the presence of real appressoria or penetration pegs (Li et al.,
2011; Li et al., 2017). The hyphae swell at the point of penetration but then shrink back
to their original size (Li et al., 2011). Lesions may occasionally appear at the site of
infection, but they are more commonly found near the root base (Rishbeth, 1955).
Subsequently, the host plant is colonized, starting with spore germination. The
development of germ tube and spores is aided by root exudates. The velvet family of
proteins, including VeA, VelB, and VelC, governs intense hyphal branching as the germ
tube grows and comes into contact with the plant roots (Lopez-Berges et al., 2013). With
the help of several hydrolytic enzymes, the hyphae then enter the root epidermal cells
before progressing to the cortex and finally reaching the xylem tissue. The transcriptional
activator XInR plays a crucial role in the breakdown of plant cell walls by activating
xylanase genes such as xly3, xly4, and xyl5 (Calero-Nieto et al., 2007). The successful
colonization of the xylem tissue is attributed to the activation of several key pathogenicity

factors, including oxidoreductase (ORX1), secreted in xylem (SIX) regulated by Sgel,



FTF1, and FTF2 transcription factors, carbon catabolite-derepressing protein kinase
(Snf), eukaryotic translation initiation factor 3 (elF-3), pisatin demethylase 1 (Pdal),
mitogen-activated protein kinase (Fmkl), mitochondrial carrier protein (Fowl), pectate
lyase (PelA, PelD), pea pathogenicity peptide 1 and 2 (Pep!, Pep?2), ras-like GTP-binding
protein (Rhol), and transcription factor involved in pheromone response (Adhikari et al.,
2020; Husaini et al., 2018). Once penetration occurs and Foc breaches the initial host
barriers, the pathogen produces thicker hyphae and microconidia. Thicker hyphae then
transform into chlamydospores within the intra and intercellular spaces (Li et al., 2011).
As the infection progresses, Foc hinders nutrient movement and resists water flow,
leading to the clogging of the water-conducting system with spores, mycelia, and other
plant defense metabolites. The infection spreads further, reaching the vascular zone of the
lateral roots and causing rhizome infection. Rhizome colonization is a crucial stage in
disease development (Li et al., 2017). Once the rhizome is colonized, the infection spreads
throughout the plant, reaching the pseudostem. This results in wilting of the foliage,
splitting of the pseudostem at the base, and ultimately, plant death (Gordon, 2017). At 17
days post inoculation (dpi), a significant number of hyphae can be observed in the

pseudostem, and plant death may occur by 24 dpi (Xiao et al., 2013).

2.4  Rhizosphere

The rhizosphere is a dynamic ecosystem where various microbial groups interact
through interspecific and trans-kingdom communication. It refers to the small soil region
in close proximity to the plant roots, where the presence of roots influences the biological
and chemical characteristics of the soil (Chialva et al., 2022). The root system not only
provides mechanical support and aids in nutrient and water uptake but also synthesizes,
stores, and exudes a diverse range of chemicals (Walker et al., 2003). These compounds

released by plant roots, known as root exudates, consist of carbohydrates, amino acids,

10



organic acids, and other substances. Root exudates serve as chemoattractant for a wide
array of metabolically active soil microbial communities (Mavrodi et al., 2021). Root
exudation modifies the chemical and physical properties of the soil, thereby influencing
the composition of microbial communities in the rhizosphere (Preece & Penuelas, 2020).
This process can enhance the fertility of the rhizospheric soil and indirectly stimulate the
growth of specific beneficial bacteria that promote plant growth (Cordovez et al., 2021).
For example, the strain Burkholderia phytofirmans PsJN (now known as
Paraburkholderia phytofirmans) has been found to metabolize oxalate exuded by maize
and lupine plants in the rhizosphere. This strain is known for its biocontrol properties
against pathogens and its ability to stimulate plant growth (Kost et al., 2014). Recent
studies suggest that plant roots can also detect bacterial quorum-sensing molecules, such
as N-acyl-L-homoserine lactones (AHLs) and cyclodipeptides (CDPs), in addition to the
phytohormones that regulate root growth, such as auxins and cytokinins. These bacterial
and fungal compounds can influence root development and other physiological processes
in plants (Ortiz-Castro & Lopez-Bucio, 2019). The composition of these compounds in
the rhizosphere depends on the physiological status of the plant, the specific plant species,
and the microorganisms present (Kang et al., 2010). Thus, the rhizosphere consists of the
soil influenced by root exudates, the rhizoplane (root surface) with tightly adhering soil
particles, and the root itself, which is colonized by numerous microorganisms. These
components interact and contribute to the complex microbial ecology and chemical

dynamics in the rhizosphere (Barea et al., 2005).

2.5 Plant Growth Promoting Bacteria

The plant growth promoting bacteria (PGPB) are the bacteria residing in the root
rhizoplane and are characterized by the following features; Firstly, they possess the ability
to effectively colonize the root surface. This enables them to establish a presence in the

root rhizoplane. Secondly, PGPB have the capacity to survive, reproduce, and compete
11



with other microbial communities present in the rhizosphere. Lastly, these bacteria
demonstrate their ability to express activities that promote and protect plant growth
(Kloepper, 1994). In summary, PGPB refers to a beneficial group of bacteria that reside
either freely in the rhizosphere soil or within the plant itself. These bacteria employ
various mechanisms to stimulate plant growth and provide defense against both biotic
and abiotic stresses (Hashem et al., 2019). Furthermore, the classification of PGPB is
based on the proximity of the bacteria to the root and the nature of their association (Gray
& Smith, 2005). PGPB can be categorized into two main groups: endophytic bacteria and
rhizobacteria. Endophytic bacteria reside inside the cells of the root, often forming
specialized nodules. Some examples of endophytic bacteria include Azorhizobium,
Bradyrhizobium, Allorhizobium, Mesorhizobium and Rhizobium of the family
Rhizobiaceae. Rhizobacteria, on the other hand, exist in the rhizosphere, on the root
surface (rhizoplane), or in the intercellular spaces within the root cortex. Examples of
rhizobacteria include , Azotobacter, Bacillus, Agrobacterium, Pseudomonas,
Burkholderia, Caulobacter, Arthrobacter Azospirillum, Chromobacterium, Erwinia,

Flavobacterium, Micrococcous, and Serratia (Bhattacharyya & Jha, 2012).

2.6 Mechanisms of Plant Growth Promotion by PGPB

PGPB employ diverse mechanisms to support plant growth and enhance their
resilience against biotic and abiotic stress (Cao et al., 2023). These bacteria directly
contribute to plant growth by facilitating the acquisition of vital resources such as
nitrogen, phosphorus, and essential minerals. Moreover, they play a role in modulating
the levels of plant hormones, thereby influencing growth and development. Indirectly,
PGPB act as biocontrol agents, mitigating the inhibitory effects of pathogens and

promoting a healthier growth environment for plants.
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2.7 Direct Mechanisms

It is important to highlight that many PGPB possess multiple plant growth-
promoting traits and abilities, rather than being limited to a single function. These
beneficial bacteria have evolved to exhibit a wide range of mechanisms that contribute to

plant growth and health.

2.7.1 Nitrogen fixation

Plant growth and productivity heavily rely on nitrogen, an essential nutrient
(Ahemad & Kibret, 2014). Despite the atmosphere containing approximately 78%
nitrogen, it remains unavailable to plants in its current form. Biological nitrogen fixation
(BNF) plays a pivotal role in converting atmospheric N> into plant-usable forms. This
process is facilitated by both symbiotic and non-symbiotic nitrogen-fixing bacteria
(Shridhar, 2012). Symbiotic PGPB establish a symbiotic relationship with leguminous
plants, enabling the fixation of atmospheric nitrogen in the soil. Examples of such bacteria
include Pantoea agglomerans, Azoarcus sp., Beijerinckia sp., K. pneumoniae, and
Rhizobium sp. (Ahemad & Kibret, 2014). On the other hand, non-symbiotic PGPB,
including free-living, associative, and endophytic bacteria, fix atmospheric nitrogen
without forming a symbiotic association with host plants (Glick, 2014).
Gluconoacetobacter diazotrophicus, Cyanobacteria (Anabaena, Nostoc), Azotobacter,
Azospirillum, and Azocarus are among the examples of non-symbiotic nitrogen-fixing
bacteria (Bhattacharyya & Jha, 2012). The process of nitrogen fixation is governed by
specific genes, including the nif gene, which activates the iron protein, donates electrons,
biosynthesizes the iron molybdenum cofactor, and regulates other genes essential for the

production and activation of the nitrogen-fixing enzyme (Reed et al., 2011). Treating
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plants with nitrogen-fixing bacteria enhances growth promotion, disease control, and soil
nitrogen content (Damam et al., 2016).
2.7.2 Phosphate solubilization

Phosphorus, the second most essential nutrient for plant growth after nitrogen,
holds significant importance in facilitating healthy plant development. It is essential in
substantial amounts to support various metabolic processes, including macromolecular
biosynthesis, photosynthesis respiration, and signal transmission (Cao et al., 2023).
However, the majority of phosphorus in soil exists in forms that are precipitated,
insoluble, or immobilized forms, making it inaccessible for plant uptake. As a result, the
availability of soluble phosphorus forms to plants is often limited. Plants can only absorb
phosphorus in two soluble forms: monobasic (H2PO4) and dibasic (HPO4*) ions. This
limitation has prompted the search for ecologically safe and economically viable
approaches to enhance crop production in low phosphorus soils. Notably, certain bacterial
strains can simultaneously solubilize and mineralize phosphate (Guang-Can et al., 2008).
PGPB produce low molecular weight organic acids that facilitate the solubilization of
inorganic phosphorus (Shen et al., 2021). Effective phosphate solubilizers have been
identified in bacterial genera such as, Enterobacter, Bacillus, Pseudomonas,
Microbacterium Erwinia, Arthrobacter, Rhodococcus, Flavobacterium, Beijerinckia,
Burkholderia, Rhizobium, Mesorhizobium, and Serratia (Oteino et al., 2015). Besides
supplying plants with accessible phosphorus, phosphate-solubilizing bacteria (PSB) offer
additional benefits that contribute to plant growth and development. For example, they
enhance biological nitrogen fixation and increase the availability of other essential trace
elements as demonstrated by Zaidi et al. (2009). This multifaceted interaction between
plants and PSB underscores the potential of harnessing beneficial microorganisms to

promote sustainable agriculture and improve overall plant health and productivity.
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2.7.3 Siderophore production

Iron is an essential element for the survival of nearly all forms of life. Apart from
a few lactobacilli, iron is a fundamental requirement for all known microorganisms
(Neilands, 1995). In aerobic environments, iron predominantly exists as Fe**, forming
insoluble oxyhydroxides and hydroxides and that are typically inaccessible to
microorganisms and plants (Rajkumar et al., 2010). Siderophores are low molecular
weight compounds produced by microorganisms that have the ability to bind ferric ion
(Fe*") from the environment, making it available for uptake by plants. Various low-
molecular-weight compounds, including as sugars, organic acids, and amino acids as well
as secondary compounds like flavonoids, phenols, terpenoids, and inorganic metabolites
(CO2, H20, etc.) present in root exudates, directly participate in the dissolution, reduction,
and complexation of Fe’" and provide crucial substrates for PGPB to synthesize
siderophores (Gargallo-Garriga et al., 2018). The production of siderophores by PGPB
enables them to serve as valuable resources for supplying plants with an adequate supply

of iron.

2.7.4 Phytohormone production (Indole-3-Acetic-Acid)

Phytohormones are organic compounds that exert regulatory effects on plant
growth and development at low concentrations (< ImM) (Damam et al., 2016). Notably,
approximately 80% of microorganisms present in the rhizosphere of different crops have
the capability to synthesize and release phytohormones as secondary metabolites (Patten
& Glick, 1996). PGPB play a significant role in promoting plant growth by producing
various phytohormones, including abscisic acid (ABA), indole-3-acetic acid (IAA),
ethylene (ETH), and gibberellin (GA). These phytohormones accelerate various
physiological processes in plants, including cell division, elongation and differentiation,

germination of seeds, seedling establishment, development, reproduction, and stress
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response signaling networks (Ma et al., 2020). Among these phytohormones, IAA, which
is produced by numerous PGPB such as Pseudomonas sp., Rhizobium sp., Bacillus sp.,
Enterobacter, Paenibacillus., etc.) plays a significant role in almost all aspect of plant
growth and development. It is involved in processes such as embryo formation, induction
of cell division, elongation of the stem and coleoptile, apical dominance, root induction,
vascular tissue differentiation, fruit development, ethylene synthesis stimulation,
adventitious root induction in cuttings, and tropic movements (Souza et al., 2017). Thus,
IAA is widely recognized as an important signaling molecule in plant-microbe
interactions. Its role encompasses both pathogenesis, where it influences disease
development, and phytostimulation, where it promotes plant growth and development

(Spaepen & Vanderleyden, 2011).

2.7.5 1-Aminocyclopropane-1-carboxylate (ACC) deaminase

Plants have the ability to respond to various stresses by modulating the levels of
different hormones, which trigger the synthesis of stress-related proteins necessary for
defense against adverse conditions. Ethylene is a prominent plant hormone involved in
stress response modulation. While ethylene is necessary for healthy plant growth and
development, excessive ethylene production, known as "stress ethylene," can have
negative effects on root/shoot proliferation and overall plant growth parameters,
hindering plant growth and development (Gamalero & Glick, 2015). Certain plant-
associated bacteria possess the enzyme 1-aminocyclopropane-1-carboxylate deaminase
(ACCD), which can mitigate the effects of stress-induced ethylene on plants. ACCD
breaks down the immediate precursor of ethylene, ACC, into a-ketobutyrate and
ammonia. This enzymatic activity reduces the ethylene levels in plants, thereby restoring
root and shoot growth (Glick, 2014). Several microbial species, including Pseudomonas,

Enterobacter,  Paenibacillus,  Stenotrophomonas, =~ Mesorhizobium,  Klebsiella,
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Azotobacter, Rhizobium, Pantoea, Rhodospirillum, and Bacillus have been found to

produce these hormones occasionally (Singh et al., 2015).

2.8 Indirect Mechanisms of Plant Growth Promotion

PGPB promote plant growth indirectly through their role as biocontrol agents (Ma
et al., 2020). The main modes of biocontrol activity exhibited by PGPB include
competition for resources, niche exclusion, and the production of antifungal metabolites
(Lugtenberg & Kamilova, 2009). PGPB are known to produce various antifungal
metabolites that can inhibit the growth of pathogenic fungi. Examples of these
metabolites include 2,4-diacetylphloroglucinol, phenazines, HCN, pyrrolnitrin, tensin,
pyoluteorin, and viscosinamide (Bhattacharyya & Jha, 2012). By producing these
metabolites, PGPB can suppress the growth and development of plant pathogens. Another
indirect mechanism of plant growth promotion is induced systemic resistance (ISR),
which occurs when specific PGPB interact with plant roots, leading to the development
of resistance in plants against specific pathogenic bacteria, fungi, and viruses (Cao et al.,
2023). ISR involves plant's jasmonate and ethylene signaling pathways, which stimulate
the plant's defense responses against a wide range of plant diseases (Glick, 2012). Various
individual components of PGPB such as 2,4-diacetylphloroglucinol, lipopolysaccharides
(LPS), cyclic lipopeptides, flagella, homoserine lactones, acetoin, siderophores, and 2,3-
butanediol, have been identified to contribute to ISR (Lugtenberg & Kamilova, 2009).
These components play a role in signaling and communication between the PGPB and
the plant, enhancing the plant's defense mechanisms. Overall, the indirect mechanisms of
plant growth promotion by PGPB involve biocontrol activities, including competition for
resources, production of antifungal metabolites, and the induction of systemic resistance,
which collectively help protect plants from pathogens and enhance their growth and

development.
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2.9 Contribution of PGPB to Plant Salt Tolerance

PGPB play a vital role in enhancing plant salt tolerance by mitigating the
detrimental effects of high salt concentrations. They possess beneficial traits that facilitate
plant growth in saline environments through two main mechanisms: activating or
modifying plant response systems when exposed to salt stress and synthesizing anti-stress
molecules (Fouda et al., 2019). The mechanisms by which PGPB improve plant growth
and increase resistance to salinity include enhancing nutrient uptake, influencing ion
homeostasis, promoting selective ion absorption, forming biofilms, modifying root
architecture, modulating the antioxidant system, regulating osmotic substances, adjusting
plant hormone levels, and regulating the expression of salt-responsive genes (Bhat et al.,
2020). PGPB's ability to enhance plant salt tolerance is attributed to the combined action
of these mechanisms, rather than relying on a single mechanism. Table 2.1 summarizes
the mechanisms and effects from recent literature on the application of PGPB in salt

tolerance.

Table 2. 1: Influence of PGPB on salt tolerance

Plant Bacterial strain Mechanism Effect Reference
Maize Enterobacter IAA, Enhanced Ali et al
cloacae Siderophore, Osmoprotection (2022)
ACC
deaminase,
EPS
Tomato Enterobacter 64S1 BNF, Enhanced Pérez-
and Pseudomonas phosphate Osmoprotection Rodriguez et
42P4 solubilization, al. (2022)
enhanced
proline
Tomato Pseudomonas Increased Salt tolerance Mellidou et
oryzihabitans APX, POD and al. (2021)
CAT enzyme
activity
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Table 2.1 continued

Plant Bacterial strain Mechanism Effect Reference
Maize Enterobacter Elevated Increased Ali et al
cloacae levels of antioxidant  (2022)
SOD, POD, defense
APX
Acinetobacter Decline  in Enhanced Shabaan et al.
johnsonii CAT, SOD antioxidant  (2022)
activities defense
Pea Acinetobacter Decreased Salt Sapre et al.
bereziniae, SOD and tolerance (2022)
Enterobacter CAT
ludwigii, and
Alcaligenes faecalis
Cucumber  Burkholdera Reduced Salt Abbas et al.
plants, cepacia SE4, activity of tolerance (2019);
Promicromonospora CAT, POD, (Etesami &
sp. SEI88 and PPO and total Beattie, 2017,
Acinetobacter polyphenol Kang et al.,
calcoaceticus SE370 2014)
Planococcus soli
WZYHO02
Azoarcus, BNF and JAA Nutrient Bhattacharyya
Azotobacter, production uptake & Jha, (2012);
Azospirillum, Damam et al.
Burkholderia, (2016)
Diazotrophicus,
Enterobacter,
Gluconacetobacter,
Pantoea
agglomerans, and
Pseudomonas
Pea Pseudomonas Phosphate Nutrient Oteino et al.
strains solubilzation  uptake (2015)
Siderophore = Nutrient Scavino and
production uptake Pedraza,
(2013)
Radish Kosaconia BNF, Nutrient Shahid et al.
radicincitans phosphorus uptake (2022)
solubilization
Rice Pantoea alhagi EPS Biofilm Sun et al
production formation (2022)
Black Rahnella  aquatilis VOC Upregulation Li et al.
locust JZ-GX1 production of RpNHXI (2021)
expression
Chickpea Bacillus tequilensis ~ EPS Biofilm Haroon et al.
production formation (2023)
Arabidopsis  Bacillus Enhanced vVOC Liu et al
amyloliquefaciens antioxidant production (2020)
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2.9.1 Osmotic Adjustment

Osmotic adjustment is a critical mechanism employed by plants growing in saline
soils to counteract water loss caused by reduced osmotic pressure (Van Zelm et al., 2020).
To maintain osmotic balance both inside and outside the cell, plants increase the
production of low-molecular-weight compatible solutes known as osmolytes. Common
osmolytes include proline, soluble sugars, glycine betaine, and ectoine (Ilangumaran &
Smith, 2017; Kumawat et al., 2023). Osmotic adjustment, although energetically
demanding and resulting in reduced growth, is a vital process that helps alleviate the
impact of salt stress on plants (Munns & Gilliham, 2015). Proline acts as an antioxidant
and stabilizes proteins, while also serving as a marker for salt stress (Cui et al., 2020).
Mitogen-activated protein kinase (MAPK) and ABA signalling control the synthesis and
storage of osmolytes in plants (Jogawat, 2019). Rapid activation of MAPKSs occurs in
response to salt stress, influencing the expression of stress-responsive genes (De Z¢licourt
et al.,, 2016). Several studies have demonstrated that PGPB inoculation significantly
influences the osmoprotectant content in various plant species under salt stress. For
example, Enterobacter cloacae PM23 enhances osmoprotectant levels in Maize (Zea
mays) (Ali et al., 2022). Inoculation of Pseudomonas 42P4 and Enterobacter 64S1
increases proline content and alleviates salt stress symptoms in tomato (Solanum

lycopersicum) (Pérez-Rodriguez et al., 2022).

2.9.2 Antioxidant Activity

Environmental stressors can disrupt the balance between ROS production and
scavenging activity, leading to an accumulation of ROS in plants (Apel & Hirt, 2004).
Salt stress, in particular, significantly increases ROS levels due to disturbances in electron
transport chains and decreased water potential (Acosta-Motos et al., 2017). ROS,

including Oz+~, HO»*~, OHe, H,02, 'O2, ROOH, RO* and ROO- can react with organic
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molecules, resulting in detrimental effects such as DNA/RNA damage, protein oxidation,
enzyme inhibition, and membrane lipid peroxidation (El Ghazali, 2020). To counteract
ROS, plants have evolved antioxidant defense systems consisting of enzymatic
antioxidants (e.g., such as ascorbate peroxidase (APX), superoxide dismutase (SOD),
glutathione peroxidase (GPX), catalase (CAT), and glutathione reductase (GR) and non-
enzymatic antioxidant compounds (e.g., phenolics, carotenoids, proline, flavonoids) that
contribute to salt tolerance (Gupta & Huang, 2014).

Emerging evidence suggests that PGPB can modulate the antioxidant defense
system of plants by enhancing the activity of various antioxidant enzymes under stress
conditions (Abbas et al., 2019; Etesami & Beattie, 2017). However, there are contrasting
reports as some studies have shown reduced levels of enzymatic antioxidants in plants
inoculated with PGPB under stress, suggesting potentially reduced stress levels compared
to uninoculated plants (Kang et al., 2014; Sapre et al., 2022). For example, the application
of Acinetobacter johnsonii SUA-14 in maize led to decreased catalase and superoxide
dismutase activity, as well as a reduction in malondialdehyde (MDA) content, potentially
linked to the reduced uptake of Na* (Shabaan et al., 2022). On the other hand, other
studies have demonstrated that PGPB inoculation can lead to elevated levels of
antioxidants and enhanced antioxidant enzyme activity in plants under stress. For
instance, the inoculation of Enterobacter cloacae PM23, a halotolerant bacterium, in
maize resulted in elevated levels of antioxidants, including SOD, POD, APX, ascorbic
acid, flavonoids, and phenolics, along with reduced H»O, and MDA content. The
upregulation of APX and SOD genes was associated with the higher enzyme activity,
indicating improved antioxidant defense under salinity stress (Ali et al., 2022). Similarly,
Pseudomonas oryzihabitans AXSa06 inoculation in Solanum lycopersicum enhanced
antioxidant activity, as indicated by increased ascorbate and MDA content, and enhanced

POD and CAT enzyme activity under 200 mM NaCl stress (Mellidou et al., 2021). These
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diverse findings collectively highlight the ability of PGPB to modulate the antioxidant
defense system of plants, enhancing their capacity to scavenge ROS and mitigate
oxidative damage under salt stress conditions. The activation of antioxidant enzymes and
the accumulation of non-enzymatic antioxidants contribute to the improved stress

tolerance observed in PGPB-inoculated plants.

2.9.3 Ion Homeostasis

Maintaining ion homeostasis, particularly with respect to sodium (Na”) is crucial
for plant growth and survival under salt stress conditions. High cytoplasmic Na*
concentrations are toxic to both glycophytes and halophytes. The regulation of Na* uptake
and transport are essential for maintaining high cytoplasmic K*/Na* ratios, as Na" and K*
compete for important metabolic processes in the cytoplasm. Numerous K'-dependent
enzymes can have their enzyme activity inhibited by Na*, affecting cellular metabolism
(Almeida et al., 2017). To achieve Na* control, halophytic plants employ mechanisms
such as Na" exclusion from roots, long-distance Na" transport, and Na*
compartmentalization (Munns, 2005).

PGPB, such as the endophytic strain Bacillus megaterium ZS-3, have been shown
to induce systemic tolerance to salt stress in plants by regulating various processes,
including ion homeostasis. B. megaterium ZS-3 restricts Na" accumulation, leading to
increased K*/Na" ratios in the presence and absence of salt. This effect is achieved by
down-regulating HKT! and up-regulating NHX/ and AVPI (a vacuolar H'-
pyrophosphatase), which pumps H" into vesicles, creating a H gradient across the
membrane. These results point to a limitation in the absorption of Na* by plants and the
sequestration of Na* in plant vesicles, enabling plants to cope more effectively with salt
stress (Shi et al., 2022). PGPB, such as Pseudomonas knackmussii MLLR6, have also been

shown to regulate ion homeostasis-related gene expression, including the up-regulation
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of SOS1, in A. thaliana plants under salt conditions (Rabhi et al., 2018). These studies
highlight the role of PGPB in regulating ion homeostasis and enhancing salt stress
tolerance in plants through various mechanisms, including Na® exclusion, Na*

compartmentalization, and modulation of ion transporters and pumps.

2.9.4 Hormonal Modulation

Salt stress poses a significant threat to plant growth and productivity, necessitating
the exploration of effective strategies for stress mitigation. Phytohormones play a crucial
role in plant responses to stress, and PGPB have emerged as potential regulators of
hormone dynamics. This section of the literature review examines the influence of PGPB
on specific plant hormones under salt stress conditions and provides examples from

relevant studies.

2.9.4.1 Ethylene Modulation under Salinity Stress Conditions

Ethylene, a gaseous phytohormone, plays a vital role in plant growth and
development. However, at high concentrations, ethylene can have negative effects,
including defoliation, suppression of root and stem growth, and early senescence, which
can reduce crop performance (Bhattacharyya & Jha, 2012). Under normal conditions, the
enzyme ACC synthetase converts ACC into ethylene. Studies have demonstrated the
ability of PGPB strains to modulate ethylene accumulation in plants under salt stress. For
example, three Bacillus strains (B. subtilis NBRI 28B, B. safensis NBRI 12M, and B.
subtilis NBRI 33N) that produces ACC deaminase reduced ethylene buildup in maize
under salt stress conditions, resulting in improved plant growth. The application of B.
safensis NBRI 12M exhibited the greatest reduction in ACC-oxidase (ACO) activity,

which corresponds to lower ethylene production (Forchetti et al., 2007).
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2.9.4.2 ABA Modulation under Salinity Stress Conditions

ABA is a key regulator in the plant's response to abiotic stresses, including salt
stress. It coordinates various physiological processes depending on its concentration. At
normal levels, ABA regulates processes such as seed development and dormancy,
stomatal opening, and synthesis of storage proteins and lipids (Sreenivasulu et al., 2012).
However, under high concentrations induced by abiotic stress, ABA inhibits plant growth.
Salt stress greatly induces ABA production, increasing the amount of ABA in the plant.
To help the plant adapt and survive, this causes stomatal closure and changes in gene
expression (Sah et al., 2016). Under salt stress, PGPB inoculation has been demonstrated
to affect ABA levels. For example, the inoculation of and Planococcus soli WZYHO02 and
Bacillus atrophaeus WZYHO1 in maize resulted in changes in the expression of genes
associated to plant hormones and a reduction in the ABA content. The inoculated plants
showed up-regulation of ZmDREB2A and ZmWRKY58 genes and down-regulation of the
ZmNCED gene, which play roles in enhancing plant salt tolerance (Hou et al., 2022).
Similar findings showed that ABA buildup during salt stress was reduced in wheat
(Triticum aestivum) that had been inoculated with Dietzia natronolimnaea STR1 and

Arthrobacter protophormiae SA3 (Barnawal et al., 2017).

2.9.4.3 Cytokinin and Auxin Modulation under Salinity Stress Conditions
Cytokinins are another class of plant hormones that influence cell division,
vascular cambium sensitivity and differentiation, root hair proliferation, and inhibit lateral
root formation and primary root elongation (Aloni et al., 2006). Auxins, such as [AA,
regulate a wide range of processes in plant development and growth (Ma et al., 2020).
IAA promotes the growth of roots by increasing both their surface area and length,
allowing plants to access soil nutrients more effectively (Spaepen & Vanderleyden,

2011). PGPB inoculation has been found to enhance cytokinin and auxin levels in plants

24



exposed to salt stress. For example, citrus (Citrus macrophylla) inoculated with
Novosphingobium sp or Pseudomonas putida KT2440 displayed increased accumulation
of auxin and cytokinins. These bacterial associations resulted in a low ABA and salicylic
acid (SA) content (Vives-Peris et al., 2018). Bacillus subtilis IB-22 inoculation in wheat
increased ABA content in roots, while also producing cytokinins and raising their content,
preventing stressed plants from decline in potassium concentration (Arkhipova et al.,

2020).

2.9.4.4 Jasmonate Modulation under Salinity Stress Conditions

Jasmonates, particularly jasmonic acid (JA), play a crucial role in plant defense
responses. PGPB inoculation has been reported to influence JA levels in plants under salt
stress. Bradyrhizobium japonicum inoculation in Arabidopsis resulted in a rise in
jasmonate (JA) levels, which led to differential gene expression compared to non-
inoculated plants. The expression of abiotic-stress-related and JA genes was altered,
indicating the involvement of JA in the primed state and stress response (Gomez et al.,

2023).

2.9.4.5 OPDA as a Hormonal Regulator under Salinity Stress Conditions
12-oxo-phytodienoic acid (OPDA), a precursor of JA and related molecules, has
emerged as a hormonal regulator involved in the activation of autonomous signaling
pathways in plant responses to stress (Liu & Park, 2021). Limited research has explored
the influence of PGPB on OPDA levels under salt stress. However, some studies suggest
that PGPB inoculation may modulate OPDA levels. For example, Erice et al. (2017)
investigated the impact of Bacillus megaterium application on OPDA levels in
Arabidopsis. They observed a reduction in OPDA content following bacterial inoculation

under normal conditions. However, no significant differences in OPDA levels were
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observed under saline conditions. This study highlights the potential role of PGPB in

modulating OPDA levels, particularly under stress conditions.

2.9.5 Nutrient Uptake under Salinity Stress Conditions

Under saline conditions, high sodium (Na") concentrations induce nutritional
disorders and reduce the availability of essential nutrients for plants. Nutrients such as
nitrogen (N), calcium (Ca?"), potassium (K*), phosphorous (P), and iron (Fe) are
adversely affected (Ben Abdallah et al., 2017). Non-symbiotic nitrogen-fixing
rthizobacteria from genera like Diazotrophicus, Gluconacetobacter, Azoarcus,
Azotobacter, , Burkholderia, Azospirillum, Enterobacter, and Pseudomonas promote
plant growth and restore nitrogen levels in saline soil (Bhattacharyya & Jha, 2012;
Damam et al., 2016). Phosphate-solubilizing bacteria, both rhizosphere-colonizing and
endophytic, play a crucial role in liberating organic phosphates and solubilizing insoluble
inorganic phosphate (Oteino et al., 2015). Microorganisms contribute to the release of K*
by producing acids, protons, and chelating ions associated with potassium minerals
(Parmar & Sindhu, 2013). Iron (Fe) is essential for metabolic pathways and enzymatic
reactions in plants, but its bioavailability is limited due to rapid oxidation to Fe(III), which
is poorly soluble (Timofeeva et al., 2022). Insoluble Fe is converted by PGPB
siderophores into soluble forms available to microorganisms, promoting plant growth
(Scavino & Pedraza, 2013). Zinc (Zn), an important micronutrient, is required in small
concentrations and serves as a cofactor and metal activator for enzymes (Parisi & Vallee,
1969). Certain rhizosphere bacteria enhance Zn availability for plants through
mechanisms such as solubilization, chelation, and release of organic acids,
phytohormones and vitamins, and oxidoreductive systems (Saravanan et al., 2011).
Shahid et al. (2022) observed that Kosaconia radicincitans KR-17 inoculation increased

the contents of nitrogen, phosphorus, potassium, calcium, magnesium, zinc, iron, copper,
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and sodium in Radish (Raphanus sativus L.) under saline conditions compared to non-

inoculated plants.

2.9.6 Biofilm Formation under Salinity Stress Conditions

Biofilms, consisting of nucleic acids, lipids, proteins, exopolysaccharides (EPS),
and microorganisms, enable rhizosphere bacteria to attach to plant root surfaces (Danhorn
& Fuqua, 2007). Due to the ability of biofilm components to act as osmoprotectors, these
biofilms serves as protective layers that help plants withstand stress conditions like
salinity and drought (Rojas-Solis et al., 2020). EPS, a complex mixture of polymers
released by bacteria, plays a crucial role in mitigating physiological and environmental
stresses, including salinity (Morcillo & Manzanera, 2021). A noteworthy study
demonstrated the significance of EPS in reducing salt stress and facilitating root
colonization. Pantoea alhagi strains, including the exopolysaccharide-deficient ApspD
mutant and the wild-type NX-11 strain, were evaluated in hydroponic trails, for their
capacity to promote salt resistance in rice. While the pspD mutant did not, the wild strain
increased rice's resistance to salt. Through modifications to root exudates, the EPS
produced by NX-11 facilitated rhizosphere colonization by directly influencing biofilm
formation and indirectly enhancing chemotaxis and biofilm formation. Gene expression
analysis revealed that EPS upregulated the OsXTH?25 gene, which is associated with lectin
production (Sun et al., 2022). The inoculation of Bacillus tequilensis in chickpea plants
also alleviated salt stress. Bacterial flocculation in B. tequilensis was related to the
development of biofilms and EPS. The presence of proteins and carbohydrates in the
biofilm matrix was confirmed by Fourier-transformed infrared spectroscopy, these
components interacted with Na™ and contributed to salinity tolerance (Haroon et al.,

2023).
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2.10 Contribution of PGPB to Plant Biocontrol
Biocontrol of plant diseases by PGPB refers to the use of beneficial bacteria to
suppress or manage plant diseases caused by various pathogens. These bacteria can

contribute to plant health and disease resistance through multiple mechanisms.

2.10.1 Phytohormone Production

Phytohormone production plays a significant role in the biological control of plant
diseases, as indicated by previous studies (Mukherjee et al., 2021; Soundar Raju et al.,
2020). For example, the modulation of phytohormone signaling by Bacillus
amyloliquefaciens has been found to induce disease tolerance against Rhizoctonia solani
in Chickpea (Srivastava & Verma, 2015). Another study by Zebelo et al. (2016)
demonstrated that Spodoptera exigua was suppressed after cotton plants were inoculated
with Bacillus sp. This inoculation had a significant impact on the synthesis of jasmonic
acid. In a study conducted by Karimi et al. (2012), it was observed that the inoculation of
chickpea with B. subtilis, an IAA producer, resulted in enhanced plant development and
exerted resistance against F. oxysporum f. sp ciceris. Furthermore, ethylene signals the
onset of systemic resistance, which is mediated by rhizobacteria in defense against
pathogens. Dixit et al. (2018) found the manipulation of ethylene levels in plants through
the inoculation of ACC deaminase producing Paenibacillus lentimorbus, infected by S.
rolfsii, resulted in effective control of southern blight disease. This control was attributed
to the plant-beneficial bacteria’s regulation of the ethylene pathway and the activities of

antioxidant enzymes.

2.10.2 Lytic enzymes
Microbial enzymes including pectinases, glucanases, cellulases, lipases,

chitinases, and proteases, have gained attention for their potential in controlling
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phytopathogens, earning them the name "cell-wall-degrading enzymes" (Fadiji &
Babalola, 2020). These enzymes also play a significant role in the nutrient cycle of
ecosystems by breaking down organic materials. By targeting the structural components
of fungal cell walls, these enzymes inhibit spore germination and germ-tube elongation,
thereby impeding fungal growth (Pandey et al., 2019). In another study, endophytic
bacteria were isolated from horseradish (4drmoracia rusticana) and evaluated for their
lytic enzyme activity (Egamberdieva et al., 2020). These bacterial strains were found to
inhibit plant diseases caused by Rhizoctonia solani and Fusarium culmorum, F. solani.
Similarly, Muniroh et al. (2019) discovered that the plant-beneficial bacterium
Pseudomonas aeruginosa effectively prevented basal stem rot in oil palm induced by G.
boninense. This bacterium produced hydrolytic enzymes, such as cellulase, B-1,3-
glucanase, and chitinase which contributed to the disease control. These findings
highlight the potential of microbial enzymes as effective tools in controlling

phytopathogens and the role of specific enzymes in degrading the cell walls of fungi.

2.10.3 Antifungal Compounds

PGPB possessing biocontrol capabilities are known to produce secondary
metabolites, including antifungal and antibacterial compounds, which aid in inhibiting
phytopathogens (Fadiji & Babalola, 2020). Numerous studies have reported the capacity
of endophytic bacteria and fungi to produce antifungals, which are linked to the
development of systemic resistance in plants (Jacob et al., 2020; Xu et al., 2019).
Microbial antifungal compounds have emerged as key players in plant defense
mechanisms and the biological management of developing plant diseases (Bolivar-Anillo
et al., 2020; De Silva et al., 2019; Haidar et al., 2016). Bacillus, Aspergillus, Penicillium,
Trichoderma, and Streptomyces species are among the well-known antibiotic-producing

endophytes (De Silva et al., 2019). For example, Streptomyces sp. has been found to

29



produce trimethyl sulfide and dimethyl sulfide, which contribute to the reduction of
tomato bacterial wilt and red pepper leaf spot (Le et al., 2022). Bacillus sp., isolated from
soybean and exhibiting biocontrol abilities against Phytophthora sojae, has been found
to produce two types of antifungal compounds (Zhao et al., 2018). Additionally, iturin A
synthesized by Bacillus sp. CY22 has been identified as an inhibitory agent against
Rhizoctonia solani, which is the pathogen responsible for balloon flower root rot (Cho et
al., 2003). Microbial antifungal compounds hold promise as potential substitutes to
conventional fungicides in agriculture, mitigating the harmful effects on the environment
and public health. These compounds can effectively limit the development and

dessimination of fungal pathogens, providing protection against various plant diseases.

2.10.4 Siderophore Production

PGPB have the ability to produce volatile compounds that directly inhibit the
development of pathogens (Xia et al., 2022). Siderophore secretion by PGPB plays a role
in enhancing plant growth by enabling plants to compete with iron and providing
protection against pathogenic organisms (Ryu et al., 2003). Iron is essential for the growth
and survival of harmful microorganisms, including fungi and bacteria. Beneficial
microorganisms can produce siderophores that compete with pathogens for iron, thereby
restricting their ability to proliferate and survive. This mechanism aids in defending plants
against various infections that rely on iron (Egamberdieva et al., 2023). The use of
siderophore-producing endophytes as biocontrol agents holds promise in addressing plant
health. For example, Bacillus subtilis CAS15, a strain known for its siderophore
production, was found to significantly prevent Fusarium wilt and also promote the growth
of pepper plants (Yu et al., 2011). Another study by Lecomte et al. (2016) demonstrated
that Pseudomonas sp. are capable of regulating F. oxysporum f. sp. dianthi through

mechanisms such as heightened competition for resources and ecological niches.
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2.10.5 Induce Systemic Resistance (ISR)

In the realm of sustainable agriculture, induced resistance has gained prominence
as a promising strategy to combat plant diseases (Fadiji & Babalola, 2020). PGPB
employ two primary mechanisms, induced systemic resistance (ISR) and systemic
acquired resistance (SAR), to protect host plants against diseases (Gao et al., 2021; Ullah
et al., 2019). ISR enhances plant resistance to pathogens by activating pathogen-related
proteins, polyphenols, phytoalexins, and signal transduction pathways mediated by
salicylic acid (SA)/jasmonate (JA) or ethylene (ET) (Kloepper & Ryu, 2006; Romera et
al., 2019). Pathogenesis-related (PR) proteins, including enzymes such as chitinases and
B-1,3-glucanases, play a crucial role in mitigating the effects of plant infections and
improving defense against them, particularly under biotic stresses (Gao et al., 2010).
These enzymes contribute to strengthen cell wall defenses against infections and cell
death as well as to lyse invasive fungal cells. For example, in pepper plants, P. polymyxa
induces ISR, defending them against Xanthomonas axonopodis pv. Vesicatoria, a the
bacterial spot pathogen and reducing disease severity (Phi et al.,, 2010). Bacillus
velezensis inoculation in Arabidopsis, expressing the senescence-promoting gene
phytoalexin deficient4 (PAD4), led to decreased proliferation of the green peach aphid
Myzus persicae (Rashid et al., 2017). Burkholderia gladioli strain E39CS3 significantly
elevated endogenous JA levels and upregulated the expression of JA-regulated plant
defense genes, resulting in a notable reduction in corm rot caused by F. oxysporum
(Ahmad et al., 2022). In a study by Y. Jha (2019), it was observed that in response to P.
pseudoalcaligenes pathogen inoculation, rice plants demonstrated upregulation of PR
proteins, including catalase and -1,3-glucanase. Moreover, the acyl-homoserine lactones
(AHL) produced by beneficial bacteria such as P. putida and Serratia liquefaciens elicited
systemic resistance in tomatoes against Alternaria alternata (Schuhegger et al., 20006).

Bacillus sp. was found to upregulate the expression of PRI/a, PR2a, and PR3 genes,
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leading to the production of chitinases and glucanases that inhibit the proliferation of S.
rolfsii (Sahu et al., 2019). Similarly, Gupta et al. (2022) demonstrated that Pseudomonas
aeruginosa induced ISR and stimulated enhanced total phenolic content and antioxidant
enzyme activity in pea plants infected with Fusarium oxysporum f. sp. pisi. Overall, ISR
plays a significant role in plant’s defense mechanism by priming the plant, triggering
systemic signaling, activating defense genes, and interacting with other defense
pathways. As a result, ISR significantly enhances the plant's resistance against infections,

leading to enhanced overall health and growth.

2.10.6 Antioxidant Enzymes

Antioxidant enzymes play a crucial role in plant defense by scavenging harmful
ROS generated during diverse stress conditions, including pathogen attacks (X. Wang et
al., 2023). The antioxidant system in plants can also be stimulated by microbes associated
with plants (Cavalcanti et al., 2020). For example, Sebestyen et al. (2022) discovered that
the production of antioxidants and iron-binding metabolites by Hypocrea atroviride and
Bacillus subtilis inhibit the growth of the fungal pathogen Eutypa lata that causes
grapevine trunk diseases. Moreover, Sahu et al. (2019) showed that by promoting lipid
peroxidation and the synthesis of ascorbate oxidase, peroxidase, and polyphenol oxidase,

Bacillus sp. induces ISR and reinforces the cell wall.

2.10.7 Competition for Nutrients and Niches

Soil and rhizospheres are an intricate system characterized by the presence of
abundant carbon, nutrients, oxygen, and diverse range of microbes. Within these
environments, various microbes, including both beneficial bacteria and pathogenic fungi,
coexist and engage in competitive interactions for nutrients and niches (Compant et al.,

2005; Lugtenberg et al., 2001). All organisms depend on nutrients for growth and
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reproduction, and in natural ecosystems, competition for these resources can be intense
(Kohl et al., 2019). The microbial community already present in the target environment
must be considered when introducing a biocontrol agent as it must effectively compete
with other microorganisms for nutrients and space (Srebot et al., 2021). If the biocontrol
agent fails to establish itself or maintain a sufficient population, its ability to provide
effective pest control may be compromised. Studies have shown that limiting mineral
elements, nutrients and space can inhibit the fungal pathogens spore germination and the
development of infection on host tissue (Fokkema et al., 1983). Biocontrol bacteria play
a critical role in root systems by actively colonizing and occupying niches while
consuming nutrient sources from root exudates. This process enables them to compete
with pathogens for essential resources required for their growth and proliferation
(Eisendle et al., 2004; van Dijk & Nelson, 2000). Effective colonization of the root system
by these bacteria also serves as a delivery system for biologically active metabolites, such
as cell-wall-degrading enzymes, hydrogen cyanide (HCN), and antifungal compounds,
which exert negative effect on the physiology of fungal pathogens (Chin-A-Woeng et al.,
1998). For example, Pseudomonas extremorientalis strain TSAU20 exhibited improved
root colonization and a 10% reduction in cucumber root rot caused by Fusarium solani.
Although this strain does not produce antifungal compounds or HCN, cellulase, lipase, or
glucanase, its main biocontrol mechanism was competition for nutrients and niches
(Egamberdieva et al., 2011). Similarly, Pseudomonas fluorescens strain PCL1751
demonstrated effective colonization of rhizosphere and shown efficacy in reducing
tomato root and foot rot caused by Fusarium oxysporum f. sp. radicis-lycopersici
(Kamilova et al., 2005). Pseudomonas have been seen to colonize the rhizosphere and
interact with plants by motility and chemotaxis towards root exudates (de Weert &
Bloemberg, 2006). In another study, Pseudomonas syringae-induced disease symptoms

in Arabidopsis were inhibited by Sphingomonas strains, demonstrating the critical role
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that bacterial competition for a carbon supply plays in preventing pathogen development
(Innerebner et al., 2011). The ability to effectively colonize and form biofilms is
considered crucial traits exhibited by biocontrol bacteria, enabling them to establish and
maintain their presence in the rhizosphere ecosystem. Research has shown that
Stenotrophomonas maltophilia and Pseudomonas fluorescens occupy similar niches as
the pathogen Pseudomonas syringae on the phyllosphere of beans and can suppress
diseases caused by plant pathogens (Ji & Wilson, 2002). Therefore, for biocontrol to be
effective, it is crucial to understand the niche requirements of both the biocontrol agent
(BCA) and the target pest (Situ et al., 2023). A key element in determining a BCA's
success is competition for nutrients and niches. It is critical to take into account the current
microbial community as well as the niche preferences of the target pest and the BCA
when creating a biocontrol plan or product. Table 2.2 provides a summary of the findings

on the application of PGPB in biocontrol.
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Table 2. 2: Influence of PGPB on biocontrol

Plant Bacterial strain Mechanism Effect Reference
Chickpea Bacillus Phytohormone Disease Srivastava and
amyloliquefaciens  signaling resistance ~ Verma (2015)
against
Rhizoctonia
solani
Cotton Bacillus sp. Increased Biocontrol ~ Zebelo et al.
synthesis  of against beet (2016)
jasmonic acid, armyworm
Spodoptera
exigua.
Chickpea B. subtilis, 1AA Biocontrol ~ Karimi et al.
umsongensis production against F. (2012)
KRT21, oxysporum
Brevibacterium f. sp ciceris
frigoritolerans
KLT2 and
Pantoea
agglomerans
KLT4
Oil palm Pseudomonas Production  Biocontrol Muniroh et
aeruginosa of CHI, against Stem al. (2019)
GLU and root G.
cellulase boninense.
Tomato Paenibacillus ACC Biocontrol Dixit et al.
lentimorbus deaminase  against S. (2018)
production  rolfsii
Tomato Streptomyces sp.  Production Le et al
of dimethyl (2022)
sulfide and
trimethyl
sulfide
Soybean Bacillus sp., Antifungal  Biocontrol Zhao et al.
production  against 2018)
Phytophthora
sojae,
Balloon Bacillus sp. CY22 Production  Biocontrol Cho et al.
flower of iturin A against (2003)
Rhizoctonia
solani
Pepper Bacillus  subtilis Siderophore Control Yu et al
CASI5 production  against (2011)

Fusarium wilt
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Table 2.2 continued

Plant Bacterial strain Mechanism  Effect Reference
Pepper P. polymyxa Induction of Resistance Phi et al.
ISR against (2010)
Xanthomonas
axonopodis
pv.
vesicatoria
Arabidopsis  Bacillus Expressing  Control Rashid et
velezensis of against Myzus al. (2017).
phytoalexin persicae
deficient4
Saffron Burkholderia Elevated Biocontrol Ahmad et al.
gladioli endogenous  against F. (2022).
JA levelsand oxysporum
defense
genes
Rice P. Induction of Control Y. Jha (2019).
pseudoalcaligenes GLU  and against
CAT Pyricularia
grisea
Tomato Serratia Production  Resistance Schuhegger et
liquefaciens, of acyl- against al. (2006)
P. putida homoserine  Alternaria
lactones alternata
(AHL)
Tomato Bacillus sp. Upregulation Resistance Sahu et al.
of PRla, against S. (2019)
PR2a, and rolfsii
PR3
expression
Pea Pseudomonas Induction of Resistance Gupta et al.
aeruginosa ISR against (2022)
Fusarium
oxysporum
f.sp. pisi
Grapevine  Bacillus  subtilis Induction of Control Sebestyen et
and Hypocrea 1SR against al. (2022)
atroviride Eutypa lata
Tomato Pseudomonas Colonization Resistance Kamilova et
fluorescens and against al. (2005)
competition  Fusarium
for niche oxysporum f.
sp.  radicis-
lycopersici
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Table 2.2 continued

Plant Bacterial strain Mechanism  Effect Reference
Cucumber  Pseudomonas Enhanced Resistance Egamberdieva
extremorientalis root against et al. (2011)
colonization  Fusarium
and solani
competition
for niche
Arabidopsis  Sphingomonas Competition Resistance Innerebner et
for carbon against al. (2011)
source Pseudomonas
syringae
Beans Pseudomonas Competition Resistance Ji and Wilson
fluorescens  and for niche against (2002)
Stenotrophomonas Pseudomonas
maltophilia syringae

2.11 Transcription factors

Transcription factors (TFs) play a critical role in regulating gene expression and
are key components of plant signaling pathways. They are involved in plant growth,
development, and stress responses by binding to specific DNA sequences in the promoter
regions of target genes. TFs act as master regulators that coordinate various biological
processes and enable plants to adapt to changing environmental conditions (Joshi et al.,
2016; Shahzad et al., 2021). TFs can activate or suppress gene activity based on their
binding to DNA-binding sites. They possess activator or repressor domains that modulate
gene expression once they bind to specific DNA sequences. TFs often have additional
domains that interact with other proteins, such as other TFs or signaling molecules,
increasing their functional diversity (Phillips & Hoopes, 2008). Posttranslational
modifications, such as phosphorylation, can also regulate TF activity, as observed in the
MAPK cascade system (Guan et al., 2014). TFs are not only regulated by internal cues
but also respond to various external stimuli. They play a crucial role in stress
management, metabolism, and plant growth. For instance, TFs like WRKY and AP2 have

been implicated in the regulation of plant-specific metabolism and stress tolerance (K.
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Kumar et al., 2016; Mishra et al., 2013). The plant genome encodes a significant number
of TFs, with approximately 5% of the Arabidopsis genome consisting of TF gene
(Arabidopsis Genome Project; (Riechmann & Ratcliffe, 2000). Different categories of
TFs have been identified in plants, including AP2/ERF (APETALA2/ethylene-responsive
factor), bHLH (basic helix-loop-helix), bZIP (basic leucine zipper), MYB
(myeloblastosis related), NAC (no apical meristem), and WRKY TFs. These TFs exhibit
diverse functions and regulate various molecular events in plant biology (Kilian et al.,
2012; Udvardi et al., 2007). Understanding the functional diversity of TFs is essential for
unraveling the molecular mechanisms underlying plant biology. Table 2.3 presents an
overview of TFs associated with abiotic stress-related, while Table 2.4 an overview of
TFs associated with biotic stress-related both found in different plant species. By studying
the roles and interactions of these TFs, researchers gain insights into the molecular
processes that govern plant growth, development, and stress responses. The availability
of genome-scale metabolic pathway databases for numerous plant genomes aids in
understanding the functional implications of TFs across different plant species (Hawkins
et al., 2021). In the subsequent section, the focus will be on the WRKY TF family, which
has been extensively studied for its involvement in plant responses to biotic and abiotic
stresses.

Table 2. 3: Transcription factors involved in abiotic stress in plants

Transcription Crop species Functional Function in Reference
factor validation Stress
response
MaWRKY18 Banana Overexpression Drought, salt Tak et al.,
and cold 2021
TaWRKYI-  Arabidopsis Overexpression  Drought Y. Yu et
2D al., 2023.
SbWRKY45  Arabidopsis Overexpression  Drought BAILLO
et al.
(2023)
SbWRKY30  Sorghum Overexpression  Drought Yang et al.,
2020
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Table 2.3 continued

Transcription Crop species Functional Function in Reference
factor validation Stress
response
SIWRKYS81 Tomato Overexpression Drought Ahammed
et al.,
2020.
OsWRKY45  Rice Overexpression  Drought Qiu & Yu,
(2009).
TaWRKY146 Arabidopsis Overexpression  Salinity and Ma et al.,
Drought 2017
FtWRKY46  Arabidopsis Overexpression  Salt Lv et al,
(2020)
AtWRKY46  Arabidopsis Salinity and Ding et al.,
Drought (2014).
CiWRKY75-  Arabidopsis Drought Wan et al.
I and (2018)
CiWRKY40-
4
PgWRKY Pearl Millet Salinity and Chanwala
Drought et al.
(2020)
MuWRKY3  Horse gram Drought Kiranmai
etal., 2018
AtWRKY29  Arabidopsis Overexpression Heat D. Lietal.,
2017;Y.Li
etal., 2017
CaWRKY40  Tobacco Overexpression Heat DANG et
al., 2013
CaWRKY6 Pepper Overexpression Heat Cai et al.,
(2015).
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Table 2.4 Transcription factors involved in biotic stress in plants

Transcription Crop species Functional Function in Reference
factor validation Stress
response
OsWRKY62 Overexpression Xanthomonas Vo et al.
and oryzae pv. (2018)
OsWRKY67 Rice oryzae (Xoo)
and
Magnaporthe
oryzae
CsWRKY?2 Overexpression P. digitatum  Xi et al.
and (2023)
CsWRKY14  Sweet Orange
AtWRKY38 a Overexpression Pseudomonas Kim et al.
nd AtWRKY  Arabidopsis syringae (2008)
62
ShWRKYS1 Overexpression 0. H. Wang et
Tomato neolycopersic  al. (2023)
i
GhWRKY41  (Cotton and Overexpression V. dahliae (Xiao et al.
Arabidopsis (2023)
OsWRKY31 ) Overexpression Magnaporthe S. Wang et
Rice oryzae al. (2023)
VgWRKY56 Overexpression  Erysiphe Y. Wang et
and Grapevive necator al. (2023)
VgbZIPC22
OscWRKY1 Overexpression Pseudomonas Joshi et al.
syringae pv. (2022)
tomato
Arabidopsis Pst DC3000
JrWRKY21 Overexpression C. Zhou et al.
Walnut gloeosporioid (2022)
e
CsWRKY23 Overexpression  Penicillium W. Wang
Citrus digitatum et al.
(2023)
GhWRKY70 ) ) Overexpression  Verticillium Zhang et
Arabidopsis dahliae al. (2023)
TaWRKY49 Puccinia N. Wang et
and Wheat striiformis  f. al. (2016)
TaWRKY62 sp. tritici
Ifnan Khan
CaWRKY40b Pepper Ralstonia et al.
solanacearum (2018)
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2.12 WRKY Transcription factors

The WRKY gene family, which is one of the largest transcription factor gene
families, plays a crucial role in various plant activities from germination to senescence
(Goyal et al., 2023). These transcription factors are named WRKY due to the presence of
a highly conserved sequence WRKYGQK at their N-terminus (Jiang et al., 2017).
Additionally, a conserved zinc finger motif (C-X4-5-C-X22-23-H-X-H or C-X5-8-C-
X25-28-H-X1-2-C) is found at the C-terminus of the WRKY motif. Through binding with
the W-box DNA sequence (C/T) TGAC(T/C) in target gene promoters, WRKY proteins
regulate gene expression (H. Li et al., 2020; X. Li et al., 2020). It is important to highlight
the considerable diversity in both the structure and function of WRKY TFs. This
variability may be seen in the diverse numbers of WRKY genes and proteins found in
distinct plant genomes, as well as in the variations in intron counts and nucleotide
sequences found across various plant evolutionary levels. Due to their participation in
numerous plant processes, such as growth, development, and responses to biotic and
abiotic stressors, WRKY TFs have drawn considerable interest. Additionally, they are
essential for effector-triggered immunity (ETI) and microbe- or pathogen-associated
molecular pattern-triggered immunity (MTI or PTT) in plants (Tang et al., 2023; Xi et al.,
2023; Y. Yu et al., 2023). These TFs can function as activators or repressors, forming a
network that regulates various cytoplasmic and nuclear functions and mediates signaling

between organelles and the nucleus (Bakshi & Oelmiiller, 2014).

2.12.1 Structural characteristics and classification of functional domains

The different binding capacities of WRKY TFs could be attributed to presence of
different numbers of DNA-binding domains (DBDs) and zinc-finger-like motifs despite
possessing a highly conserved W-box. (Wani et al., 2021). WRKY genes are categorized

into three primary groups. Group I and II contain two and one WRKY domains,
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respectively, with a single C2-H2 zinc finger motif shared by both groups (C—X4-5-C—
X22-23-H-X1-H). Group III WRKY genes have a single WRKY domain but show
variation in C2-HC zinc finger motif patterns (C—X7-C—X23-H-X1-C). Furthermore,
Group II WRKY genes are further classified into five subgroups based on primary amino
acid sequences (Ila, IIb, Ilc, I1d, and Ile) (Eulgem et al., 2000). Pre-WRKY structures
(Pro-WRKY) are thought to have evolved from a single domain, according to studies on
WRKY structures, with Group I members possibly arising from gene duplication and
Group IIc members potentially resulting from the loss of the N-terminal WRKY domain.
Group III represents the youngest and least diverse group, while Group Ilc may have
branched out to give rise to additional subgroups within Group II (Song & Gao, 2014; J.
Wu et al., 2017). Strong evidence suggests that group II and III WRKY members should
have evolved from group I based on sequence similarities between the WRKY domains
of those members and the C-terminal WRKY domain of group I WRKY TFs (Chen et al.,
2019). Despite the WRKY domain’s high degree of conservation, sequence variations
have been observed within it. For example, variations such as WRKYGRK in banana and
populus, FWRKYGQK in populus, and WRKYGEK in banana and rice. Banana also
exhibits variations like WRKYGHK and WRKYGNK. WRKY TFs have been
extensively studied in various monocot crops, and their distribution within chromosomes
and genomes is not uniform (Goel et al., 2016; Chanwala et al., 2020; Xu et al., 2016;
Zhang et al., 2017).

WRKY TFs are known to bind to specific cis-elements called W box motifs in the
promoters of target genes, either activating or inhibiting gene transcription (C. X. Li et
al., 2020; H. Li et al., 2020; X. Li et al., 2020). The W-box comprises a degenerated/core
TGAC motif, which serves as the central sequence recognized by WRKY factors.
Additionally, the W-box contains a conserved GAC core, which is essential for WRKY

factor binding. The W-box is further characterized by flanking thymine (T) and
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pyrimidine (C/T) residues that contribute to the overall interaction between WRKY
factors and the cis-element (Chen et al., 2019; Jiang et al., 2017). When WRKY TFs bind
to other WRKY TFs or their own promoters, auto- or cross-regulation is frequently seen,
suggesting the presence of functioning W-box components (Liu et al., 2021). The
hydrophobic W-box region's main groove is bound by WRKY-DBDs through a-helices
or B-sheets, allowing for specific interactions between the DNA and protein (Deeba et al.,
2017). The WRKY45-DBD in OsWRKY45 can form a homodimer by switching 45
strands, providing flexibility (Cheng et al., 2019; Xu et al., 2018). Key residues such as
Tyr, Trp, and Lys in the WRKYGQK sequence, as well as zinc finger structures, are
crucial for DNA binding, as evidenced by inhibitor and mutational studies (Chen et al.,
2019; Ciolkowski et al., 2008). The WRKY domain's structure can be altered by changes
in the amino acid heptad, enabling coordinated and precise regulation of target genes by
WRKY TFs (Chen et al., 2019).

Different plant species exhibit variations in the distribution of WRKY TF groups.
For example, Arabidopsis and rice have a higher abundance of group I WRKY proteins
compared to strawberry. Poplar, on the other hand, has 50% of its WRKY TFs belonging
to group 1. Mulberry consists solely of group I members in the group Ia sub-group, while
a distinctive motif of GGDFDDNEPEAKR-WKGE is found in the C-terminal regions of
all group Ia members and one member of the group IIb family (Baranwal et al., 2016).
Tea also displays variations, such as the replacement of glutamine with lysine in the
protein sequence (Wu et al., 2016). WRKY III may have originated through duplication
events during the divergence of monocots and dicots according to studies focusing on
woody dicots, such as Populus (Wang et al., 2015). The structural complexity of WRKY
genes is shown by the low diversity between monocots and dicots in relation to lower
plant groups and the presence of spliced domains with R-type or V-type introns (Liang et

al., 2017). In wheat and strawberries, the number and type of introns vary, with V-type
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introns exclusive to type Ila and IIb groups. (Ning et al., 2017; Zhou et al., 2016). Dicots
like pepper have leucine zipper structures in Group Ila members, which act as elicitors
for WRKY TF binding to the W-box (Cormack et al., 2002). The WRKY domain
sequence and Zn-finger motifs differ between Group Ile and Group III members in tomato
(Huang et al., 2012). Gene duplications, losses, and positive or neutral selection have also
shaped the evolution of WRKY TFs (Zhou et al., 2016; Tang et al., 2013). The presence
of multiple duplicated blocks in the WRKY family provides evidence for duplications
that have occurred during evolution and genome expansion (Xu et al., 2016; Zhang et

al., 2017).

2.13 WRKY TF and Plant Stress Response

2.13.1 Role in Biotic Stress

Plants have developed mechanisms in response to a variety of biotic stresses that
they experience during their life cycle, such as pathogen attacks (Jha et al., 2020; Sun et
al., 2015). Numerous studies have been conducted on the significance of WRKY TFs as
regulators of the plant immunological response to various biotic stressors (Cui et al.,
2019; Singh et al., 2017). The binding of WRKY TFs to the W-box regulates the
transcriptional activation or suppression of defense genes, thus influencing the plant's
immune response. Peng et al. (2018) reviewed PAMP-triggered immunity (PTI) and
effector-triggered immunity (ETI), the two lines of plant immune response, which are
involved in recognizing molecular patterns of the pathogen (PAMPs) and detecting
toxins/effectors through pattern-recognition receptors (PRRs) and plant resistance (R)
proteins, respectively. WRKY's have been shown to play crucial roles in in both PTT and
ETI by directly or indirectly interacting PAMPs/effector proteins or by their regulation
through mitogen-activated protein kinases (MAPKs) (Phukan et al., 2016). It has been

shown that PTI and ETI in rice are mediated by the WRKY transcription factor
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OsWRKY62 (Peng et al., 2008). Overexpression of one of its splice variants,
OsWRKY62.1 in transgenic rice plants resulted in impaired PTI and ETI responses,
accompanied by the suppression of defense-related genes, upon infection with bacterial
blight. In contrast, OsWRKY67 acts as a positive regulator of PTI and ETI in rice against
Xanthomonas oryzae pv. oryzae (Xo0) and Magnaporthe oryzae (Vo et al., 2018).

Xi et al. (2023) reported that Sweet Orange CsWRKY2 and CsWRKY14 were
significantly expressed in response to P. digitatum infection. Similarly, Kim et al. (2008)
found that Arabidopsis AtWRKY38 and AtWRKY62 regulate resistance to Pseudomonas
syringae through the SA-dependent pathway, affecting the expression of Pathogenesis-
Relatedl (PR1) genes. (H. Wang et al., 2023) demonstrated how SAWRKYS81 regulates
tomato's resistance against O. neolycopersici through the SA-dependent expression of PR
genes. Xiao et al. (2023), showed that knocking down GAWRKY41 makes cotton more
susceptible to the fungus, while overexpressing it promotes resistance to V. dahliae in
transgenic cotton and Arabidopsis. Additionally, GAWRKY41 physically interacts with
itself and directly stimulates its own transcription. Similarly, S. Wang et al. (2023)
reported that the rice TF gene OsWRKY31 is an essential part of an MPK signaling
pathway involved in rice's resistance to plant diseases, particularly against Magnaporthe
oryzae, causing rice blast.

In grapevine, VgWRKY56 and VgbZIPC2?2 interacts to increase proanthocyanidin
biosynthesis and enhance resistance to powdery mildew (Y. Wang et al., 2023). Similarly,
Joshi et al. (2022) showed that OscWRKYI positively regulates genes in the
phenylpropanoid pathway, altering the level of rosmarinic acid and enhancing
Arabidopsis' resistance to bacterial pathogens. Zhou et al. (2022) demonstrated that the
overexpression of JrWRKY21 favors walnut resistance to C. gloeosporioides and
indirectly induces the expression of PR gene JrPR5L via the WRKY2I1-PTI5L protein

complex. In citrus, the overexpression of CsWRKY23 enhanced the resistance to
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Penicillium digitatum through the SA pathway, leading to ROS accumulation and
thickening of cell walls (W. Wang et al., 2023). In transgenic Arabidopsis, overexpression
of GhWRKY?70 displayed better growth characteristics, greater lignin content, increased
antioxidant enzyme activities, and elevated levels of jasmonic acid, resulting in resistance
to Verticillium dahliae (Zhang et al., 2023). In wheat, specific WRKY genes have been
identified as key players in conferring resistance to stripe rust (Puccinia striiformis f. sp.
tritici) under high-temperature conditions. Among these genes, TaWRKY49 and
TaWRKY62 have been found to be differentially expressed and associated with seedling-
plant resistance to stripe rust. Interestingly, the silencing of Ta WRKY49 has been shown
to enhance resistance to stripe rust, indicating its negative regulatory role in the defense
response against the pathogen. On the other hand, the silencing of TaWRKY62 results in
decreased resistance to stripe rust, suggesting its positive regulatory role in plant defense
(Wang et al., 2016). In pepper, the CaWRKY40b gene has been identified as a negative
regulator controlling a group of genes linked to immunity during infection with the
pathogen Ralstonia solanacearum. Silencing of CaWRKY40b using VIGS and
overexpression of a dominant repressor form of CaWRKY40b known as CaWRKY40b-
SRDX resulted in the upregulation of positive regulators and the downregulation of
negative regulators associated with immunity (Ifnan Khan et al., 2018). Moreover,
increased CaWRKY40 transcript levels during R. solanacearum infection stimulate ET,
JA, and SA-mediated pathways.

In banana, the genes MaWRKY23, MaWRKY4, MaWRKY25, and MaWRKY28
were specifically expressed during the early stages of corm development at 1, 7, and 14
days after infection with Foc-TR4. These genes exhibited differential expression between
the resistant Pahang and susceptible Brazilian banana cultivars, suggesting their potential
involvement in the plant-pathogen interaction pathway (Zhang et al., 2019). Additionally,

in Musa acuminata and Musa balbisiana, the genes MaWRKYI145, MaWRKY45,
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MaWRKYS89, MaWRKY24, and MaWRKY65, were highly expressed in banana roots at 3,
27, and 51 hours after Foc-TR4 infection, indicating their potential role in the response

to the pathogen (Goel et al., 2016).

2.13.2 Role in Abiotic stress

The role of WRKY transcription factors (TFs) in regulating plants' response to
abiotic stress has gained substantial support from a growing body of research. With the
pressing need to increase agricultural yields to feed a growing population amidst
escalating challenges of drought and salinity, understanding the mechanisms underlying
stress tolerance is paramount (S. Jha, 2019). Recent studies have shed light on the
contributions of specific WRKY TFs in conferring drought resistance in transgenic
Arabidopsis. For example, TaWRKY1-2D was found to enhance drought tolerance by
posttranslational regulation of TaDHN3 (Y. Yu et al., 2023). Furthermore, under drought
stress conditions, transgenic Arabidopsis expressing TaWRKYI-2D displayed
significantly elevated expression of stress response and antioxidant system genes,
including AtRD29A4, AtP5CS1, AtPOD1, AtCATI, and AtSOD (Cu/Zn) (Cu/Zn) (Y. Yu et
al., 2023). In another study, overexpression of SODWRKY45 in transgenic Arabidopsis
enhanced root development rates and germination rates under drought stress, suggesting
its potential role in sorghum's response to abiotic stress, particularly drought (BAILLO et
al., 2023). Similarly, in sorghum, SOPWRKY3(0 was found to regulate the drought stress
response gene SbRD19 through its binding to W-box elements in the SDRD19 promoter,
thereby improving drought tolerance by protecting plant cells from ROS damage (Yang
et al., 2020). In tomato, SIWRKYS81 played a crucial role in enhancing drought tolerance
by preventing the accumulation of H>O; and acting as a negative regulator of stomatal

closure (Ahammed et al., 2020).
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Increased resilience in transgenic Arabidopsis under salinity stress was caused by
the overexpression of PbWRKY40, which resulted in increased resilience, manifested by
improved germination rate, root development, chlorophyll content, and total organic acid
content, while exhibiting reduced electrolyte leakage, Na*/K" ratio, and MDA content
(Lin et al., 2022). Similarly, heterologous expression of DcWRKYI2 in yam (D.
composita) enhanced salt and osmotic stress tolerance by modulating antioxidant enzyme
activity, osmoregulatory substance content, ion homeostasis, and the expression of salt
stress-responsive genes (S. Yu et al., 2023). Furthermore, WRKY46 in Arabidopsis was
found to play a critical role in regulating lateral root development during osmotic/salt
stress, involving intricate interactions with ABA signaling and auxin homeostasis (Ding
et al., 2015). Additionally, IbWRKY47 in sweet potato (I[pomoea batatas) positively
regulated stress resistance-related genes, enhancing salt stress tolerance (Qin et al., 2020).
In Moso bamboo (Phyllostachys edulis), PeWRKY83 expression levels varied
significantly under abiotic stressors, and transgenic Arabidopsis overexpressing
PeWRKYS3 displayed improved tolerance to salt stress (M. Wu et al., 2017). Similarly,
DgWRKYS5 in Chrysanthemum showed increased expression in response to various
stressors, and its overexpression enhanced salt tolerance in transgenic plants (Liang et al.,
2017). On the other hand, overexpression of PcWRKY33 (Polygonum cuspidatum) and
CmWRKY17 (Chrysanthemum) in Arabidopsis increased salt sensitivity (Bao et al., 2018;
J.b. Lietal., 2015).

These studies collectively highlight the diverse roles of WRKY transcription
factors in modulating salt stress responses and tolerance in different plant species. The
findings underscore the complexity of WRKY-mediated regulatory networks and the
importance of species-specific responses in the context of salinity stress. Further research
is needed to elucidate the underlying molecular mechanisms and explore the potential

application of WRKY genes in improving salt tolerance in crop plants.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Equipment and Commercial Kits
3.1.1 Equipment
Equipment used in this study is listed below (in alphabetical order):

1. Autoclave sterilizer (Hirayama, Japan)

2. Agilent RNA 6000 Nano LabChip Kit and an Agilent 2100 Bioanalyzer
(Agilent Technologies, United States).

3. Centrifuge 5430R (Eppendorf, Germany)

4. DocuCentre-I1V 2060 scanner (Fuji Xerox, Japan)

5. EC meter (Themo Scientific, United States)

6. Field Emission Scanning Electron Microscope FEI Quanta FEG 650 (FEI,
USA)

7. Gel documentation system (Cambridge Scientific, United States)

8. Heat block SBH1300 (Cole Parmer, United States)

9. Incubator (Memmert, Germany)

10. Inductively coupled plasma mass spectrometry 7500 Single Turbo System
(Agilent Technologies, United States)

11. Laboratory refrigerator SJID226M (Sharp, Japan)

12. Liquid nitrogen Tank (Taylor Wharton, United States)

13. Micropipettes (Eppendorf, Germany)

14. Microscope CX23 (Olympus, Japan)

15. MilliQ Integral Water Purification System (Elga, United States)

16. Mini-rotator SCF-5 (DAIHAN Scientific, South Korea)

17. Nanophotometer Pearl (Implen, Germany)

18. Oven UNB400 (Memmert, Germany)

19. pH meter (Sartorius, Germany)
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20. QuantStudio™ 12k Flex system (Applied Biosystems, USA)

21. Shaking incubator LM-575D (Yihder, Taiwan)

22. Sputtering Hummer II (Tectonics, Springfield, United States)

23. Stereomicroscope TL3000 (Leica Microsystems, Wetzlar, Germany)
24. Thermocycler (Esco, Singapore)

25. Ultra Low Temperature Freezer (New Brunswick, USA)

26. Water bath (Being Instrument, China)

3.1.2 Commercial Kit

Commercial kits used in this study are listed below (in alphabetical order):

1. SYBR® Green Master Mix (Vanzyme, China)
2. Transcript® One-Step gDNA remover and cDNA synthesis Supermix

(TransGen Biotech, China).

3.2 Oligonucleotide Primers

Oligonucleotide primers used in this study were ordered from Integrated DNA

Technologies Pte. Ltd., Singapore and listed in Table 3.1.
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Table 3. 1: Oligonucleotide primers used in this study.

Primers Sequence (5°—3’) Length Function Locus ID

8F AGA GTT TGA 21 Amplification ~ Khan et al. 2016
TCC TGG CTC of 16S rRNA
AG gene

I510R GGC TAC CTT 16 Amplification ~ Khan et al. 2016
GTT ACG A of 16S rRNA

gene

MaWRKY4F GGA TAG GGC 21 qPCR GSMUA_Achr10G
AGG CGA TTIT 06060 _001
ATT

MaWRKY4R ATT AGG GTC 18 qPCR GSMUA_Achr10G
GCA GAT CAG 06060 _001

MaWRKY23F GAC GGT GCC 20 qPCR GSMUA_Achr6G2
CTT GTC TTA 2160 001
TT

MaWRKY23R  GAC TCT AGC 22 qPCR GSMUA_Achr6G2
CTA TGA AGC 2160 001
TGT G

MaWRKY24F TTC AGT GGT 21 qPCR GSMUA_Achr8G0
ATC AGC CAA 1790_001
GTC

MaWRKY24R  GAC TTC AAC 23 qPCR GSMUA_Achr8G0

CTT TCC AAG

CTT AC

1790 001
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Table 3.1 continued

Primers Sequence (5°—3°) Length Function Locus ID

MaWRKY25F CCT AAT GGA 22 qPCR GSMUA_Achr6G3
CAC CTC CTC 2720 001
ATAC

MaWRKY25R CAT CAT GGA 21 qPCR GSMUA_Achr6G3
CCA CAC CAA 2720 001
ATC

MaWRKY28F CAG AAG ATG 20 qPCR GSMUA_Achr3G3
GCG AAG GGA 1130
AA

MaWRKY28R  CAC ACC GCT 20 qPCR GSMUA_Achr3G3
GAA CTT GTT 1130
TG

MaWRKY45F CGA AGA GAG 22 qPCR GSMUA_Achr4G2
GAA CGA GGA 0600
ATTT

MaWRKY45R  GGC CTA ACC 20 qPCR GSMUA_Achr4G2
ATG GAC TTC 0600
AC

MaWRKY65F GAG AAG CAT 22 qPCR GSMUA_Achr6GO0
GTC AGG GAA 7620
GAT G

MaWRKY65R CGG ACT TGG 21 qPCR GSMUA_Achr6GO0

AAG GAG CTA

ATC

7620
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Table 3.1 continued

Primers Sequence (5°—3°) Length Function Locus ID

MaWRKYS89F GTG CAG AGA 20 qPCR GSMUA_Achr7G1
AGT GCA GAA 9340
GA

MaWRKYS89R CTG CTC CCT 20 qPCR GSMUA_Achr7G1
GTG AAA GAT 9340
GT

MaWRKYI145F GGA GAC GCA 20 qPCR GSMUA_AchrUn_
AAG AAC GAG randomG21800
AT

MaWRKYI45R TCG AGT TTG 23 qPCR GSMUA_Achr8G0
GAA GGC ATA 1790 001
GC

3.3 Sample Collection

Soil samples from the rhizosphere and plant roots were acquired using a sterile
scoop and subsequently deposited into sterile plastic containers from three locations
within the mangrove forest on Carey Island, Selangor. Each container was properly
labeled with information including the sampling location and date. These sites are situated
on Peninsular Malaysia western coast (2°86'05"'N, 101°36'58"E). To conduct the visit to
the area and collect samples, formal permission was secured in advance from both the
local district office in Selangor, Malaysia and the Forest Department of Peninsular

Malaysia. The identification of mangrove tree species at each sampling site was
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conducted by observing the morphology of propagules, leaves, and flowers with reference
to online resources provided by Wetlands International (https://indonesia.wetlands.org).
A Botanist expert from University of Malaya, Institute of Biological Sciences further
validated the identification (Fig. 3.1). In order to evaluate the salinity levels, soil samples
were extracted from the rhizosphere of mangrove plants at three designated sites. The
analysis encompassed measurements of electrical conductivity (EC) and soil pH, carried
out using an electrical conductivity meter and a pH meter, respectively. The mangrove
tree species identified at the sampling sites were Rhizophora apiculata (site 1), Avicennia
alba (site 2), and Sonneratia alba (site 3). All collected samples were carefully transferred
into sterile plastic containers, labeled, and transported to the Molecular Biology Facility
at the Centre for Research in Biotechnology for Agriculture (CEBAR) at University of

Malaya. Upon arrival, the samples were stored at 4°C until further experiment.
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Figure 3. 1: Mangrove plants at Carey Island, Selangor: 1. Avicennia alba (A) leaves,
(B) roots, (C) flowers; 2. Sonneratia alba (D) tree, (E) plant with root, (F) fruit; 3.

Rhizophora apiculata (G) plant, (H) roots (I) propagules
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3.4 Isolation of bacteria

3.4.1 Rhizobacteria Isolation

All culture media used in this study and media composition are listed in Appendix
A. Rhizobacteria were isolated from the rhizosphere soil samples following a modified
protocol based on Komaresofla et al. (2019). One gram of rhizosphere soil was suspended
in 100 ml phosphate-buffered saline (PBS). The soil suspension was then serially diluted
in PBS, with 10-fold dilutions up to 10°. Each dilution (100 ul) was plated on Luria
Bertani (LB) agar medium for 24 h at 28°C. Morphologically distinct colonies were
isolated and obtained as pure cultures using the traditional streak plate technique. Colony
morphology, including pigmentation, shape, size, appearance, elevation, margin, texture,
and opacity, was recorded for each isolate. Gram staining and microscopic observation at
1000x magnification were performed to assess the cellular morphology. A 30% (v/v)

glycerol stock was prepared for long-term storage of all rhizobacterial isolates at -80°C.

3.4.2 Endophytic Bacteria Isolation

The isolation of endophytic bacteria from mangrove plant roots were conducted
following the methodology described by Sun et al. (2008). The roots were washed to
remove adhered soil and subjected to surface sterilization using a series of treatments: 3
min with 70% ethanol, 20 sec with 35% hydrogen peroxide, and another 30 sec with 70%
ethanol. The roots were then washed five times with sterile water for 2 min each time. To
check for the presence of any colonies, the final washed solution (200 pul) was spread on
LBA plates and incubated for 120 h at 28°C. Surface-sterilized roots (1 g) were macerated
in 10 ml PBS using a sterilized mortar and pestle, and 10-fold serial dilutions were
prepared up to 10”. Aliquots of 100 pl from each dilution were plated on LBA agar.
Morphologically distinct colonies were isolated on LBA plates, and pure cultures were

obtained for each isolate. Gram staining and microscopic observation were performed to
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examine the cellular morphology. Colony morphology, including shape, appearance, size,
elevation, pigmentation, texture, opacity, and margin, was recorded for each isolate. To

maintain pure culture, a 30% (v/v) glycerol stocks was prepared and kept at -80°C.

3.5 Salt Tolerance Assay

To evaluate the salt tolerance of the endophytic and rhizobacterial isolates, a salt
tolerance test was conducted utilizing aquarium sea salt (calcium, magnesium and
bicarbonates) (Red Sea, China) as a surrogate to replicate the salinity levels found in
seawater. The experimental procedure followed a modified protocol based on
Komaresofla et al. (2019). Each endophytic and rhizobacterial isolate was subjected to
individual assessment of salt tolerance. Agar medium (LB) was prepared and treated with
aquarium sea salt in quantities ranging from 50, 100, 150, 300, 350 mM to 400 mM sea
salt. The plates were incubated for a period of 24 h at 28 + 2°C to allow for bacterial
growth and development. The growth of the bacterial isolates on the agar plates was
examined to determine their tolerance to varying salinity levels. The ability of the isolates
to grow and form colonies on the agar plates indicated their tolerance to the respective

salt concentrations.

3.6 In Vitro Assessment of Bacteria for Plant Growth-Promoting Traits

The bacterial isolates that demonstrated growth on LB agar supplemented with
400 mM aquarium sea salt concentration were selected for further evaluation of their plant
growth-promoting traits. The following traits were assessed: siderophore, ACC

deaminase activity, nitrogen fixation, phosphorus solubilization, and IAA production.
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3.6.1 Nitrogen Fixation Activity

To assess the nitrogen fixation activity of the bacterial isolates, the method
described by Jensen (1954) was followed. Pure cultures of the bacterial isolates were spot-
inoculated onto nitrogen-free Jensen's medium. The plates were then incubated at 28°C
for 72 h. Bacterial isolates that showed visible growth on the nitrogen-free medium were

considered capable of fixing atmospheric nitrogen.

3.6.2 Phosphate Solubilizing Activity

On Pikovskaya's (PVK) agar medium, pure cultures of the bacterial isolates were
spot-inoculated and incubated for 120 h at 28 + 2°C (Paul & Sinha, 2017). The formation
of a clear halo zone surrounding the bacterial colonies was measured to calculate the
phosphate solubilization index (PSI). The PSI is calculated as the ratio of the total

diameter (colony + halo zone) to the colony diameter that was determined as:

Colony diameter+halozone diameter

Phosphate solubilization index (PSI) =

3.1)

Colony diameter

Subsequently, colorimetric technique was used to quantitatively analyze the
solubilization of phosphate. Pure cultures of the bacterial isolates were inoculated into
PVK broth with 1 ml 0.5 g Caz(POas)> as the insoluble phosphate source. The cultures
were incubated for 4 days at 28°C under 150 rpm on a shaker. After incubation, the
bacterial cultures were centrifuged for 30 min at 15,000 rpm and 4 °C. Filter-sterilized
supernatant (1 ml) was combined with 45 ml of distilled water, 10 mL of chloromolibdic
acid, and 1 ml of the supernatant. A spectrophotometer (Implen, Germany) was used to
measure the solution's absorbance at 587 nm after it had been incubated in the dark for
30 min. Standard solution was prepared by dissolving 0.2195 g of KH>POy4 in 1L water to

get 50 pg mL! solution. Further dilutions (2, 4, 8, 12, 20, 30 ug mL!") were made to get
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standard curve of KH>PO4.The standard KH>PO4 curve was used to calculate the amount
of soluble phosphate.
Strains that exhibited nitrogen fixing and phosphate solubilization activities were

selected for analysis of the remaining growth-promoting traits.

3.6.3 IAA Production

The assessment of IAA production by the bacterial isolates was conducted
following the methodology outlined by Gordon and Weber (1951). The bacterial isolates
were first incubated in 10 mL of LB broth for 24 h at 28 °C at 120 rpm. Once transferred,
1 mL of the culture was incubated for 48 hours at 28 °C and 120 rpm in Tryptic soy broth
(TSB) medium with 1 mL of tryptophan (5 mM) added as a supplement. After specific
time intervals (12, 24, and 48 hours), the amount of IAA produced was measured. The
bacterial cultures were centrifuged at 10,000 rpm at 4 °C for 10 min, and 1 mL of the
supernatant was combined with 2 mL of Salkowski's reagent to measure the generation
of IAA. The mixture was vortexed and incubated in the dark for 30 min at 28 + 2°C. Pink
color emergence indicated IAA production. A spectrophotometer (Implen, Germany) was
used to measure the solution's absorbance at 530 nm. IAA was quantified as pg mL™! and

its concentration of IAA was determined from a standard curve (Yousef, 2018).

3.6.4 Siderophore Production

Following the protocol outlined by Schwyn and Neilands (1987), the production
of siderophore from selected bacterial isolates was determined. Pure cultures for the
bacterial isolates were spot-inoculated on Chrome-azurol S (CAS) agar plates, and
uninoculated plates served as negative controls. After 5 days of 28°C incubation, an

orange halo zone formed surrounding the bacterial colonies on the plates.
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The bacterial isolates were cultured at 28°C for 48 h and 120 rpm for the
quantitative evaluation of siderophore production. Following a 10-min centrifugation of
the bacterial cultures at 10,000 rpm, 1 mL of the supernatant was mixed with 1 mL of
CAS reagent. A spectrophotometer (Implen, Germany) was used to measure the mixture's
absorbance at 630 nm after it had been incubated for 20 min. The percentage of
siderophore units (PSU) produced by the bacterial isolates was calculated using the

formula (Payne, 1993):

Ar—As

r

% of siderophore units = x 100 (3.2)

Ar represent the absorbance of the reference (CAS solution and uninoculated broth), and

As for the sample (CAS solution and cell-free supernatant).

3.6.5 ACC Deaminase Activity

To evaluate the ACC deaminase activity of the bacterial isolates, a standard
protocol based on Dworkin and Foster (1958) was followed. Pure cultures of the bacterial
isolates were spot inoculated on Dworkin and Foster (DF) agar medium. As a viability
control, plates with DF medium supplemented with an alternate nitrogen source, such as
(NH4)2SO4 were used. The plates were then incubated at 28°C for 72 h. Bacterial isolates
that showed visible growth on plates supplemented with ACC as the sole nitrogen source
were considered capable of using ACC for growth. The quantitative estimation of ACC
deaminase activity was determined by measuring the production of a-ketobutyrate and
ammonia resulting from the enzymatic cleavage of ACC. This was accomplished using
the standard protocol described by Penrose and Glick (2003). The following steps were
followed: The bacterial isolates were incubated in 5 mL of TSB medium at 28°C for 24
h at 120 rpm. The bacterial cultures were then centrifuged for 5 min at 8000 rpm to

separate the cell pellet. The cell pellet was suspended in 2 mL of DF medium with 3 mM
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ACC after being washed twice in 1 mL of 0.1 M Tris-HCI (pH 7.5). The suspension was
cultured in an incubated at 28°C for 48 h and 120 rpm. Following the incubation period,
the bacteria were separated by centrifugation for 10 min at 3000 rpm and were then
resuspended in 500 pL of 0.1 M Tris-HCI (pH 8.5). To facilitate cell lysis, toluene 5%
(v/v) was added to the suspension, followed by vertexing and homogenization for 30 sec.
A microcentrifuge tube containing 50 pL of lyzed cell suspension and 5 pL of 0.3 mM
ACC was incubated at 28°C for 30 min. A negative control without ACC and a blank
containing 50 pL of 0.1 M Tris-HCI (pH 8.5) with 5 uL of 0.3 M ACC were also prepared.
After incubation, the samples were mixed with 500 pL of 0.56 N HCI, and the cell debris
was separated by centrifugation for 5 min at 12,000 rpm. A 500 pL aliquot of the
supernatant was transferred into a glass test tube and mixed with 400 puL of 0.56 N HCI
and 150 pL of DNF solution. The mixture was incubated at 28°C for 30 min, and then 1
mL of 2N NaOH was added. The absorbance of the mixture was measured at 540 nm.
The quantity of a-ketobutyrate was estimated by comparing it with a standard curve of a-

ketobutyrate.

3.7 16S rRNA Gene Amplification and Analysis

To determine the identity of bacterial isolates that exhibited nitrogen fixation and
phosphate solubilization activities, the 16S rRNA gene analysis was performed. The
CTAB method described by Russell and Sambrook (2001) was used to extract genomic
DNA from the bacterial isolates. The extracted genomic DNA served as the template for
PCR amplification of the 16S rRNA gene. Universal primers 8F (5'-
AGAGTTTGATCCTGGCTCAG-3") and 1510R (5'-GGCTACCTTGTTACGA-3') were
used for the PCR amplification. PCR amplification was performed in 25 pL reaction
containing 1X buffer, 1.5 mM MgClz, 0.12 mM of dNTPs mixture, 0.3 uM of each

primer, 1 U Taq polymerase, and 10 ng of template. The thermal cycling program
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included an initial denaturation at 94°C for 4 min, followed by 35 cycles of denaturation
at 94°C for 0.5 min, annealing at 55°C for 1 min, and extension at 72°C for 2 min,
concluding with a final extension step at 72°C for 10 min. The PCR reaction was carried
out in a Thermocycler (Esco, Singapore). Subsequently, the PCR products were subjected
to gel electrophoresis on a 1% agarose gel for separation. To purify the PCR products,
the GFXtm PCR DNA and Gel Band Purification Kit from Amersham Pharmacia
Biotech, Inc. (NJ, USA) was employed. The purified PCR products were then sent to
Apical Scientific Sdn Bhd in Selangor, Malaysia, for commercial Sanger sequencing. The
obtained raw sequence data from Sanger sequencing were subjected to analysis and
assembled to form 16S rRNA gene sequences using the Molecular Evolutionary Genetic
Analysis (MEGA) software version 7.0 (S. Kumar et al., 2016). Ambiguous nucleotides
were trimmed, and the forward and reverse strands were assembled at the overlapping
regions. The assembled 16S rRNA gene sequences were compared against the NCBI and
EzBioCloud databases using BLAST (Basic Local Alignment Search Tool) to determine
closely related neighbor taxa for each bacterial isolate. The 16S rRNA gene sequences of
these neighbor taxa were obtained and aligned using ClustalW (Larkin et al., 2007). The
aligned 16S rRNA gene sequences were used to construct phylogenetic trees using the
neighbor-joining (NJ) method in the MEGA7 program (Saitou & Nei, 1987). The
robustness of the phylogenetic inference was estimated by performing 1000 bootstrap
replicates (Felsenstein, 1985). The 16S rRNA gene sequences of the selected bacterial
strains were submitted to GenBank (http://www.ncbi.nlm.nih.gov), and the accession

numbers were listed in Table 4.2.
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3.8 In Vivo Root Colonization of Banana Plantlets By PGPB

3.8.1 Selection of Rhizobacteria and Endophytic Bacteria for Root Colonization
For the banana root colonization study, bacterial strains RB1, RB3, and RB4, as
well as endophytic strains EB1, EB2, and EB3, were selected. The selection criteria for
these strains were their demonstrated high salt tolerance, reaching up to 400 mM, as well
as their possession of plant growth-promoting traits. After isolating bacterial colonies,
purification was performed using streak plates to obtain individual isolates (Komaresofla
et al. (2019). These isolates were then subjected to various tests, including morphology
assessment, gram staining, salt tolerance, and 16S rRNA gene sequencing. To distinguish
between different strains, isolates showing identical results across all the tests were
considered to belong to the same strain. On the other hand, isolates displaying differences
in any of these tests were regarded as different strains. Thus, RB1, RB3, and RB4, as well
as EBI1, EB2, and EB3, were identified as distinct bacterial strains. It is important to note
that the taxonomy of bacteria in the isolation process progresses from isolates to strains,
species, genus, family, order, class, phylum, and kingdom. Therefore, in this study, the
selected strains RB1, RB3, RB4, EBI, EB2, and EB3 represent different bacterial

populations with unique traits and characteristics.

3.8.2 Inoculum Preparation

To prepare the inoculum, six selected PGPB strains were utilized, including three
rhizobacteria (RB1, RB3, and RB4) and three endophytic bacteria (EB1, EB2, and EB3).
Overnight cultures of these strains were prepared in LB broth at 28°C at 125 rpm. A
spectrophotometer (Implen, Germany) was used to measure the optical density (ODsoo)
at the growth phase of the bacterial cultures. Centrifugation for 5 min at 7,000 rpm was
used to separate the bacterial cells. The resulting cell pellets were washed twice with PBS

solution. The pellets were resuspended in a liquid medium known as 2 Murashige and
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Skoog (MS) at (pH 5.8) to obtain a concentration of 1 x 10° colony-forming units (CFU)

per mL, as described by Mia et al. (2010).

3.9 Plant Treatments to Study Colonization of Banana Roots

Clonally propagated banana plantlets (Musa acuminata cv. Berangan) were
obtained from the Plant Biotechnology Incubator Unit (PBIU) at the University of
Malaya. Plantlets of similar heights, approximately ranging between 10 and 10.5 cm,
were carefully chosen for the root colonization and salt stress experiments. To allow for
acclimatization and ensure uniform growth conditions, the plantlets were placed in clear
plastic cups with a diameter of 10 cm. These cups contained a half-strength MS
(Murashige and Skoog) broth solution at a pH of 5.8. (Fig. 3.2). The acclimation was
conducted in a growth room at 25°C, 70% relative humidity (RH), and a 16-hour light/8-
hour dark photoperiod provided by fluorescent white light (40 W). A photoperiod of less
than 12h is associated with slowing the growth of banana (Turner et al., 2007) the longer
photoperiod used here was due to standard settings for other plant experiments in the
room. Following the acclimation period, the hydroponic banana plantlets were treated by
adding 1 mL of freshly prepared bacterial suspension solution. The inoculated plants were
compared against control plants grown in non-inoculated medium. All treatments were

conducted in triplicate.
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Figure 3. 2: Experimental setup for root colonization study of banana plantlets with

(a) RB1, (b) RB3, (c) RB4, (d) Control, (e¢) EB1, (f) EB2, (g) EB3, (h) Control

3.10 Microbial Root Colonization Analysis by Field Emission Scanning Electron
Microscopy (FESEM)

At 72 hours post-bacterial inoculation, samples were obtained from distinct
sections of the banana roots, including the root cap, elongation zone, and root hairs. These
root sections were carefully rinsed with distilled water to remove any residual medium.
Using a sterile razor blade, individual root sections were precisely excised and affixed
onto a brass stub using a 2.5% glutaraldehyde adhesive. The samples were then
dehydrated using a graduated ethanol series. Subsequently, they were washed with
acetone following the protocol described by Gamez et al. (2019). To facilitate imaging, a
thin layer of gold coating was applied to the root specimens using a sputtering Hummer

IT (Tectonics, Springfield, VA). The field emission scanning electron microscopy
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(FESEM) analysis was performed at the Infra Analytical Laboratory located at the

University of Malaya.

3.11 Hydroponic Salt Stress Treatments of Banana Plantlets

To simulate seawater conditions and investigate the effects of the six selected
PGPB isolates on banana plantlets under salt stress, aquarium salt (Red Sea, China) was
utilized. These study involved three rhizobacteria (RB1, RB3 and RB4) and three
endophytic bacteria (EB1, EB2 and EB3). The methodology, with slight modifications
based on Patel et al. (2019), involved diluting the aquarium sea salt to create a 90 mM
salt solution equivalent to NaCl concentration. The banana plantlets were divided into
four treatment groups: (i) non-inoculated banana plantlets as non-stressed controls (C),
(i1) non-inoculated banana plantlets subjected to salt stress (CS), (iii) PGPB-inoculated
plantlets without salt stress (PGPB), and (iv) PGPB-inoculated plantlets under salt stress
(PGPBS). The experimental setup followed a completely randomized design with ten
replicates, consisting of ten plants per treatment group. The plants were harvested for
morpho-physiological studies after 7 days of treatment, and selected plantlet materials
were quickly frozen in liquid nitrogen and kept at -80°C for future biochemical

investigations.

3.12 Consortium Selection
3.12.1 Microorganisms Used and Culture Condition

The Gram-positive strain Bacillus sp. RB3 (MZ881955) and the Gram-negative
strain Pseudomonas sp. EB3 (MZ881952) were isolated from the root of the mangrove
plant species Sonneratia alba. To prepare the bacterial consortium, each bacterial strain
was individually grown in 150 ml of LB broth for 24 h at 28 °C and 125 rpm. After

incubation, the bacterial cultures were centrifuged at 6000 rpm for 6 min to collect the
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cell pellets. The cell pellets were then washed with a saline solution and suspended in
distilled water containing 2% glycerol. The concentration of the bacterial suspension was
adjusted to 108 CFU/ml. The individual cultures were combined in a 1:1 ml ratio to create
the consortium, which was then stored at 4 °C until further use. These strains were
selected based on their ability to fix nitrogen, solubilize phosphate, produce siderophores,
possess ACC-deaminase activity, and alleviate salt stress in a preliminary hydroponic
study conducted on Musa acuminata cv. Berangan. For routine maintenance, both
Bacillus sp. RB3 and Pseudomonas sp. EB3 were cultured in LB medium at 28°C. Long-
term preservation was achieved by storing them in 30% (v/v) glycerol stocks under -80°C.

For the Fusarium oxysporum f. sp. cubense tropical race 4 isolate (Foc-TR4) strain
CIHIR 9889, a spore suspension was prepared prior to plant infection. A volume of 500
ml of Potato Dextrose Broth (PDB) was used to incubate the Foc-TR4 culture for 5 days
at 28 °C and 125 rpm. After the incubation period, the spore suspension was separated
from the culture using sterile cheesecloth. The spores were then resuspended in PDB to
achieve a concentration of 10° conidia per mL, following the procedure outlined by Li et
al. (2017). This strain was routinely maintained in potato dextrose medium at 28°C and

preserved long term 30% (w/v) glycerol stocks under -80°C.

3.13 In Vitro Assessment of Antagonistic Activity of Bacterial Strains

To assess the antagonistic activity of Bacillus sp. RB3 and Pseudomonas sp. EB3
against Foc-TR4, a dual culture method was used on potato dextrose agar (PDA) plates.
The procedure followed the method described by Skidmore and Dickinson (1976).
Control plates without bacterial inoculation were also prepared for comparison. The PDA
plates were inoculated with Foc-TR4 and the bacterial strains, ensuring a suitable distance
between the fungal mycelium and bacterial colonies. The plates were then incubated for

7 days under optimal conditions. During this period, the growth of the fungal mycelium
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and the bacterial colonies were monitored. After incubation, the diameter of the fungal
mycelium (FG) growing on the antagonistic plates and the diameter of the fungal
mycelium (CG) growing on the control plates were measured. Using these measurements,
the percentage inhibition of fungal colony growth was calculated using 68ollowingg

formula:

% inhibition = [ 1— 2| x 100 (3.3)

Where FG; diameter (mm) of fungal mycelium growing on antagonistic plates and CG;

diameter (mm) of fungal mycelium growing on control plates.

3.14 Greenhouse Experiments

3.14.1 Plant Materials

One-month-old clonally propagated banana (Musa acuminata cv. Berangan)
plantlets were procured from Horus Green Sdn Bhd and maintained at the Plant Biotech
Facility, University of Malaya, Malaysia. The plantlets were acclimatized in autoclaved
soil for one week, and plantlets of similar height (10-10.5 cm) were selected for the

subsequent experiments.

3.14.1.1 Experimental Design for Salt Stress Treatments

To simulate salt stress, aquarium sea salt was used to prepare a solution with a
concentration of 100 mM (equivalent to NaCl). The experimental setup included four
treatment conditions, each with ten replicates: (i) non-inoculated and non-salt-stressed
control. (ii) Non-inoculated and salt-stressed with 100 mM solution. (iii) Inoculated with
the PGPB consortium (EB3+RB3) and non-salt stressed. (iv) Inoculated with the PGPB
consortium (EB3+RB3) and salt-stressed with 100 mM solution. Inoculation with the
bacterial consortium was done by adding 50 ml of the PGPB consortium (at a

concentration of 108 CFU/ml) near the plant stem in each pot. One week after inoculation,
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salt treatment was performed on alternate days for two weeks by watering the pots with
100 ml of the 100 mM sea salt solution. Non-salt-treated samples were watered with an
equivalent amount of distilled water. Subsequently, the plants were allowed to recover
for two weeks by watering them with 50 ml of distilled water every alternate day. After
the two-week recovery period, the plants were harvested. The pots were arranged in a
completely randomized design, and the harvested samples were either used immediately

or rapidly frozen in liquid nitrogen and stored at -80 °C.

3.14.1.2 Experimental Design for Foc-TR4 Treatments

To investigate the ability of the PGPB consortium (EB3+RB3) to promote
resistance against Foc-TR4 stress, four treatment conditions were implemented, each with
ten replicates: (i) Non-inoculated (no PGPB and no Foc-TR4). (ii) Foc-TR4 inoculated
only. (iii) EB3+RB3 inoculated only. (iv) EB3+RB3 with Foc-TR4 inoculated.
Inoculation of the PGPB consortium (treatments iii and iv) involved adding 50 ml of the
consortium (at a concentration of 103 CFU/ml) to each pot. For treatments i and ii, plants
of the same size and age were grown under the same conditions for one week. After one
week, plants with uniform height were selected, and their roots were cut to a standardized
length of 10 cm. Subsequently, the roots were soaked either in 50 ml of (10° conidia per
mL) Foc-TR4 suspension for 30 min (Foc-TR4 treatment groups ii and iv) or in 50 ml
distilled water for 30 min (non-Foc-TR4 treatment groups i and iii). Plant harvest was
performed at 4 and 6 weeks after the pathogen challenge. The pots were arranged in a
completely randomized design, and the harvested samples were either used immediately

or rapidly frozen in liquid nitrogen and stored at -80 °C.
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3.14.2 Disease Severity Assessment

The disease severity of the plants was assessed at 4 and 6 weeks after inoculation
using a method described by W. Li et al. (2015). The banana roots and stalks were
dissected at cross-sections to examine both internal and external symptoms of each plant,
which were used to assign scores for determining the disease index values. The scoring
criteria for external symptoms were as follows: 0: Healthy plant showing no wilting or
yellowing. 1: Plant with yellowing of the lower leaves. 2: Plant with yellowing of the
upper leaves. 3: Plant with yellowing of most of the leaves. 4: Plant with severe wilting
or dead plant. The internal symptoms were scored based on the extent of necrosis or lesion
on the rhizome using the following scale: 0: No symptoms. 1: 1-10% lesion area in the
rthizome. 2: 11-30% lesion area in the rhizome. 3: 31-50% lesion area in the rhizome. 4:
More than 50% lesion area in the rhizome. The disease index values were calculated using

the following formula:

(grade x no of plants in the grade)

Disease index (%) = [Z ] x 100 (3.4)

(4 x total no of plants assessed)

3.15 Analysis of Plants

A schematic representation of the experimental flow is show in the results (Fig. 4.9 and

Fig. 4.20)

3.15.1 Assessment of plant growth parameters
The plant height, number of leaves, root length and weight were recorded for each

plant after harvesting.

3.15.2 Determination of Photosynthetic Pigments
To determine the photosynthetic pigment content in banana leaves, the following method,
proposed by Inskeep and Bloom (1985) was followed. First, 200 mg of banana leaves were

homogenized in 2 mL of pre-chilled 100% N, N-dimethylformamide (DMF) in the dark for 2 h.
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The solution was then centrifuged for 10 min at 13,000 rpm. The supernatant was collected and
thrice diluted. A spectrophotometer (Implen, Germany) was used to record absorbance of the
diluted supernatant at three different wavelengths: 663 nm, 645 nm, and 480 nm. The Chl a, Chl

b and carotenoid contents were estimated using the following formulae:

Chl a = 12'25A663.2 - 2'78A646.8 (mg mL_l SOluthH) (3.5)
Chl b = 21'50A646.8 - 5'10A663.2 (mg mL_l SOlutlon) (3.6)
Total carotenoids = 1000A,,, — 1.82Ca — 85.02 Cb (mg mL™! solution) (3.7)

1000A,70—1.82Ca—85.02Cb (mg mL~1solution)
198

Total carotenoids = (3.8)

A represents absorbance measured in 1.00 cm cuvettes and Chl = mg L.

3.15.2 Cell Death Determination

The protocol outlined by Qin et al. (2017) was employed to assess cell death in
the banana leaves using Evan's blue stain. Banana leaves were stained with a 0.2% (w/v)
Evan's blue stain for 16 h at 25°C. Following staining, the leaves were properly rinsed
with distilled water to eliminate any remaining pigment after staining. Chlorophyll
interference was eliminated by subjecting the leaves to a bleaching solution composed of
methanol, acetic acid, and glycerol in a ratio of 3:2:1. After blotting the leaves dry, digital
scanning was performed with a DocuCentre-IV 2060 scanner (Fuji Xerox, Japan) to

capture the stained regions.

3.15.3 Determination of Lipid Peroxidation

Lipid peroxidation levels were assessed following the method outlined by Draper
and Hadley (1990). Banana leaves (200 mg) were homogenized in 2 mL of'a 0.1% (w/v)
trichloroacetic acid (TCA) solution. The homogenate was then centrifuged at 4°C and
13,000 rpm for 15 min. Then, 2 mL of a 0.5% (w/v) thiobarbituric acid (TBA) solution

made in 20% (w/v) TCA was added to 500 pL of the supernatant. After 30 minutes of
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incubation at 95°C in a water bath, the mixture was immediately cooled on ice to
terminate the reaction. A spectrophotometer (Implen, Germany) was used to measure the
absorbance of the resultant supernatant at 450 nm, 532 nm, and 600 nm after
centrifugation for 5 min at 10,000 rpm. The concentration of malondialdehyde (MDA),
an indicator of lipid peroxidation, was determined using a molar extinction coefficient of

155 mM*! ecm™.

3.15.4 Determination of Proline Content

The protocol outlined by Bates et al. (1973) was followed to determine the proline
content of banana leaves. A total of 200 mg of banana leaves were homogenized in 2 mL
of 3% sulfosalicylic acid. A Sulfosalicylic acid was used to bring the homogenate's
volume to 10 mL after centrifugation for 15 min at 4 °C and 13,000 rpm. For the reaction,
2 mL of the homogenate was combined with 2 mL of glacial acetic acid and 2 mL of
ninhydrin reagent, and the mixture was incubated in a water bath at 100 °C for 30 min.
After cooling to room temperature, 6 mL of toluene was added to the reaction mixture
and vortexed. A spectrophotometer (Implen, Germany) was used to measure the solution's

absorbance at 570 nm.

3.15.5 Determination of Ion Content

The concentration of Potassium (K"), Sodium (Na*), Calcium (Ca?*), Chloride
(CI), and Magnesium (Mg") in banana leaves were analyzed using the methodology
described by Zou et al. (2015). Banana leaves weighing 200 mg were rinsed with distilled
water and dried for 48 h at 65°C. The dried tissue was then crushed into a powder and
added to test tubes containing 1 ml of HNO3. The mixture was incubated in a water bath
at 95°C for 4 h. After cooling to room temperature, 1 ml of H>O> was added to each tube,

and the mixture was boiled for 10 min at 100°C. The final volume of the sample was

72



adjusted to 10 ml with distilled water. Inductively coupled plasma mass spectrometry

(ICP-MS 7500 Single Turbo System) used to examine the ion content of the sample.

3.15.6 Determination of Electrolyte Leakage

The methodology outlined by Lata et al. (2011) was followed to determine the
electrolyte leakage. Banana leaves weighing 200 mg were rinsed with distilled water to
remove any surface-adhered electrolytes. The initial electrical conductivity of the leaves
(L1) was measured after incubating the leaf samples in closed tubes containing 10 ml of
distilled water at 25 °C for 2 h. The samples were then subjected to a 20-min incubation
in a water bath at 95 °C to release all the electrolytes. After cooling the samples back to
25 °C, the final electrical conductivity (L2) was measured. The electrolyte leakage (EL)

was calculated using the formula:
L1
Electrolyte leakage (%) = (E) x 100 (3.9)

L1 represent the leaves initial conductivity prior to incubation and L2 denotes thier final

conductivity following incubation.

3.15.7 Reactive Oxygen Species and Scavenging Enzyme Activity Analysis

For enzyme extraction, the procedure was carried out according to methods
described by (Fung et al., 2019) with modifications. 200 mg of banana leaves were
homogenized in a mixture containing 1% polyvinylpyrrolidone (PVP), 100 mM
ethylenediaminetetraacetic acid (EDTA), and 100 mM phosphate buffer (pH 7). The
homogenate was then centrifuged at 12,000 rpm for 15 min at 4°C to separate the cellular
debris and obtain the supernatant containing the extracted enzymes. The collected
supernatant was used for the determination of enzyme activities involved in scavenging

ROS or other relevant enzymatic assays.
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3.15.7.1 Hydrogen peroxide (H20>)

To determine the level of H,O., the methodology outlined by Sagisaka (1976) was
employed. Banana leaves (200 mg) were homogenized in 5 mL of 5% TCA. After that,
the homogenate was centrifuged for 10 min at 13,000 rpm. 20 mL of potassium
thiocyanate, 40 mL of ferrous ammonium sulfate, and 40 mL of 50% TCA were added to
the resultant supernatant. A spectrophotometer (Implen, Germany) was used to measure

the reaction mixture's absorbance at 480 nm.

3.15.7.2 Catalase (CAT)

The Aebi (1984) procedure was used to determine the level of CAT activity. A 3
mL reaction mixture containing 3.2 mM H>O» in 50 mM phosphate buffer (pH 7.0) was
added to 100 pL of the enzyme extract. The decomposition of H>O> was monitored by
measuring the decrease in absorbance at 240 nm over a period of one min. Using an
extinction coefficient of 36 M™! cm™!, the CAT activity is expressed as millimoles of H,O»

decomposed per minute per milligram of protein.

3.15.7.3 Superoxide Dismutase (SOD)

The procedure outlined by Gupta et al. (1993) was employed to assess SOD
activity. A 3 mL reaction mixture comprising 63 uM NBT, 50 mM phosphate buffer (pH
7.8), 13 uM methionine, and 1.3 pM riboflavin was added to 100 pL of the enzyme extract
in total. The increase in absorbance at 560 nm, brought on by the photoreduction of NBT
into formazan blue, was measured following al0 min exposure of the reaction mixture to
30 V of white, fluorescent light. The SOD activity was calculated as the amount of
enzyme necessary to inhibit NBT photoreduction by 50%, which is equal to one unit of

SOD.
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3.15.7.4 Ascorbate Peroxidase (APX)

For the determination of ascorbate peroxidase (APX) activity, the methodology outlined
by Nakano and Asada (1981) was employed. A total of 100 pL of the enzyme extract was added
to a 3 mL reaction mixture consisting of 1 mM H>0, 50 mM phosphate buffer (pH 7.5), and 0.8
mM ascorbate. The oxidation of ascorbate was monitored by measuring the decrease in
absorbance at 290 nm over a period of one min. Using an extinction coefficient of 2.8 M~ cm™!,
the APX activity was calculated as micromoles of ascorbate oxidized per minute per milligram

of protein.

3.15.7.5 Glutathione Reductase (GR)

To determine the activity of GR, the method described by Smith et al. (1989)was
followed. A total of 100 pL of the enzyme extract was added to a 1 mL reaction mixture
containing 1 mM oxidized glutathione and 2 mM NADPH. Over a one-minute period, the
decrease in absorbance at 340 nm was measured. GR activity was calculated based on the
rate of NADPH oxidation and expressed as micromoles per minute per milligram of

protein.

3.15.7.6 Peroxidase (POX)

For the assessment of POX activity, the procedure outlined by Kar and Mishra
(1976) was utilized. A total of 100 pL of the enzyme extract was added to a 3 mL reaction
mixture consisting of 100 mM phosphate buffer, 0.50% (w/w) H20», and 5% pyrogallol
solution. The change in absorbance at 420 nm was recorded over a period of one min.
Using the extinction coefficient of 2.47 mM! cm™!, POX activity was calculated based on
the oxidation of pyrogallol and expressed as micromoles of purpurogallin produced per

minute per milligram of protein.
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3.15.8 Defense Related Enzymes Analysis

For the extraction of defense-related enzymes, the procedure described by
(Fortunato et al., 2015) was followed. A solution containing 100 mM phosphate buffer at
pH 6.8, 2% (w/v) polyvinylpyrrolidone (PVP), 1 mM EDTA, and 1 mM
phenylmethylsulphonyl fluoride (PMSF) was used to homogenize 200 mg of leaves. The
homogenate was then centrifuged at 4°C for 15 min at 12,000 rpm. The resulting
supernatant was collected and used for the determination of the activities of several

defense-related enzymes.

3.15.8.1 p-1,3-glucanase (GLU)

The GLU activity was determined following the methodology outlined by Lever
(1972). A reaction mixture comprising 50 mM sodium acetate buffer (pH 5.0), I mg/ml
laminarin, was added to a 100 pL enzyme extract. After that, the reaction mixture was
incubated for 1 h at 45°C in a Thermomixer (Eppendorf, Germany). Following the
incubation, 1.5 mL of dinitro salicylic acid (DNS) was added to 500 L of the reaction
mixture, which was then heated for 15 minutes at 100°C. The combination was then
submerged in an ice bath until it reached a temperature of 25°C. To quantify the amount
of reducing sugars released, A spectrophotometer (Implen, Germany) was used to record
the absorbance of the solution at 540 nm. Using glucose (Sigma-Aldrich, Brazil) as a
standard, a calibration curve was created and used to calculate the P-1,3-glucanase
activity. The initial incubation stage was skipped for the control samples, but otherwise
the procedures were the same (Miller, 1959). The GLU activity was determined in

Units/Milligram i.e. U/mg.

76



3.15.8.1 Chitinase (CHI)

Harman et al. (1993) methodology was followed to calculate the CHI activity. A
1900 mL reaction mixture comprising 50 mM sodium acetate buffer (pH 5.0), 0.1 mM p-
nitrophenyl-b-D-N-N'-diacetylchitobiose, was added to a 100 pL of enzyme extract. The
process was halted by adding 500 pL of 0.2 M sodium carbonate following two hours of
incubation at 37°C. For the control samples, 500 pL of 0.2 M sodium carbonate was added
in place of the enzyme extract. At 410 nm, the CHI product's wavelength, the CHI activity

was determined using an extinction coefficient of 70 mM/cm.

3.15.8.3 Phenol Ammonia Lyase (PAL)

The procedure outlined by Guo et al. (2007) was followed to measure the PAL
activity. To 900 pL solution comprising 20 mM L-phenylalanine and 40 mM sodium
borate buffer (pH 8.8), a 100 pL of crude enzyme extract was added. For one h, the
reaction mixture was incubated at 30°C. The enzyme extract was not used in the control
samples, instead borate buffer was applied. The derivatives of trans-cinnamic acid were
detected at 290 nm after adding 50 pL of 6 N HCl to terminate the reaction. The extinction

coefficient used in the calculation of PAL activity was 10 M/cm.

3.15.8.4 Polyphenol Oxidase (PPO)

The determination of PPO activity was conducted following the method outlined
by Kar and Mishra (1976). A total of 100 uL. of enzyme extract was added to 900 pL of
a reaction mixture comprised of 20 mM pyrogallol and 25 mM potassium phosphate
buffer (pH 6.8). The absorbance was measured for 1 minute at 25°C and 420 nm as soon
as the reaction started. The extinction coefficient used to compute the PPO activity was

2.47 mM/cm.
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3.15.8.5 Lipoxygenase (LOX)

The LOX activity was determined following the protocol outlined by Axerold et
al. (1981). A total of 100 pL of enzyme extract was added to 900 pL of a reaction mixture
consisting of 10 mM sodium linoleate substrate and 50 mM sodium phosphate buffer (pH
6.8). The decrease in absorbance at 340 nm was recorded over a period of one min
following the reaction mixture's 4-min incubation at 25 °C. The extinction coefficient
used to compute the LOX activity was 25,000 M/min. The protein concentration,

determined using the Bradford (1976) method, was used to express the enzyme activity.

3.15.9 Determination of lignin-thioglycolic acid (LTGA) and total soluble phenolics
(TSP)

To ascertain the TSP and LTGA contents in the plant samples subjected to Foc-
TR4 treatment, the methodology outlined by Stein et al. (2019) was followed. A1 ml 80%
(v/v) methanol solution was used to homogenize 200 mg banana leaf tissue. For 2 h, the
crude extract was shaken at 25°C and 300 rpm. The mixture was then centrifuged for 30
min at 14,000 rpm. The methanolic extract was collected for TSP determination, and the

pellet was kept at 20°C for LTGA derivative determination.

3.15.9.1 Total Soluble Phenolics (TSP) Determination

The methanolic extract was combined with 750 pL of the 0.2 M Folin-Ciocalteu
phenol reagent to a volume of 1 mL. The mixture was incubated for 5 min at 25°C. Then,
0.1 M sodium carbonate (NaxCOs3) was added and maintained at 25°C for 10 min. The
solution was then given 1 ml of deionized water, and it was allowed to sit for 1 hour at
25°C. Based on a calibration curve with catechol as the standard, the TSP content was

determined. At 725 nm, the absorbance was measured.
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3.15.9.2 Lignin-Thioglycolic Acid (LTGA) Derivatives Determination

The centrifugation-produced pellet was again suspended in 1.5 ml of distilled
water. The suspension underwent homogenization and a 15-min centrifugation at 12,000
rpm. The pellet was dried at 65°C for 12 h after the supernatant was removed. The
concentration of LTGA derivatives was calculated using the alcohol-insoluble dry
residue. The LTGA derivatives supernatant's absorbance was calculated at 280 nm. Using
lignin, alkali, and 2-hydroxypropyl ether as standards, a calibration curve was used to

measure the concentration.

3.16 Analysis of Cis-regulatory Elements

The Phytozome database (https://phytozome-next.jgi.doe.gov/) provided the
promoter sequences for the MaWRKY genes. The 2000 bp regions upstream (5') of each
gene's AUG start codon were the sequences that were recovered. The resulting promoter
sequences were analyzed to determine the identity and abundance of cis-regulatory
elements (CREs). PlantCARE, a  web-based program  accessible at
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, was used to conduct the

analysis (Lescot et al., 2002).

3.17 RNA Extraction

Using Khairul-Anuar et al. (2019)'s CTAB method, RNA was isolated from the
root tissues of banana plants. Banana roots weighing 200 mg were collected. Plasticware
and pipette tips were autoclaved at 121°C and for 45 min. All chemicals used were of
molecular biology grade. Distilled water treated with 0.01% DEPC (Diethyl
pyrocarbonate) was used for soaking plasticware and preparing reagents. Spray RNase
Destroyer (Favorgen, Taiwan) was applied on the workbench to prevent RNase
contaminationUsing liquid nitrogen and a mortar and pestle that had already been pre-

chilled, the tissues were ground into a fine powder. The powdered material was
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transferred to a 2 ml centrifuge tube. A total of 1500 pl of freshly prepared, pre-warmed
modified CTAB extraction buffer was added to the tube. The mixture was vortexed and
incubated at 65 °C for 30 min. After incubation, the mixture was allowed to cool at room
temperature for 2 min. The mixture was then centrifuged at 7000 rpm for 5 min. The
supernatant was mixed with an equal volume of phenol, chloroform, and isoamyl alcohol
(P: C: 1) (125:24:1, pH 4.5), vortexed for 3 min, and centrifuged at 17,500 rpm for 15 min
at 4 °C. The aqueous fraction was carefully collected without disturbing the interface
layer containing waste material. The collected aqueous fraction was transferred to a new
microcentrifuge tube, and an equal volume of chloroform and isoamyl alcohol (C: I) was
added. The tube was gently mixed, centrifuged at 17,500 rpm for 15 min at 4 °C, and the
aqueous fraction was collected. To the collected aqueous fraction, an equal volume of 8
M LiCl was added and mixed. The tubes were incubated overnight at 20 °C. After
incubation, the tubes were centrifuged at 17,500 rpm for 15 min at 4 °C. The pellet was
washed twice with 70% cold ethanol and air dried. The cleaned RNA pellet was

resuspended in 25 pL of RNase-free water.

3.17.1 Quantification and Quality Assessment Of RNA

The purity and concentration of RNA samples were measured using a
Nanophotometer Perl® (Implen, Germany) at 230 nm, 260 nm, and 280 nm absorbance.
The quality and integrity of the extracted RNA were evaluated using denaturing agarose
gel electrophoresis. A 1% denaturing gel was prepared by melting agarose in MOPS gel
buffer (200 mM 3-(N-morpholino) propane sulfonic acid, 50 mM sodium acetate, and 10
mM EDTA, pH 7). The cooled agarose gel was mixed with 1 ml of 37% formaldehyde
and 1 ml of ethidium bromide (0.5 g/ml). The gel was run at 90 V for approximately 45
min. The bands were visualized and captured using a Gel documentation system

(Cambridge Scientific, US). The quality of the extracted RNA was further assessed using
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an Agilent RNA 6000 Nano LabChip Kit and an Agilent 2100 Bioanalyzer (Agilent

Technologies).

3.17.2 ¢cDNA Synthesis and Quantitative Real-Time PCR Analysis

Transcript® One-Step gDNA remover and cDNA synthesis Supermix (TransGen
Biotech, China) were used to perform the cDNA synthesis. The QuantStudio™ 12k Flex
system from Applied Biosystems, USA was used to perform qRT-PCR in order to
ascertain the expression of a specific MaWRKY TF in banana roots. PrimeQuest IDT was
used to build the primers described in Table 3.1

(https://sg.idtdna.com/PrimerQuest/Home/Index). Each reaction mixture contained 10 pl

of SYBR® Green Master Mix (Vanzyme, China), 2 pl of ¢cDNA (5 ng/ul), 7 pl of
nuclease-free water, and 0.5 pl of each 10 M primer. The relative expression of each
WRKY gene was calculated by normalizing it to the expression level of the banana tubulin
gene. Non-inoculated, non-treated banana roots (without PGPB, without Foc-TR4 and
not treated with salt) were used as calibrator for all comparisons. The qRT-PCR reactions
involved an initial denaturation at 95°C for 5 min, followed by 40 cycles of annealing at
60°C for 20 s, and extension at 95°C for 15 s. Subsequently, the dissociation curves were
obtained at 95°C for 15 s, 60°C for 1 min followed by 95°C for 15 s. The relative
expression of MaWRKY TF was determined using 22T method described by Livak and

Schmittgen (2001).

3.18 Validation of MaWRKY Orthologs
The banana genome hub (https://banana-genome-hub.southgreen.fr/) provided the
nucleotide sequences for the MaWRKY genes. These sequences were then subjected to a

BLAST query against the plant transcription factor database (http://planttfdb.gao-
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lab.org/) in order to confirm that the ortholog that was discussed in the discussion section

and the chosen stress-responsive MaWRKY genes were highly similar.

3.19 Statistical analysis
Using the SPSS software, statistical analysis was performed on all experimental
data. To ascertain the statistical significance between the treatments, a one-way analysis

of variance (ANOV A) was performed on the data, followed by a Tukey post hoc test.
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CHAPTER 4: RESULTS

4.1 Rhizosphere Soil Characteristics

The rhizosphere soil collected from different zones of the mangrove exhibited
differences in several characteristics (Table. 4.1). Notably, the electrical conductivity
(ECe) values differed among the sites. The soil adjacent to Rhizophora apiculata (red
mangrove) at site one exhibited an ECe value of 14.46 dS/m, while the soil adjacent to
Avicennia alba (black mangrove) at site two had an ECe value of 8.9 dS/m. The soil
adjacent to Sonneratia alba (white mangrove) at site three showed an ECe value of 11.81
dS/m. In terms of organic carbon content, variations were observed among the sites. The
soil adjacent to Rhizophora apiculata at site one had the lowest organic carbon content,
measuring 40.74%. In contrast, the soil adjacent to Avicennia alba at site two exhibited a
higher organic carbon content of 47.06%. The soil adjacent to Sonneratia alba at site
three demonstrated the highest organic carbon content, measuring 49.55%. Regarding
nutrient content, the highest nitrogen content was observed at site two (0.61%), followed

by site three (0.45%), and site one (0.33%).
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Table 4. 1: Collection sites description, soil characteristics and plant species of mangrove used in the study

Location characteristics Soil characteristics

Location Collection Latitude Longitude Soil Texture EC pH | N Total organic carbon | Plant species

Date (dS/m) (%) | (%)
Carey 03/01/2020 2°86'05"N | 101°36'58" | Sandy  Clay | 14.46 6.54 | 0.33 | 40.74 Rhizophora apiculata
Island E loam
Carey 03/01/2020 2°86'05"N | 101°36'58" | Clay loam 8.9 7.51 | 0.61 | 47.06 Avicennia alba
Island E
Carey 03/01/2020 2°86'05"N | 101°36'58" | Clay loam 11.81 7.4 | 0.45]49.55 Sonneratia alba
Island E

Table 4. 2: 16S rRNA gene analysis of selected plant growth promoting bacteria with reference to EzBioCloud

Mangrove site Isolate Sequence | GenBank accession Top match in EzBioCloud GenBank accession | Similarity (%)
length (bp) | number of isolates database number of top matches

Sonneratia alba RBI 1489 MZ881953 Bacillus velezensis CR-502 AY603658 100

Sonneratia alba RB2 1489 MZ881954 Bacillus siamensis AJVF01000043 99.93
KCTC13613

Sonneratia alba RB3 1486 MZ881955 Bacillus altitudinis 41KF2b ASJC01000029 100.00

Sonneratia alba RB4 1489 MZ881956 Bacillus tequilensis AYTO01000043 99.93
KCTC13622

Avicennia alba RB5 1474 MZ881957 Bacillus albus N35-10-2 MAOE01000087 100.00

Rhizophora EBI 1474 MZ881950 Pseudomonas luteola NBRC BDAEO01000066 99.93

apiculata 103146

Sonneratia alba EB2 1487 MZ881951 Bacillus siamensis AJVF01000043 99.86
KCTC13613

Avicennia alba EB3 1473 MZ881952 Pseudomonas plecoglossicida BBIV01000080 99.86
NBRC103162




4.2 Isolation and Salt Tolerance Efficiency of Rhizobacteria and Endophytic
Bacteria

A total of 406 rhizobacterial isolates were isolated on LB medium. Among these
isolates, 213 demonstrated the ability to grow on at least one of the media formulations
supplemented with a range of aquarium salt concentrations (50-400 mM) (Appendix B).
As the salt concentration increased, there was a decline in the number of viable bacteria,
with only 88 isolates exhibiting growth at a concentration of 400 mM. Of the 29 isolates
of endophytic bacteria, 24 exhibited growth on LB medium supplemented with 50 mM
aquarium salt. As the salt concentration increased, there was a decrease in the number of
bacteria able to grow, with only 16 isolates growing at a concentration of 400 mM
aquarium salt (Appendix C, D). The shape, morphology, and Gram staining
characteristics of the halotolerant rhizobacteria are presented in Appendix E, while those

of the endophytic bacteria are displayed in Appendix F.

4.3 Screening of Halotolerant Bacteria

To evaluate the plant growth promoting traits of the halotolerant bacterial isolates,
a total of 88 rhizobacterial and 16 endophytic bacterial isolates were subjected to
screening for primary activities, namely phosphate solubilization and nitrogen fixation.
Nitrogen fixation is important for providing plants with accessible nitrogen, while
phosphate solubilization aids in the availability of phosphorus for various plant processes.
All 88 halotolerant rhizobacterial isolates, as well as all 16 endophytic bacterial isolates,
exhibited both nitrogen fixation and phosphate solubilization activities. The two isolates
with the highest phosphate solubilizing activity were EB1 (169 pg ml'') and RB1 (115 pg

ml') (Fig. 4.1B).
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(A)

Halozone

B)

Fig. 4.1: Phosphate solubilizing activity of bacterial isolates. (A) Phosphate
solubilization activity of Bacillus sp. RB1 on Pikovskaya’s agar plate (B) Quantitative
estimation of phosphate solubilization. Each panel displays data from the selected eight
bacterial isolates (RB1-RB5 and EB1-EB3). Error bars indicate the standard error (n =
10). Different letters indicate a significant difference at (p < 0.05) using one-way ANOVA

and Tukey post-hoc tests.
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4.4 Molecular Identification of Halotolerant Bacteria

Further analysis involved partial 16S rRNA gene sequencing and phylogenetic
analysis. Examination of the sequence similarity showed numerous isolates with 16S
rRNA gene sequences that were type strains and highly similar (>99%) or identical to the
known species in the EzBioCloud database (Appendix F). These results led to the
selection of three endophytic bacterial strains (EB1-EB3) and five rhizobacteria strains
(RB1-RB5) for additional examination. The RB isolates' 16S rRNA gene sequences
shared considerable similarity (99.93% to 100%) with a number of Bacillus species.
Pseudomonas spp. was found to make up the majority (21 out of 24) of the endophytic
bacterial isolates (Appendix G). Strain EB1 display a 99.93% sequence similarity in its
16S rRNA gene with Pseudomonas luteola NBRC 103146 and similarly, EB3 share
99.86% sequence similarity with Pseudomonas plecoglossicida NBRC103162 (Table
4.2). Notably, strain EB2 exhibit 99.93% sequence similarity to the rhizobacterium
Bacillus siamensis KCTC13613, while being identified as an endophytic bacterium from
root tissue.

Phylogenetic trees constructed with the neighbor joining method were used to
show the link between the strains and type members of their respective genera (Fig 4.2,
4.3, and 4.5). In these trees, all strains, except for EB3, showed a high degree of
relatedness and formed clusters with organisms that were closest to them. The strain EB3
displayed a 99.86% similarity in its 16S rRNA gene sequence with P. plecoglossicida
NBRC103162, indicating a close relationship with them. However, its position in the
phylogenetic tree was closer to P. alloputida Kh7 (Fig. 4.4). Following the phylogenetic
analysis, all eight strains underwent were subjected to further evaluation for their plant

growth promoting traits and response to salt stress.
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28 | Bacillus cabrialesii TE3 (MK462260)
18| ' Bacillus inaquosorum KCTC 13429 (AMXN01000021)
Bacillus halotolerans ATCC 25096 (LPVF01000003)
Bacillus mojavensis RO-H-1 (JH600280)
Bacillus spizizenii NRRL B-23049 (CP002905)
— Bacillus stercoris JCM 30051 (MN536904)
[~ Bacillus tequilensis KCTC 13622 (AYTO01000043)
5 — Bacillus sp. RB4
Bacillus subtilis NCIB 3610 (ABQL01000001)
Bacillus vallismortis DV1-F-3 (JH60027399)
Bacillus nakamurai NRRL B-41091 (LSAZ01000028)
58 | Bacillus velezensis CR-502 (AY603658)
! Bacillus sp. RB1
65 Bacillus amyloliquefaciens DSM 7 (FN597644)
48 ‘ Bacillus siamensis KCTC 13613 (AJVF01000043)
Bacillus sp. EB2
Bacillus sp. RB2

38

— Bacillus atrophaeus JCM 9070 (AB021181)

3 Bacillus xiamenensis HYC-10 (AMSH01000114)
87| Bacillus sp. RB3
Bacillus altitudinis 41KF2b (ASJC01000029)

0.0050

59 | Bacillus safensis subsp. osmophilus BC09 (KY990920)
Bacillus safensis subsp. safensis FO-36b (ASJD01000027)
95 Bacillus australimaris NH71 1 (JX680098)
53 \_’: Bacillus pumilus ATCC 7061 (ABRX01000007)
88 — Bacillus zhangzhouensis DW5-4 (JOTP01000061)

99

Fig. 4.2: Phylogenetic Tree of Bacillus isolates. Neighbor-joining tree showing the

phylogenetic relationship of plant growth promoting bacterial strains EB2, RB1, RB2,

RB3, RB4 and their closest relatives in the genus Bacillus based on their 16S rRNA gene

sequences. The number displayed at nodes are bootstrap values, based on 1000

Bacillus sp. RB5
Bacillus luti TD41 (MACI01000041)
Bacillus albus N35-10-2 (MAOE01000087)
48 | Bacillus wiedmannii FSL W8-0169 (LOBC01000053)
441‘_‘— Bacillus fungorum 17-SMS-01 (MG601116)

Bacillus proteolyticus TD42 (MACHO01000033)

17 53— Bacillus pacificus EB422 (KJ812450)

[ L—— Baillus toyonensis BCT-7112 (CP006863)
831 Bacilus mobilis 0711P9-1 (MACF01000036)

— Bacillus cereus ATCC 14579 (AE016877)

24
—— Bacillus tropicus N24 (MACG01000025)

Bacillus paramycoides NH24A2 (MAOI01000012)
Bacillus anthracis Ames (AE016879)

Bacillus paranthracis Mn5 (MACE01000012)

Bacillus pseudomycoides DSM 12442 (ACMX01000133)

replications.
27
13
30
30
29
Bacillus nitratireducens 4049 (KJ812430)
—
0.00020

Fig. 4.3: Phylogenetic Tree of bacterial isolate RB5. Neighbor-joining tree showing the

phylogenetic relationship of plant growth promoting bacterial strains RB5 and its closest

relatives in the genus Bacillus based on their 16S rRNA gene sequences. The number

displayed at nodes are bootstrap values, based on 1000 replications.
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Pseudomonas inefficax JV551A3 (OPYN01000008)

Pseudomonas plecoglossicida NBRC 103162 (BBIV01000080)
Pseudomonas monteilii NBRC 103158 (BBIS01000088)

Pseudomonas asiatica RYU5 (MH517510)

26g9l pseudomonas taiwanensis BCRC 17751 (EU103629)

65 Pseudomonas sp. EB3

Pseudomonas alloputida Kh7 (LT718459)

Pseudomonas putida NBRC 14164 (AP013070)
Pseudomonas entomophila L48 (CT573326)

39

31

26 79 Pseudomonas mosselii CIP 105259 (AF072688)
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74 — Pseudomonas zeshuii KACC 15471 (FQYS01000033)
991 pseudomonas luteola NBRC 103146 (BDAE01000066)
96
Pseudomonas sp. EB1
Pseudomonas asuensis CP155-2 (AJ871471)

Pseudomonas duriflava HR2 (EU046271)

100

0.0050

Fig. 4.4: Phylogenetic Tree of Pseudomonas isolates. Neighbor-joining tree showing
the phylogenetic relationship of plant growth promoting bacterial strains EB1, EB3 and
their closest relatives in the genus Pseudomonas based on their 16S rRNA gene
sequences. The number displayed at nodes are bootstrap values, based on 1000

replications.

4.5 Plant Growth Promoting Traits of Bacterial Isolates

In this study, the selected bacterial strains, five rhizobacteria strains (RB1-RBS5)
and three endophytic bacteria strains (EB1-EB3), are collectively termed as plant growth
promoting bacteria (PGPB) since they showed characteristics that promote plant growth.
These characteristics included the ability to produce siderophores, IAA, and ACC

deaminase activity.

4.5.1 IAA Production
The production of IAA, a phytohormone, is an important characteristic exhibited
by PGPB in the rhizosphere. IAA plays a crucial role in enhancing root length and surface

area, particularly under salt stress conditions, as it helps improve nutrient availability and
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regulate ion influx (Ma et al., 2020). In this study, quantitative analysis of the eight
selected strains revealed an increase in IAA production over time. Among the strains,
RB1 and RB3 exhibited the highest IAA production, with concentrations ranging from
7.4 to 48.3 pg ml! and 6.69 to 30.13 pg ml’!, respectively, over a 48-hour period (Fig.

4.5).

Fig. 4.5: Quantification estimation of IAA production at 6, 12, 24 and 48 h of
incubation exhibited by bacterial isolates. Each panel displays data from the selected
eight bacterial isolates (RB1-RB5 and EB1-EB3). Error bars indicate the standard error
(n = 10). Different letters indicate a significant difference at (p < 0.05) using one-way

ANOVA and Tukey post-hoc tests.

4.5.2 Siderophore Production

Iron (Fe) is an essential element for various metabolic activities in plants, but its
bioavailability as ferric iron (Fe*") is limited. PGPB address this challenge by producing
and secreting siderophores, which are low molecular weight compounds that chelate

ferric ion from the environment, making it available for plant uptake (Ryu et al., 2003).
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In this study, all eight selected strains demonstrated siderophore production. Among
them, RB4 (50.93%) and RBS5 (50.21%) exhibited the highest siderophore production,
with the RB strains typically displaying greater % values compared to the EB strains (Fig.

4.6B).

(A)

——>Orange halozone

(B)

Fig. 4.6: Siderophore activity exhibited by bacterial isolates. (A) Siderophore
production of Pseudomonas sp. EB3 on CAS-LB plate, (B) Quantification estimation of
siderophore production. Each panel displays data from the selected eight bacterial isolates
(RB1-RB5 and EB1-EB3). Error bars indicate the standard error (n = 10). Different letters
indicate a significant difference at (p < 0.05) using one-way ANOVA and Tukey post-

hoc tests.
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4.5.3 ACC Deaminase Activity

Increased ethylene content in plant roots under saline conditions can inhibit
growth. ACC deaminase is an enzyme produced by PGPB that converts ACC, a substrate
for ethylene biosynthesis, into a-ketobutyrate and ammonia, effectively reducing ACC
levels and mitigating the negative effects of ethylene (Glick, 2014). In this study, the
ACC deaminase activity ranged from 1318 to 3477 nmol a-ketobutyrate protein h'! in all
eight of the tested strains. In comparison to the EB strains, the majority of the RB strains
had greater activity. The two strains with the highest ACC deaminase activity were strain
RB2 (3902 nmol a-ketobutyrate protein h'') and strain RB4 (3561nmol a-ketobutyrate

protein h'") (Fig. 4.7).

Fig. 4.7: Quantitative estimation of ACC deaminase activity exhibited by the
bacterial isolates. Each panel displays data from the selected eight bacterial isolates
(RB1-RB5 and EB1-EB3). Error bars indicate the standard error (n = 10). Different letters
indicate a significant difference at (p < 0.05) using one-way ANOVA and Tukey post-

hoc tests.
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Six strains (RB1, RB3, RB4, EBI1, EB2, and EB3) were chosen for further studies based

on plant growth promoting traits analysis.

4.6 Root Colonization of Banana Plantlet with Plant Growth Promoting Bacteria
Banana roots were examined using a field emission scanning electron microscope
(FESEM) 72 hours after being inoculated with one of the rhizobacterial strains RB1, RB3,
and RB4 (Fig. 4.8 A-C) or one of the endophytic bacterial strains EB1, EB2, and EB3
(Fig. 4.8 D-F). All of the selected PGPB strains were visible on the root cap and root
elongation zone in the FESEM pictures showing that these bacterial strains successfully
colonized the root surface. The non-inoculated plant root, in comparison, exhibited no

bacterial colonization (Fig. 4.8G).

Fig. 4.8: Bacterial root colonization. Field Emission Scanning Electron Microscopy
(FESEM) images of banana root 72 h after inoculation with plant growth promoting
bacteria; Red arrow indicating colonization of (A) RB1, (B) RB3, (C) RB4, (D) EBI, (E)

EB2, (F) EB3 and (G) Control (non-inoculated).
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4.7 Inoculation of Banana with PGPB Strains Reduces the Negative Effects of Salt
Stress

The first set of experiments were performed using the selected PGPB (RB1, RB3,
RB4, EBI, EB2, and EB3) strains, outlined in Fig 4.9A. Subsequently, the greenhouse
experiments were conducted using the two best performing PGPB isolates (EB3 and RB3)

applied as a consortium as shown in Fig. 4.9B.
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Fig. 4.9: Flowchart of experimental design. (A) Schematic representation of
hydroponic experiments. Blue blocks denote plant treatment procedures, while yellow
blocks denote analytical processes conducted in the study. (B) Schematic representation
of greenhouse salt stress experiments. Green blocks denote plant treatment procedures,

while pink blocks denote analytical processes conducted in the study.

4.7.1 Inoculation of Banana with PGPB Improve Banana Growth Parameters under
Salt Stress

Under the influence of aquarium salt (90 mM), the effects of inoculation with the
six selected strains (RB1, RB3, RB4, EB1, EB2, and EB3) on banana growth were studied
and compared to non-inoculated control plants. The results showed that the inoculated
banana plantlets had significantly greater root length and plant height compared to the
control plants (Fig 4.10A). Among the treatments, strains EB3 and RB3 showed the

highest increases in plant height, with a 2.5-fold and 2.3-fold increase, respectively,
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compared to the control plants under salt stress (Fig. 4.10B). Similarly, treated plants had
roots that were 1.2—1.5 fold longer than control plants (Fig. 4.10C). The number of leaves
per plant did not, however, show significant differences between the treatment groups

(Fig. 4.10D).

(A)

(B)
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Fig. 4.10: Effect of PGPB inoculation on plant growth parameters in hydroponic
analysis. (A) Picture of plantlets root inoculated following exposure to 90 mM sea salt
for a period of 7 days. (a) root inoculated with strains (i) RB1, (ii) RB4, (iii) RB3, (iv)
non-inoculated. (b) root inoculation with endophytic bacteria (i) EB3, (ii) EB2, (iii) EB1,
(iv) non inoculated. Changes in (B) plant height, (C) root length, (D) number of leaves
observed in banana plantlets after 7 days of treatment in hydroponic media. The
treatments include non-inoculated plantlets in medium without added sea salt (C), non-
inoculated plantlets in 90 mM sea salt (CS), plantlets inoculated with isolates without
added sea salt (PGPB), and plantlets inoculated with isolates in 90 mM sea salt PGPBS.
The values are mean + SD (n = 10). Different letters indicate significant differences at (p

< 0.05) using ANOVA and Tukey post-hoc tests.
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The selection of Pseudomonas sp. EB3 and Bacillus sp. RB3 for the greenhouse
study was based on their demonstrated effectiveness in protecting banana plants against
salinity stress in the hydroponic study. At this stage only one combination was selected
due to limited time and resources and the best performing of each type of (rhizobacteria
and endophytic bacteria) were used. In the greenhouse analysis, the effect of the PGPB
consortium inoculation on growth parameters in salt-stressed banana plants was
evaluated. The plants pre-treated with the consortium showed significantly better growth
(Fig. 4.11B, C) and biomass (Fig. 4.11D) compared to the stressed plants without
consortium pre-treatment. Among the growth parameters assessed, root length displayed
the most significant improvement in the consortium-inoculated plants under salt stress
conditions. Specifically, the root length of the consortium-inoculated plants was 2.7-fold

longer compared to the stressed plants without consortium inoculation.
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Fig. 4.11: Effect of PGPB inoculation on plant growth parameters under salt stress
conditions. Banana plants at four weeks: non-inoculated; EB3+RB3 inoculated; salt
treated with 100 mM solution (not inoculated); EB3+RB3 and salt treated with 100 mM
solution. Changes in banana plant growth, (B) plant height, (C) root length, and (D) root
biomass under salt stress. Salt treatment was for 2 weeks and 4 weeks in soil with PGPB
in 100 mM sea salt. WPI represent weeks post inoculation. The standard error is denoted
by error bars. The values are mean = SD (n = 10). Using ANOVA and Tukey post-hoc

tests, different letters indicate significant differences at (p < 0.05).
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4.7.2 PGPB Inoculation Enhances Banana Physiological Parameters under Salt
Stress

The salt stress treatment resulted in a reduction in chlorophyll and carotenoid
levels in banana plantlets (Fig. 4.12). However, PGPB reduced the detrimental effects of
salt stress on chlorophyll levels and increased levels of chlorophyll in non-stressed
conditions. In comparison to non-inoculated plants under salt stress, inoculated plants
showed a 2.6—6-fold higher Chl a content; the highest Chl a levels were observed in the
EB3 (6—fold) and RB3 (5.4—fold) treatment groups (Fig. 4.12A). Similar to this, during
salt stress, inoculated plants had Chl b content that was 3.5-7.6 fold higher than in non-
inoculated plants, with strain EB3 (7.6-fold) and strain RB3 (6.8-fold) showing the
highest Chl b levels (Fig. 4.12B).

Carotenoids, important for electron transport and photosynthesis, were found to
be higher in inoculated banana plants in comparison to control plants, under both non-
stressed and salt stress conditions. The inoculated plants exhibited carotenoid levels 1.4-
3.2-fold higher than the control plants, with treatments using strain EB3 (3.2-fold) and
strain RB3 (2.8-fold) showing the highest carotenoid levels (Fig. 4.12C).

Under salt stress, the osmolyte proline plays a crucial role in maintaining cellular
homeostasis. In comparison to control plants, plants inoculated with PGPB exhibited
higher proline content under both non-stressed and salt stress conditions. The proline
levels in inoculated plants were 1.27-1.83-fold higher than the control plants, with strain

EB3 (1.83-fold) and strain RB3 (1.63-fold) showing the highest levels (Fig. 4.12D).
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Fig. 4. 12: Effect of PGPB inoculation on chlorophyll, carotenoid, and proline
content in plants in hydroponic analysis. Quantification of (A) chlorophyll a, (B)
chlorophyll b, (C) carotenoid, (D) proline content in the leaves of banana plantlets after
7 days of treatment in hydroponic media. The treatments include non-inoculated plantlets
in medium without added sea salt (C), non-inoculated plantlets in 90 mM sea salt (CS),
plantlets inoculated with isolates without added sea salt (PGPB), and plantlets inoculated
with isolates in 90 mM sea salt PGPBS. The values are mean + SD (n = 10). Different
letters indicate significant differences at (p < 0.05) using ANOVA and Tukey post-hoc

tests.
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In the greenhouse analysis, the impact of the PGPB consortium inoculation on
pigment levels were also assessed (Fig. 4.13). Compared to the non-pretreated groups,
banana plants treated with the consortium demonstrated a significantly high levels of
chlorophyll and carotenoid contents under non-stressed conditions. Furthermore, in the
presence of salt stress, the consortium treated plants showed a substantial enhancement
in chlorophyll a and b levels, with a 3.8-fold higher level compared to the non-pretreated
groups (Fig. 13.A, B). Similarly, the carotenoid content in the consortium-inoculated
plants increased substantially under salinity stress, reaching levels that were 12-fold
higher than in the non-inoculated plants (Fig. 4.13C). Moreover, the relative water
content, was significantly higher (1.4-fold) in the consortium-inoculated banana plants
under both non-stressed and salinity-stressed conditions (Fig. 4.13D). Furthermore, a 2-
fold higher proline level was observed in consortium-inoculated plants under salinity

stress compared to non-inoculated plants (Fig. 4.13E).

(A)
40.0
B 2WPLEC 4WPI
d
=

30.01
2 b
LL —
2 (o
2200 a
< g
) h

10.04 e

B
0.0- | | | |
Non-Inoculated EB3+RB3 Salt Treated EB3+RB3 + salt

103



(B)

30.0
B 2\WPI 3 4WPI

25.04
2 20.0-
LL
2
2 15.0 < g4
~ bc
2 ab . ab
o -
5 10.0

f
=
5.0
e
00 - T T T r-1
Non-Inoculated EB3+RB3 Salt Treated EB3+RB3 + salt
©)
25.0
B 2WPI 3 4WPI

§ 20.0

L T

> 15.0 <

§, .

=} d

2 10.0- b

5 b

S

O 504 a ﬁ I ﬁ

0.0 'j T T T T
Non-Inoculated EB3+RB3 Salt Treated EB3+RB3 + salt

104



(D)

120.0
B 2WPI 3 4WPI
g 100.0
= C d
£ 8.0+ , b
c
S g
o
5 60.0 ]
e
S
< 40.0+ f
8
[5)
x 20.01
0.0- T T T T
Non-Inoculated EB3+RB3 Salt Treated EB3+RB3 + salt
(E)
50.0
Bl 2\WPIEC3 4WPI
LL
o
£ 30.0- e
E =3
d
E d
o 20.0 -
= C
e b b b
Q 1004 a H l ﬂ
0.0- T T T T
Non-Inoculated EB3+RB3 Salt Treated EB3+RB3 + salt

Fig. 4.13: Effect of EB3+RB3 inoculation on chlorophyll, carotenoid, relative water
content and proline content in plants under salt stress condition. Estimation of (A)
chlorophyll a, (B) chlorophyll b, (C) carotenoid, (D) relative water content and (E) Proline
content banana in leaves under salt stress. Salt treatment was for 2 weeks and 4 weeks in
soil with PGPB in 100 mM sea salt. WPI represent weeks post inoculation. The standard
error is displayed by error bars. The values are mean + SD (n = 10). Using ANOVA and

Tukey post-hoc tests, significant differences at (p < 0.05) are shown by different letters.
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4.7.3 PGPB Inoculated Bananas have Less Membrane Damage under Salt Stress

Salt stress resulted in visible membrane damage in the leaves of both inoculated
and non-inoculated plants, as observed by necrotic regions stained with Evans blue dye.
In contrast to the non-inoculated control plants, the staining on the leaves lamina of the
inoculated plants was less severe (Fig. 4.14A).

In comparison to the control plants, inoculated banana plants displayed lower
levels of lipid peroxidation in both non-stressed and salt-stressed conditions, as shown in
MDA (Fig. 4.14B). The inoculated plants exhibited MDA levels 0.61-0.45-fold lower
than those of the control plants, with the greatest reductions observed in treatments with
strain EB3 (0.45-fold) and strain RB3 (0.51-fold).

Salt stress induces the generation of ROS, which was assessed by measuring H>O»
levels. Inoculated plants showed significantly lower H20O- levels than the control plants
in both non-stressed and salt-stressed conditions (Fig. 4.14C). H>O> levels in the
inoculated plants were 0.86-0.23-fold lower than in the control plants, with the lowest

levels seen in strain EB3 (0.23-fold) and strain RB3 (0.47-fold) treatments.

(A)
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Fig. 4.14: Effects of PGPB inoculation on stress markers in plants. (A) Evan’s blue
staining in leaves of banana plantlet following exposure to 90 mM sea salt (i) RB1, (ii)
RB3, (iii) RB4, (iv) EBI, (v) EB2, (vi) EB3, (vii) Control, (Bar=1.5 cm). (B) Changes in
lipid peroxidation measured in terms of MDA content and (C) Estimation of hydrogen
peroxide content in banana leaves after 7 days of treatment in hydroponic media. The
treatments include non-inoculated plantlets in medium without added sea salt (C), non-
inoculated plantlets in 90 mM sea salt (CS), plantlets inoculated with isolates without
added sea salt (PGPB), and plantlets inoculated with isolates in 90 mM sea salt PGPBS.
The values are mean + SD (n = 10). Using ANOVA and Tukey post-hoc tests, significant

differences at (p < 0.05) are shown by different letters.
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Consistent with the findings from the hydroponic experiments, the greenhouse
analysis also demonstrated that consortium pre-treated banana plants exhibited
significantly lower levels of MDA (2-fold reduction) compared to the non-inoculated
stressed plants (Fig. 4.15). This further confirms the role of the consortium in reducing

lipid peroxidation and oxidative stress in banana plants exposed to salinity stress.
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Fig. 4.15: Effect of EB3+RB3 inoculation on lipid peroxidation in plants under salt
stress. Estimation of lipid peroxidation changes in banana leaves under salt stress
expressed as changes in MDA content. Salt treatment was for 2 weeks and 4 weeks in soil
with PGPB in 100 mM sea salt. WPI represent weeks post inoculation. Standard error is
shown by error bars. The values are mean + SD (n = 10). Significant differences at (p <

0.05) are shown by different letters using ANOVA and Tukey post-hoc tests.

4.7.4 PGPB Inoculation Improve Ion Content in Banana under Salt Stress

The effect of the PGPB on electrolyte leakage and ion content under salt stress in
banana plants conditions was assessed in both hydroponic and greenhouse studies. Salt
stress leads to alterations in the cellular ion content, affecting plant growth and
development. High sodium (Na*) content is detrimental to plant growth under salt stress.
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The Na' concentration of the inoculated plants was significantly lower than in control
plants (Fig. 4.16A). The Na" content in inoculated plants was 0.78-0.56-fold lower than
that in the control plants, with the treatments with strain EB3 and strain RB3 having the
lowest content (0.56 and 0.63-fold, respectively).

Potassium (K") is essential in water stress tolerance by regulating stomatal
movement. Inoculated banana plants displayed higher K content in both non-stressed
and salt-stressed conditions, (Fig. 416B). Under salt stress, inoculated plants had K*
contents that were 1.42—1.84 times higher than those of uninoculated plants. The
treatments with strain EB3 and strain RB3 had the highest K* contents (1.84—fold) and
1.59—fold, respectively.

Furthermore, salt stress often leads to increased plasma membrane permeability,
leading to electrolyte leakage. However, under salt stress, inoculated banana plants
exhibited significantly lower electrolyte leakage than the control plants (Fig. 4.16C).
Electrolyte leakage values were 0.77-0.51-fold lower in inoculated plants than in control
plants, with strain RB3 and strain EB3 treatments producing the lowest values (0.51 and
0.56-fold, respectively).
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Fig. 4.16: Effect of PGPB inoculation on ion content in plants in hydroponic analysis.
Assessment of (A) sodium content, (B) potassium content and (C) electrolyte leakage in
leaves of banana plantlets after 7 days of treatment in hydroponic media. The treatments
include non-inoculated plantlets in medium without added sea salt (C), non-inoculated
plantlets in 90 mM sea salt (CS), plantlets inoculated with isolates without added sea salt
(PGPB), and plantlets inoculated with isolates in 90 mM sea salt PGPBS. The values are
mean £+ SD (n = 10). Using ANOVA and Tukey post-hoc tests, different letters denote

significant differences at (p < 0.05).
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Consistent with the hydroponic analysis, the greenhouse study also demonstrated
improvements in ion homeostasis due to the PGPB consortium pretreatment. In the
absence of consortium pretreatment, banana plants subjected to salt stress exhibited
elevated levels of Cl- and Na" ions, coupled with decrease in concentrations of Mg*, K*,
and Ca?" ions (Fig. 4.17). This imbalance in ion content is a typical response to salinity
stress. However, when the plants were pretreated with the consortium prior to salt stress,
significant improvements were observed in ion homeostasis. Consortium inoculation
resulted in lower levels of Na* (reduced by 1.9-fold) and CI- (reduced by 1.6-fold), while
the levels of K* (increased by 2.2-fold), Mg" (increased by 1.5-fold), and Ca®* (increased
by 1.5-fold) were higher in comparison to non-inoculated plants under salt stress
conditions. Additionally, under salt stress condition, banana plants inoculated with the
consortium displayed a significantly lower electrolyte leakage (reduced by 2.1-fold) in

comparison to non-inoculated plants (Fig. 4.17F).
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Fig. 4.17: Effect of EB3+RB3 inoculation on ion content in plants under salt stress
conditions. Assessment of (A) sodium, (B) potassium, (C) calcium, (D) chlorine, (E)
magnesium ion content and (F) electrolyte leakage in leaves of banana under salt stress.
Salt treatment duration was for 2 weeks and 4 weeks in soil with PGPB under 100 mM
sea salt. WPI represent weeks post inoculation. The standard error are denoted by error
bars. The values are mean £ SD (n = 10). ) Using ANOVA and Tukey post-hoc tests,

different letters denote significant differences at (p < 0.05.

4.7.5 Banana Inoculated with PGPB have Higher Antioxidant Enzymes Activities
under Salt Stress

Under salt stress conditions, the antioxidant enzymes play a crucial role in
mitigating the levels of ROS in plant cells in banana plants under salt stress, the effects
of inoculation with PGPB strains on the levels of antioxidant enzymes (CAT, SOD, APX,
and GR) were evaluated. The levels of antioxidant enzyme activities were found to be
lowest in non-inoculated plants subjected to salt stress, while inoculated plants showed
higher enzyme activities (Fig. 4.18). The inoculated plants had CAT activity levels that
ranged from 4.8 to 8.5-fold higher than the control plants, with strain EB3 (8.5-folds) and

strain RB3 (7.7-folds) showing the highest values (Fig. 4.18A). SOD activity levels were
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10.1-12.5-fold higher in inoculated plants than in control plants, with EB3 (12.5-fold) and
RB3 (11.3-fold) exhibiting the highest values (Fig. 4.18B). The inoculated plant’s APX
activity levels were 5-7.5-fold higher than the control plants, with EB3 (7.5-fold) and
EB2 (7-fold) exhibiting the greatest levels (Fig. 4.18C). When compared to control plants,
GR activity levels in inoculated plants were 3.4—4—fold higher, with EB3 (4—fold) and
RB3 showing the greatest levels (Fig. 4.18D).
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Fig. 4.18: Effect of PGPB inoculation on antioxidant enzymes activities in plants in
hydroponic analysis. Activities of (A) catalase (B) superoxide dismutase (C) ascorbate
peroxidase and (D) glutathione reductase in leaves of banana plantlets after 7 days of
treatment in hydroponic media. The treatments include non-inoculated plantlets in
medium without added sea salt (C), non-inoculated plantlets in 90 mM sea salt (CS),
plantlets inoculated with isolates without added sea salt (PGPB), and plantlets inoculated
with isolates in 90 mM sea salt PGPBS. The values are mean + SD (n = 10). Different
letters indicate significant differences at (p < 0.05) using ANOVA and Tukey post-hoc

tests.
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In the greenhouse analysis, both under normal and salt-stressed conditions, the
levels of crucial antioxidant enzymes, such as SOD, APX, GR, POD, and CAT, were
found to be significantly higher in consortium-inoculated banana plants compared to non-
inoculated plants (Fig. 4.19). Notably, the consortium-inoculated plants exhibited the
highest activity of antioxidant enzymes under stressful conditions. It is worth noting that
enzyme activities in the non-consortium pretreated plants were relatively high at earlier
time points (2 weeks) under salinity stress but decreased at later time points (4 weeks)
under salt stress. In contrast, with the pretreatment of the PGPB consortium, banana plants
consistently showed significantly higher antioxidant enzyme activity throughout the

duration of stress.
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Fig. 4.19: Effect of EB3+RB3 inoculation on antioxidant enzymes activities in plants
under salt stress conditions. Activities of (A) superoxide dismutase, (B) ascorbate
peroxidase, (C) catalase (D) glutathione reductase and (E) peroxidase in banana leaves
under salt stress. Salt treatment was for 2 weeks and 4 weeks in soil with PGPB in 100
mM sea salt. WPI represent weeks post inoculation. The standard error are shown with
error bars. The values are mean + SD (n = 10). Using ANOVA and Tukey post-hoc tests,

different letters denote significant differences at (p < 0.05).
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4.8 PGPB Consortium Inoculation Mitigates Foc-TR4 Stresses in Banana

The experiments were conducted using the two best performing PGPB isolates
from hydroponic analysis (EB3 and RB3) applied as a consortium as outlined in Fig.
4.20
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Fig. 4.20: Flowchart of experimental design for Foc-TR4 experiments. Green blocks
denote plant treatment procedures, while orange blocks denote analytical processes

conducted in the study.

4.8.1 PGPB Consortium have Antagonistic Activity against Foc-TR4

The halotolerant PGPB consortium consisting of Bacillus sp. RB3 and
Pseudomonas sp. EB3 exhibited antagonistic activity against the fungal pathogen
Fusarium oxysporum f. sp. cubense tropical race 4 (Foc-TR4). The ability of both
bacterial strains to inhibit the pathogen's growth was demonstrated by the inhibition zones
surrounding their colonies (Fig. 4.21). The efficacy of the consortium against Foc-TR4

was determined to be 71.4%. Among the individual strains, Bacillus sp. RB3
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demonstrated stronger inhibition with a value of 65.7%, while Pseudomonas sp. EB3 had

a value of 53.2%.

Fig. 4.21: Dual Culture Assay. Antagonistic activity of PGPB against Fusarium
oxysporum f. sp. cubense tropical race 4 (Foc-TR4) in a dual culture assay (A) Foc-TR4
(control); (B) consortium of Bacillus sp. RB3 and Pseudomonas sp. against Foc-TR4 (C)

Bacillus sp. RB3 against Foc-TR4 (D) Pseudomonas sp. EB3 against Foc-TR4.

4.8.2 PGPB Consortium Reduces Fusarium Wilt Disease Severity in Banana

The impact of the EB3+RB3 consortia on growth parameters were examined in
both non-Foc-TR4 inoculated and Foc-TR4 inoculated plants. Plants inoculated with Foc-
TR4 in the absence of PGPB displayed characteristics disease symptoms, such as root
browning, leaf yellowing, and necrosis of the root tissue at 4- or 6-weeks post inoculation
(wpi) (Table 4.3, Fig. 4.22). At 4 wpi, the internal disease severity index (DSI) for the
Fusarium-infected plants was 37.5% based on the extent of root tissue necrosis, with an
external DSI of 25% based on the degree of wilting (Table 4.3). The Foc-TR4 infected
plants showed increased DSI by 6 wpi, with an internal DSI of 75% and an external DSI
of 87.5%. On the other hand, the consortium inoculated plants have a less severe effect
from Foc-TR4 infection. Plants co-inoculated with Foc-TR4 in a consortium showed no
exterior DSI and a milder internal DSI of 12.5% at 4 wpi (Table 4.3). With an internal
DSI of 37.5% and an external DSI of 25%, these plants showed signs of minor yellowing

of the leaves and lesions on the roots and stems by 6 wpi (Table 4.3).
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Table 4. 3: Disease scoring of banana plants infected with Fusarium oxysporum f. sp.

cubense tropical race 4 (Foc-TR4) at two-time points

Percentage disease severity (%)

4 weeks 6 weeks
Treatment Internal External Internal External
Non-inoculated 02 0?2 02 0?2
EB3+RB3 02 0?2 0?2 02
Foc-TR4 inoculated 37.5+0.1° | 25+0.1° 75 +0.1° 87.5+0.1°
EB3+RB3 + Foc-TR4 12.5+0.1°2 0?2 37.5+0.11° 25+0.16°

Values correspond to disease severity according to the evaluation scale of 0—4. The

values are mean + sd (n=10). Using ANOVA and Tukey post-hoc tests, different

letters denote significant differences at p < 0.05).
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Fig. 4.22: Cross-section of plant parts under stereomicroscope. (A) 4 weeks non-
inoculated, (B) 6 weeks non-inoculated, (C) 4 weeks Foc-TR4 inoculated, (D) 6 weeks
Foc-TR4 inoculated; (E) 4 weeks PGPB-inoculated, (F) 6 weeks PGPB non-inoculated,
(G) 4 weeks PGPB and Foc-TR4 inoculated, (H) 6 weeks PGPB and Foc-TR4 inoculated;
(1) cross section of rhizome, scale bar=50 mm; ii) cross section of the stem, scale bar= 50

mm; iii) cross-section of corm, scale bar= 1 cm.

4.8.3 PGPB Consortium Enhanced Banana Growth Under Foc-TR4 Stress

The impact of Foc-TR4 stress on the growth of banana plants was evident, with
notable reductions observed in root length, plant height, and root biomass (Fig. 4.23).
However, the detrimental effects of Foc-TR4 stress were significantly mitigated in plants
that received the PGPB consortium inoculation prior to stress treatments. Consortium-
inoculated plants displayed remarkably improved growth and biomass compared to the

stressed plants without consortium pre-treatment. Among the growth parameters, the
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most notable enhancement was observed in root length. Under Foc-TR4 stress conditions,
the root length of consortium-inoculated plants was 2.4-fold longer compared to the

stressed plants without consortium inoculation (Fig. 4.23C).
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Fig. 4.23: Effect of EB3+RB3 inoculation on plant growth parameters in plants
under Foc-TR4 stress conditions. (A) Picture of banana plants at six weeks: (i) Foc-
TR4 inoculated only, (ii) EB3+RB3 with Foc-TR4 inoculated, (iii)) EB3+RB3 inoculated
only and (iv) Non-inoculated (no PGPB and no Foc-TR4). Changes in banana plant
growth (B) Plant height, (C) Root length, and (D) root biomass under Foc-TR4 stress.
Fusarium treatments were for 4 and 6 weeks in soil with PGPB and with Foc-TR4. WPI
represent weeks post inoculation. The standard error are shown with error bars. The
values are mean = SD (n = 10). Using ANOVA and Tukey post-hoc tests, different letters

shows significant differences at (p < 0.05).
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4.8.4 PGPB Consortium Improved Banana Physiological Parameters Under Foc-
TR4 Stress

The impact of Fusarium inoculation on chlorophyll and carotenoid contents in
banana plants was evident, with a significant decrease observed in these pigments.
However, the pretreatment of banana with the PGPB consortium led to a notable
improvement in pigment levels, particularly under non-stressed conditions (Fig. 4.24). In
non-stressful conditions, the non-pretreated groups' levels of chlorophyll and carotenoid
content were considerably lower than those of the banana plants that received
pretreatment from the consortium. The most substantial increase in pigment content was
observed for carotenoids, with a 9.5-fold increase in the pretreated and stressed plants.
The consortium pre-treated plants showed higher relative water content in addition to

pigment enhancement in both non-stressed and Foc-TR4 stress conditions (Fig. 4.24D).
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Fig. 4.24: Effect of EB3+RB3 inoculation on chlorophyll, carotenoid, and relative
water content in plants under Foc-TR4 stress condition. Assessment of (A)
chlorophyll a, (B) chlorophyll b, (C) carotenoid, and (D) relative water content in banana
leaves under Foc-TR4 stress. Fusarium treatments were for 4 and 6 weeks in soil with
PGPB and with Foc-TR4. WPI represent weeks post inoculation. The standard error is
displayed by error bars. The values are mean + SD (n = 10). Using ANOVA and Tukey

post-hoc tests, different letters represent significant differences at (p < 0.05).

4.8.5 PGPB Consortium Enhanced Osmotic Balance and Reduced Oxidative
Damage in Banana under Foc-TR4 Stress

In banana plants, the presence of Foc-TR4 stress disrupt the osmotic balance,
leading to the buildup of proline, as a response to stress (Fig. 4.25A). The pretreatment
of banana plants with the PGPB consortium further enhances the proline content, showing

a significant increase in proline levels compared to non-inoculated plants. When
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compared to non-inoculated plants, consortium-inoculated plants under Foc-TR4 stress
showed the largest increase in proline levels (3.5-fold higher).

Regarding lipid peroxidation, which is indicated by the production of
malondialdehyde (MDA), the presence of Foc-TR4 stress leads to increased MDA levels
in non-inoculated plants (Fig. 4.25B). However, in contrast, the plants that were
pretreated with the PGPB consortium, exhibited a 2-fold lower levels of MDA compared

to non-inoculated stressed plants.
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Fig. 4.25: Effect of EB3+RB3 inoculation on proline and lipid peroxidation in plants
under Foc-TR4 stress. Estimation of (A) proline and (B) lipid peroxidation measured in
terms of MDA content in banana leaves under Foc-TR4 stress. Fusarium treatments were
for 4 and 6 weeks in soil with PGPB and with Foc-TR4. WPI represent weeks post
inoculation. The standard errors are shown by error bars. The values are mean = SD (n =
10). Using ANOVA and Tukey post-hoc tests, different letters represent significant

differences at (p < 0.05).

4.8.6 PGPB Consortium Inoculated Banana have Higher Antioxidant Enzymes
Activities under Foc-TR4 Stress

Antioxidant enzymes play a crucial role in regulating the levels of ROS in plant
cells under various stress conditions, including Foc-TR4 stress. In this study, consortium-
inoculated banana plants exhibited significantly higher levels of antioxidant enzyme
activities including SOD, APX, GR, POD, and CAT compared to non-inoculated plants,
both under non-stressed and Foc-TR4 stress conditions. Under stressed conditions, plants

inoculated in consortiums exhibited the highest activity of the antioxidant enzymes (Fig.
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4.26). Interestingly, it was observed that in non-pretreated plants, the enzyme activities
were relatively high at earlier time points (4 weeks) under Foc-TR4 stress, but the
activities decreased at later time points (6 weeks). Nonetheless, banana plants
continuously shown noticeably increased antioxidant enzyme activity with the

pretreatment for the whole of the stress period (Fig. 4.26).
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Fig. 4.26: Effect of EB3+RB3 inoculation on antioxidant enzymes activities in plants
under Foc-TR4 stress. Activities of (A) superoxide dismutase, (B) ascorbate peroxidase,
(C) catalase (D) glutathione reductase and (E) peroxidase in banana leaves under Foc-
TR4 stress. Fusarium treatments were for 4 and 6 weeks in soil with PGPB and with Foc-
TR4. WPI represent weeks post inoculation. The standard error are shown by error bars.
The values are mean + SD (n = 10). Using ANOVA and Tukey post-hoc tests, different

letters represent significant differences at (p < 0.05).

4.8.7 PGPB Consortium Enhanced Banana Defense-Related Enzyme Activities, TSP
and LTGA Under Foc-TR4 Stress

The pretreatment of banana plants with the EB3+RB3 consortium had a
significant impact on defense-related enzyme activities, and the levels of total soluble
phenolics (TSP) and lignin-like total phenolics (LTGA), particularly in the context of
Foc-TR4 inoculation. In the experiment involving non-inoculated plants, the consortium-
inoculated plants exhibited significantly higher levels of defense-related enzymes,

including PPO, CHI, PAL, GLU, and LOX, compared to non-inoculated plants at both 4
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and 6 weeks (Fig. 4.27). Moreover, in comparison to plants lacking consortium or Foc-
TR4 inoculation, the non-inoculated plants showed increased levels of defense-related
enzyme activity when they were later challenged with Foc-TR4. However, the
consortium-inoculated plants that were then subsequently challenged with Foc-TR4
exhibited the highest levels of defense-related enzymes among all the groups at both 4-
and 6-wpi.

Regarding phenolic compounds and lignin, the pretreatment with the PGPB
consortium did not induce significant changes in their levels when plants were not
inoculated with Foc-TR4. However, when the consortium-pretreated plants were
subsequently inoculated with Foc-TR4, there was a substantial increase in TSP levels
(2.1-fold) and LTGA levels (1.2-fold) compared to plants inoculated with Foc-TR4 alone

(Fig. 4.28, A and B).
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Fig. 4.27: Effect of EB3+RB3 inoculation on defense enzymes activities in plants
under Foc-TR4 stress. Activities of (A) glucanase, (B) chitinase, (C) phenyl ammonia
lyase, (D) polyphenol oxidase and (E) lipoxygenase in banana leaves under Foc-TR4
stress. Fusarium treatments were for 4 and 6 weeks in soil with PGPB and with Foc-TR4.
WPI represent weeks post inoculation. The standard errors are shown by the error bars.
The values are mean + SD (n = 10). Using ANOVA and Tukey post-hoc tests, different

letters represent significant differences at (p < 0.05).
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Fig. 4.28: Effect of EB3+RB3 inoculation on total soluble phenolics and lignin
content in plants under Foc-TR4 stress. Estimation of (A) total soluble phenolics and
(B) lignin content, in leaves of banana under Foc-TR4 stress. Fusarium treatments were
for 4 and 6 weeks in soil with PGPB and with Foc-TR4. WPI represent weeks post
inoculation. . The standard errors are denoted by the error bars.. The values are mean +
SD (n = 10). Using ANOVA and Tukey post-hoc tests, different letters represent

significant differences at (p < 0.05).

138



4.9 Cis-Elements of Banana WRKY Genes

A total of 35 cis-regulatory elements were identified in the promoters of nine
selected banana WRKY genes (Fig. 4.29). These elements were categorized into four
main groups based on their functions: abiotic stress-responsive, biotic stress-responsive,
growth and development-responsive and phytohormone-responsive. Abiotic stress-
responsive cis-elements: LTR, MBS, AT-rich element, DRE core, ABRE, and MYC.
Biotic stress-responsive cis-elements: MYB, W-box, as-1, MBSI, A-box, WUN-motif,
TCA, Tc-rich repeats, STRE and WRE3. Phytohormone-responsive cis-elements: ERE,
CCTCA-motif, AuxRR-core, GC-motif, GARE-motif, P-box, TCA element, TGA-
element, TATC-box, and TGACG-motif. Growth and development-responsive cis-
elements: MSA-like, CCGTC-box, HD-Zip 1, AP-1, RY-element, CAT-box, CGN4-

motif, O2-site, and Circadian.

WRKY 4
WRKY 23
WRKY 24

WRKY 25
WRKY 28
WRKY 45
WRKY 65
WRKY 89
WRKY 145

Fig. 4.29: Promoter analysis of MaWRKY transcription factors. Frequency of cis
regulatory elements related to biotic stress, phytohormone, abiotic stress and growth and
development, the orange represents the lowest frequency, and the blue represents the

highest frequency.
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4.10 Differential Expression of MaWRKYs in Roots of Banana Plants

The expression of nine selected stress responsive MaWRKY genes was analyzed
in the roots of banana plants under different conditions. The results showed that
inoculation with the consortium, both under non-stressed conditions and in combination
with stress treatments, led to increased expression levels of all nine MaWRKY genes (Fig.
4. 30-31). Under non-stressed conditions, plants inoculated with the consortium showed
induced expression of MaWRKY25, MaWRKY45, MaWRKYI145 MaWRKY24,
MaWRKY28, MaWRKYS89, and MaWRKY65 at 2, 4, and 6 weeks. However, MaWRKY4
and MaWRKY23 did not show significant induction. Under salinity stress conditions, the
highest levels of expression were observed in consortium-inoculated plants for
MaWRKY89 at 4 weeks, MaWRKY23 at 4 weeks, and MaWRKY145 at 2 weeks. Similarly,
under Foc-TR4 stress conditions, consortium-pretreated plants showed the highest levels

of expression for MaWRKY4, MaWRKY45, and MaWRKY65 at 6 weeks.
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Fig. 4.30: Heat map analysis of MaWRKY gene expression in banana plants. (A) Heat map showing MaWRKY expression profile in roots of banana
plants under salt stress at 2 weeks. (B) Heat map showing MaWRKY expression profile in roots of banana plants under salt stress at 4 weeks. (C) Heat
map showing MaWRKY expression profile in roots of banana plants under Foc-TR4 stress at 4 weeks. (D) Heat map showing MaWRKY expression
profile in roots of banana plants under Foc-TR4 stress at 6 weeks. The degree of expression is shown by the color bar to the right of the graph which
ranges from red to blue suggesting the amount of expression is growing. Salt treatment was for 2 weeks and 4 weeks in soil with PGPB in 100 mM sea
salt. Fusarium treatments were for 4 and 6 weeks in soil with PGPB with Foc-TR4. The non-inoculated, non-treated banana roots (without PGPB, without
Foc-TR4 and not treated with salt) were used as calibrator (value set as 1.0) for all comparisons. The relative expression of MaWRKY TFs was determined
using 24T method. Error bars indicate the standard error. The values are mean + SD (n = 3). Different letters represent significant differences at (p <
0.05) using ANOVA and Tukey post-hoc tests.
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Fig. 4.31: Relative Expression Levels of MaWRKY in plants. Relative expression of (A, B)
WRKY4, (C, D) WRKY23, (E, F) WRKY24, (G, H) WRKY25, (I, J) MaWRKY28, (K, L)
MaWRKY45, (M, N) MaWRKY65, (O, P) MaWRKYS89 and (Q, R) MaWRKYI145 in roots of
banana plants. Salt treatment was for 2 weeks and 4 weeks in soil with PGPB in 100 mM sea salt.
Fusarium treatments were for 4 and 6 weeks in soil with PGPB and with Foc-TR4. The non-
inoculated, non-treated banana roots (without PGPB, without Foc-TR4 and not treated with salt)
were used as calibrator (Value set as 1.0) for all comparisons. The relative expression of
MaWRKY TFs was determined using 24T method. The standard errors are denoted by the error
bars. The values are mean = SD (n = 3). Using ANOVA and Tukey post-hoc tests, Different

letters represent a significant difference at (p < 0.05).
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CHAPTER S5: Discussion

Mangrove forests are predominantly situated in the intertidal zone or estuarine margins
of wetlands, where they are regularly subjected to tidal flooding due to their proximity to the
coast. These environments offer distinct ecological settings characterized by elevated salinity
levels and nutrient accumulation from sediment deposition. As a result, they provide a conducive
habitat for the growth and survival of halotolerant bacteria. Mangrove plants themselves have
adapted to these conditions, possessing strong root systems capable of withstanding salt, as well
as waxy and succulent leaves that aid in water storage and minimize evaporation (Sasmito et al.,
2020). Furthermore, the microbiota in the rhizosphere and endosphere of mangrove plants play
a crucial role in their ability to thrive in this challenging ecosystem.

The first aim of this thesis research was to isolate halotolerant bacteria from mangrove
plant rhizosphere and sample collection at Carey Island, Selangor, Malaysia, led to the isolation
of 406 rhizobacteria and 29 endophytic bacteria from the rhizosphere and roots of Carey Island
three mangrove species: Rhizophora apiculata (red mangrove), Avicennia alba (black mangrove)
and Sonneratia alba (white mangrove) (Fig. 3.1, Appendix B). The high number of bacteria
isolated could be attributed to the anoxic and oxic processes present in Carey Island (Bakrin
Sofawi et al., 2017) which support the growth of numerous bacteria. Furthermore, the proximity
of plantations to the collection site may have contributed to the higher microbial density observed
in this study. Previous research by Long et al. (2016) indicated that plantations alter the
microbiota of mangrove habitats and increase microbial density through the release of organic
compounds via root exudation and oxygen leakage.

The other aims of this study were to identify and characterize halotolerant bacteria for
their plant growth promoting activities and the effects of the PGPB on physiological,
biochemical, and molecular changes in banana. The PGPB isolates were identified Bacillus sp.

and Pseudomonas sp. The two strains selected for use as a consortium, demonstrated the ability
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to protect banana plants against salinity stress and Foc-TR4 infection, indicating their potential

as a biocontrol agent.

5.1 The Mangrove Forest in Carey Island Hosts Halotolerant Bacteria

A significant number of the halotolerant bacteria, specifically 16 out of 29 endophytic
bacteria and 88 out of 213 rhizobacteria, were found to tolerate aquarium sea salt concentration
of 400 mM. These isolates were predominantly obtained from the roots and soil surrounding S.
alba, a white mangrove species. It is worth noting that S. alba is situated on higher ground than
red or black mangroves but still experiences regular inundation by seawater. Analysis of the
rhizosphere soil across the three mangrove sites revealed that the zone occupied by white
mangroves exhibited the highest levels of nitrogen (0.45%) and organic carbon (49.55%), in
comparison to the black and red mangroves, in addition to the highest number of bacterial
isolates. Conversely, only six out of the 213 rhizobacteria were found in the rhizosphere of black
mangrove (4. alba), and ten were isolated from red mangrove (R. apiculata). Furthermore, only
three endophytic bacteria and one endophytic bacterium were isolated from the roots of 4. alba
and R. apiculata respectively. The lower number of bacteria in these sites might be attributed to
the continuous flooding experienced by black and red mangroves at the shoreline. The sediment
deposits, including nutrients such as organic carbon, constantly fluctuate due to tidal ebb and
flow, thereby impacting the overall microbial population. These results highlight the significance
of nitrogen and organic carbon as energy sources and macronutrients for microbial growth and
biomass in the mangrove ecosystem.

Out of the 213 rhizobacterial isolates and 29 endophytic bacterial isolates, a total of 88
rhizobacteria and 16 endophytic bacteria exhibited growth in an aquarium sea salt solution with
a high concentration of 400 mM NaCl. This salinity level surpasses those reported in previous
studies on PGPB, which identified three isolates capable of growing in up to 75 mM NaCl (Sapre

et al., 2022) and a Streptomyces spp. that tolerated up to 300 mM NaCl (Nozari et al., 2021). The
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bacterial isolates were further identified through 16S rRNA gene sequencing and subsequent
phylogenetic analysis. Based on these analyses, the isolates were classified within the genera
Bacillus and Pseudomonas (Fig. 4.4 - 4.6, Appendix F-G). Among these two genera, Bacillus
was the most abundant, which can be attributed to its ability to form endospores (Liu et al., 2022),
which enables adaptation to harsh environments like mangroves. On the other hand, the presence
of Pseudomonas can be attributed to its role in maintaining ecological balance within the
mangrove ecosystem through the degradation of complex molecules (Biswas et al., 2020). It
should be noted that the immense diversity within these two genera makes it challenging to
accurately identify novel isolates at the species level without aid of several genes or whole
genome sequencing (Dunlap, 2019). However, it is well-known that representatives of Bacillus
and Pseudomonas species are commonly found in plant rhizospheres, and many of them possess
the ability to promote plant growth and withstand high salinities. Recent examples include P.
protegens, which solubilizes zinc and enhances dehydrogenase and phosphatase activities in
rhizospheric soil, thus conferring salt tolerance to wheat plants growing in up to 150 mM NaCl
(Singh et al., 2022), and B. subtilis, which improves soybean growth at 150 mM NaCl by
modulating glyoxalase and antioxidant defense systems, maintaining ion homeostasis, and
facilitating osmotic adjustment (Hasanuzzaman et al., 2022). These studies highlight the potential
of the isolated bacterial species to enhance plant tolerance to high salinity and promote growth
even under challenging conditions.

Among the endophytic and rhizobacterial isolates that displayed salt tolerance (400 mM)
as well as nitrogen fixation and phosphate solubilization abilities, three endophytic bacteria
(EB1-EB3) and five rhizobacteria (RB1-RB5) were selected for additional phylogenetic analysis
to determine their closest relatives among the type members of their respective genera.
Interestingly, the 16S rRNA gene sequences of strain RB2 and EB2 were found to be identical,
sharing 99.93% similarity with the rhizobacterium Bacillus siamensis KCTC13613 (Table 4.2).

This finding is intriguing, as RB2 was isolated from rhizosphere soil and EB2 from root tissues.
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The possibility of shared sequences between endophytic and rhizobacterial isolates may be
attributed to their biphasic life cycles, alternating between soil and plant habitats as reviewed by
Afzal et al. (2019). Moreover, several bacterial genera, including Pseudomonas and Bacillus, are
known to exhibit biphasic life cycles, alternating between the endosphere and rhizosphere
(Miliute et al., 2015), potentially explaining the observed sequence similarity between strain RB2
and strain EB2 in this study. Endophytic bacteria are known to release cellulases and pectinases
(cell wall-destroying enzyme) in the rhizosphere, facilitating their entry into host tissues while
maintaining low cell densities (2-6 CFU/GFW) to avoid being detected by the plant defense
system (Compant et al., 2005; Rosenblueth & Martinez-Romero, 2006). Further research such as
proteomic analysis, may explore the biphasic life cycle of these isolates, shedding light on their

unique ecological adaptations within the mangrove ecosystem.

5.2 Successful Colonization of Banana Plantlets by Halotolerant Bacillus and Pseudomonas
Isolates

In this study, a root colonization study was conducted using field emission scanning
electron microscopy (FESEM). The results provided a three-dimensional view of banana roots,
revealing the establishment and colonization of the isolates on the roots of banana Berangan
plants grown in a saline environment (MS media, pH-6.4, ECe-13.23 dS/m). Notably, the
bacterial isolates were found to alleviate the symptoms of salinity stress in comparison to
uninoculated plants, suggesting their potential for enhancing salt tolerance in important crops
like bananas. Among the bacterial isolates, all the Bacillus strains displayed a biofilm-like
structure and an aggregation matrix-like colonization pattern on the banana roots (Fig. 4.8). The
degree of biofilm-like structures may be related to the amount of root exudates produced by
specific zones (root hair, elongation, and tip) of the host plants, which are utilized by bacterial
isolates as a carbon source (Posada et al., 2018). In contrast, the colonization pattern exhibited

by Pseudomonas isolates appeared sparser, which may be attributed to their endophytic nature.
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Pseudomonas isolates need to first gain entry into the root tissue before proliferating (Gamez et
al., 2019). These findings highlight the diverse strategies employed by different bacterial isolates
to colonize and interact with the banana root system. Genetic engineering approaches for
enhancing salt tolerance in bananas have been explored, but such methods are time-consuming,
expensive, and require significant efforts for selection and clonal multiplication of improved lines
(Shekhawat et al., 2011; Tak et al., 2017). On the other hand, the utilization of halotolerant PGPB
has shown promise in mitigating salinity stress in important plants such as maize (Nozari et al.,
2021) and wheat (Hajiabadi et al., 2021). Despite bananas being a globally significant fruit crop
and highly susceptible to salinity, limited research has been conducted on utilizing halotolerant
bacteria to mitigate stress in these crops. The successful protection of bananas under high saline
conditions by PGPB in this study highlights their potential for reclaiming saline soil and

enhancing agricultural productivity.

5.3 Halotolerant Bacillus and Pseudomonas Isolates from Mangrove Forest are Identified
as Plant Growth Promoting Bacterial Agents

In the preliminary evaluation of the eight selected strains (RB1-RB5 and EB1-EB3), their
plant growth promoting activities were assessed to determine their suitability for subsequent root
colonization and plant health studies. Considering the nutrient-limited conditions of the
mangrove habitat, it was expected that the isolates would possess activities that facilitate the
absorption of essential micro- and macronutrients such as nitrogen, phosphorus, and iron.
Nitrogen is critical element for plant growth, as it is a key component of amino acids, nucleic
acids, and chlorophyll. Previous studies have highlighted the capability of Bacillus and
Pseudomonas isolates to enhance nitrogen content in non-leguminous plants (Fox et al., 2016;
Thatoi et al., 2020). These bacterial species produce hydrolytic enzymes that aid in the

breakdown of plant cell walls, facilitating root colonization. For instance, Bacillus sp. Sb42 has
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exhibited enhanced nitrogen assimilation in rice (Mutalib et al., 2012), while Pseudomonas
putida BP25 has shown improved nitrogen uptake in black pepper (Sheoran et al., 2015),
resulting in improved plant growth and biomass. Therefore, the halotolerant Bacillus and
Pseudomonas strains obtained from the mangrove habitat hold great potential for promoting
growth in salinity-stressed crops, including bananas. Their ability to facilitate nutrient acquisition
and enhance plant growth makes them promising candidates for agricultural applications in
challenging environments.

In addition to their nitrogen-fixing abilities, the selected halotolerant PGPB isolates also
demonstrated a varying degrees of phosphate solubilizing activity. This trait can be highly
advantageous for plant growth, especially under stressful conditions. Phosphate can often react
and become insoluble inside plant tissues, limiting its accessibility to plants (Varga et al., 2020).
However, certain bacteria can solubilize phosphate, making it available for plant uptake. Of
particular interest, was the endophytic isolate EB1, which exhibited the highest phosphate
solubilization activity (Fig. 4.1). This observation aligns with previous studies reporting similar
phosphate solubilization activity in endophytic bacteria (Varga et al., 2020). The high activity in
strain EB1 may be attributed to its interaction with the plant host, where the bacteria utilize
specific mechanisms to solubilize phosphate and provide it to the plant. Additionally, the biphasic
behavior of endophytic bacteria, alternating between the rhizosphere and endosphere of the plant,
could contribute to this activity, allowing them to adapt to specific environments and nutrient
availability. The observed phosphate solubilization activity in the selected halotolerant PGPB
isolates, particularly in the endophytic isolate EB1, highlights their potential to enhance nutrient
availability and promote plant growth in challenging environments. These findings contribute to
our understanding of the beneficial interactions between bacteria and plants, providing insights
into their roles in nutrient cycling and stress tolerance.

Siderophores, low molecular weight iron chelators produced by many bacteria, play a

dual role in facilitating bacterial iron uptake and inducing iron starvation in the rhizosphere to
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impede the growth of phytopathogens (Egamberdieva et al., 2023). In this study, the selected
mangrove rhizobacterial isolates exhibited significant siderophore production, ranging from 40%
to 50%. The siderophore production levels of the selected endophytic bacterial isolates, however,
were less than 10%. These findings highlight the potential of rhizobacteria from mangrove
ecosystems as valuable PGPB due to their strong siderophore-producing capabilities. Previous
research on maize subjected to salinity stress have highlighted the beneficial effects of salt-
tolerant isolates, such as Arthrobacter pascens and Bacillus sp. derived from the halophyte plant
Salt-bush (Atriplex leucoclada). These isolates not only produce siderophores but also exhibit
phosphate solubilization activities, contributing to plant protection (Ullah & Bano, 2015).
Similarly, successful inoculation of soybean with halotolerant isolates of Pseudomonas
pseudoalcaligenes and Bacillus subtilis and obtained from saline soil, resulted in improved salt
tolerance through their siderophore production ability (Yasmin et al., 2020) Collectively, these
studies underscore the importance of siderophore-producing PGPB in enhancing plant stress
tolerance and highlight their potential as valuable resources for sustainable agriculture.

The production of IAA and the enzyme ACC deaminase can contribute to enhanced stress
tolerance in plants. In this study, all eight selected mangrove PGPB strains exhibited increased
IAA production over a 48-h period. IAA not only functions as a phytohormone but also plays a
crucial role in biofilm formation, which facilitates the colonization of bacterial strains on plant
roots (Ansari & Ahmad, 2019). Furthermore, the PGPB strains exhibited ACC deaminase
activity, an enzyme involved in mitigating salinity stress in plants by decreasing the level of
“stress ethylene” which is inhibitory to plant growth. ACC deaminase enzymatically converts the
ethylene precursor ACC into ammonia and a-ketobutyrate, which bacteria can use as a source of
nutrients (Singh et al., 2015). Although the endophytic isolates had lower levels of ACC
deaminase activity than the majority of the rhizobacterial isolates (which produced up to 3902
nmol a-ketobutyrate protein!), these levels were still within the range of 800-1500 nmol a-

ketobutyrate protein ! reported in comparable studies (Gupta & Pandey, 2019). The production
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of IAA and ACC deaminase activity exhibited by selected mangrove PGPB strains supports their
potential as effective plant growth promoters in banana cultivation. These strains possess
valuable traits that can enhance root development, nutrient uptake, and salinity tolerance in
plants. Harnessing the beneficial effects of these PGPB strains offers promising prospects for

sustainable agriculture and the cultivation of salinity-stressed crops like bananas.

5.4 Halotolerant PGPB Strains Enhanced Banana Growth under Salinity and Foc-TR4
Stresses

Salinity and Foc-TR4 stresses have detrimental effects on banana growth and
productivity, particularly in tropical and subtropical regions where bananas are a crucial crop for
food security and economic development (Ismaila et al., 2022; Wei et al., 2022). To mitigate
these negative impacts, the application of halotolerant PGPB offers an environmentally friendly
approach that complements the use of synthetic agrochemicals (Vocciante et al., 2022). In this
study, six selected PGPB strains (Pseudomonas spp. EB1, EB3, and Bacillus spp. EB2, RB1,
RB3, RB4) were investigated for their protective effects against salinity stress in banana plants
under hydroponic conditions. The choice of a 90 mM aquarium sea salt concentration for
inducing salinity stress was based on previous research that demonstrated adverse effects on
banana plantlets under similar conditions (Patel et al., 2019). The results of the hydroponic study
demonstrated that the inoculation of banana plants with each PGPB strain led to improved growth
even under saline conditions. Notably, the treated plants exhibited higher plant height and root
length compared to non-inoculated plants, indicating the potential of these PGPB strains to
mitigate the negative effects of salinity stress on banana growth. Moving to the greenhouse study,
the pre-treatment of banana plants with a consortium of Bacillus sp. RB3 and Pseudomonas sp.
EB3 through the application of a liquid inoculum to the soil surrounding young plantlets was
examined. Under salinity stress and Foc-TR4 inoculation, the treated banana plants displayed

significant improvements in various growth parameters. These improvements included enhanced
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plant height, root length, and root biomass compared to the control group, suggesting that the
RB3-EB3 consortium effectively alleviated the negative impacts of both salinity stress and Foc-
TR4 infection. The findings of this study underscore the potential of halotolerant PGPB as a
promising tool to enhance banana growth and productivity under challenging environmental
conditions. The ability of these PGPB strains to protect banana plants from the negative impacts
of salinity stress and Foc-TR4 infection, as demonstrated in both hydroponic and greenhouse

studies, highlights the practical applicability of this eco-friendly approach in banana cultivation.

5.5 Halotolerant PGPB Strains Enhanced Bananas Health under Salinity and Foc-TR4
Stresses

The assessment of various plant health parameters in both the hydroponic and greenhouse
studies revealed a consistent pattern that supported the beneficial effects of the plant growth-
promoting behaviors displayed by the halotolerant PGPB strains. Notably, the presence of PGPB
strains promoted higher levels of carotenoids, chlorophylls, and relative water content in the
plants, indicating an improvement in photosynthetic efficiency and plant hydration status.
However, under salinity and Foc-TR4 stresses, the levels of these pigments were lower compared
to non-stressed, non-inoculated plants. The reduction in pigment levels under salinity stress can
be attributed to lower nutrient intake and higher sodium accumulation, which lead to chlorophyll
degradation and the inhibition of chlorophyllase enzyme function (J. Li et al., 2015). Similarly,
the reduction in pigment levels under Foc-TR4 stress is a result of the damage inflicted by the
pathogen on the plant's photosystems as the infection spreads (Bauriegel et al., 2011; Santini et
al., 2008). The observed alleviation of stress effects in plants inoculated with PGPB strains aligns
with previous studies and can be attributed to various mechanisms exhibited by these strains,
such as phosphate solubilization, ACC deaminase activity, and production of siderophores and
IAA. These mechanisms have been reported to enhance plant tolerance to salinity stress and

pathogen infection. For instance, studies have shown that PGPB inoculation with Kocuria
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rhizophila, Bacillus velezensis, and Kosakonia radicincitans increased salt stress tolerance in
black gram plants (John et al., 2023), and inoculation with Pantoea agglomerans R1 and
Pseudomonas fragi R4 improved salinity tolerance in French bean plants (Gupta et al., 2023).
Moreover, examples of studies have demonstrated the potential of PGPB strains to confer
pathogen resistance, such as the inoculation of B. subtilis against fungus Clarireedia jacksonii in
turfgrass plants (Kaur et al., 2023), and the inoculation of P. putida against fungus
Macrophomina phaseolina in mung bean plants (Khan et al., 2023). These findings highlight the
potential application of these PGPB strains as bioinoculants to enhance the productivity and

resilience of banana crops in salinity-prone areas and in the presence of fungal infection.

5.6 PGPB-Mediated Ion Homeostasis Enhanced Salt Tolerance in Banana

Salt stress poses significant challenges to plant growth and development due to the
disruption of ion homeostasis. The regulation of ion fluxes, particularly the maintenance of a
high K" to Na* ratio, is crucial for plants to tolerate salinity stress (Fahad et al., 2015). Excessive
accumulation of Na* and CI" ions can disrupt essential metabolic processes and hinder nutrient
uptake, leading to nutrient deficiencies and metabolic toxicity in plants (Rubio et al., 2020). In
the hydroponic study, the application of halotolerant PGPB strains to banana plants under normal
and saline conditions showed reduced Na* levels and increased K* content (Fig. 4.16). Building
upon these findings, the greenhouse investigation examined the synergistic effects of RB3 and
EB3 when applied as a consortium. Remarkably, the consortium treatment significantly enhanced
the content of essential cations, such as K, Mg®, and Ca?*, while concurrently reducing the
content of Na* and CI" in both non-stressed and salt-stressed banana plants (Fig. 4.17). This shift
in ion accumulation towards favorable cations and away from detrimental Na* and Cl" ions is a
crucial attribute in conferring salt tolerance to plants. Similar observations have been reported in
other plant species and bacterial consortia. For example, a consortium of Bacillus aryabhattai

and Arthrobacter woluwensis was found to enhance K" accumulation while reducing Na*
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accumulation in salt-stressed soybean plants (Khan et al., 2021). Likewise, PGPB consortia
consisting of Pseudarthrobacter oxydans and Bacillus zhangzhouensis have shown improved
plant growth, increased uptake of K*, Mg*, and Ca**, and decreased Na" uptake in Swiss chard
(Redondo-Gomez et al., 2021) and tomato plants (Kapadia et al., 2021) under salt stress
conditions. The reduced uptake of detrimental ions and the enhanced uptake of beneficial ions
contribute to the mitigation of ionic stress and support plant protection in saline soils. The ability
of the PGPB strains to modulate ion content in banana plants highlights its potential as an

effective strategy for improving salt tolerance.

5.7 PGPB Inoculation Enhances Banana Resilience against Salinity and Foc-TR4 Stresses
Both the salinity stress and pathogen infections are known to induce the production of
ROS, leading to cellular damage and lipid peroxidation (Khaledi et al., 2016; Noctor & Foyer,
1998). Banana plants, like many other crop plants respond to salinity and Foc-TR4 stress
conditions by exhibiting elevated levels of H>O» and increased activity of antioxidant enzymes
(Fung et al., 2019; Mazumdar et al., 2019). In this study, all six tested PGPB-inoculated strains
demonstrated a reduction in MDA levels, a marker of lipid peroxidation and H>O: levels
compared to non-inoculated plants, both under normal and saline conditions (Fig. 4.14B). This
trend continued in the greenhouse study, where the EB3+RB3 consortium reduce the MDA levels
under both salt and Foc-TR4 stresses (Fig. 4.15). The decrease in MDA levels suggests that the
PGPB treatment contributes to the maintenance of membrane integrity and reduces oxidative
stress. The presence of the PGPB strains in banana plants subjected to salt stress and Foc-TR4
conditions resulted in significant enhancements in various biochemical parameters associated
with plant defense mechanisms. Specifically, the levels of the non-enzymatic antioxidant proline,
as well as the activities of antioxidant enzymes (SOD, CAT, GR, APX, and POD), were elevated
in the PGPB-inoculated plants in both hydroponic and greenhouse studies. These findings
suggest that the PGPB treatment enhances the antioxidant capacity of the plants, enabling a more

effective defense response against the accumulation of ROS. Such enhanced antioxidant capacity
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is crucial for maintaining cellular redox homeostasis and protecting plant cells from oxidative
damage. Additionally, the PGPB-inoculated plants showed lower electrolyte leakage, a marker
of membrane damage (Sairam et al., 2005), suggesting improved membrane stability and reduced
cellular stress due to the presence of PGPB strains. In the greenhouse study, the EB3+RB3
treatment led to enhanced lignin content in banana plants. Lignin is known to strengthen cell
walls and provides increased protection against pathogenic attacks (Samain et al., 2022). The
reinforcement of cell walls through lignification is an essential defense mechanism in plants, and
the enhanced lignin content observed in the consortium-inoculated plants signifies the priming
effect induced by the PGPB treatment. Importantly, the positive effects of the strains EB3 and
RB3, observed individually in hydroponic studies on salt-stressed banana plants, were further
validated in the current study when the strains were applied as a consortium.

The selection of Bacillus sp. RB3 and Pseudomonas sp. EB3 for the greenhouse study
was based on their demonstrated effectiveness in protecting banana plants against salinity stress
in the hydroponic study. Furthermore, both strains exhibited antifungal activity against Foc-TR4
in a dual culture assay (Fig. 4.21). In the controlled greenhouse experiment, the consortium of
RB3 and EB3 strains showed a plant-protective effect against Foc-TR4 when applied to banana
plants, which was reflected in the lower disease severity index values. Previous studies have
highlighted the antagonistic activities of various Bacillus sp. and Pseudomonas sp. against
against phytopathogenic fungi, including Gaeumannomyces graminis and Rhizoctonia cerealis
(Castro Tapia et al., 2020), Alternaria sp. (Miiller et al., 2018), as well as Fusarium sp. (Khan et
al., 2018). In the context of the RB3 and EB3 consortium, the levels of chitinase and -1,3-
glucanase and were significantly higher in pre-treated banana plants with the consortium and
subsequent inoculation with Foc-TR4 (Fig. 4.28 and Table 4.3). This increase in enzyme activity
coincided with a reduction in the symptoms of fungal infection in the banana plants pre-treated
with consortium. Furthermore, elevated levels of PAL known for inducing the synthesis of

salicylic acid to elevate systemic resistance in banana plants in response to infection (Kim &
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Hwang, 2014); PPO, facilitating oxidation of phenols into quinone toxic compounds that could
restrict the pathogen at infected sites (Abo-Elyousr et al., 2022); and LOX, a component of the
pathogen-induced response limiting the pathogen spread in plant tissues (Kolomiets et al., 2000),
collectively underscore overall reinforced protection against Foc-TR4 infection in banana plants
inoculated with the consortium. The findings of this study highlight the potential of the RB3 and
EB3 consortium as a bioprotective agent for banana plants under salinity stress and Foc-TR4
infection. The consortium treatment effectively enhanced antioxidant capacity, reduced oxidative
damage, improved membrane integrity, strengthened cell walls, and induced defense-related
enzyme activity. These beneficial effects contribute to the overall resilience and protection of

banana plants.

5.7 Priming Banana Through Consortium Inoculation Provides Enhanced Resistance
against Salinity and Foc-TR4 stresses.

The general mechanisms underlying the plant health enhancement by PGPB involve the
ability of consortia, such as the EB3 and RB3, to prime plants for increased resilience against
subsequent stresses, even when the stresses differ in nature, such as Foc-TR4 infection and
salinity stress. While specific investigations addressing the comprehensive stress protection
provided by a PGPB consortium in banana are lacking, analogous instances are documented for
other crops. For instance, Essalimi et al. (2022) demonstrated the bioprotective effects of a
consortium comprising Bacillus toyonensis Pt8 and Pseudomonas stutzeri Pr7 in tomatoes,
conferring resilience against infection by pathogenic fungi Fusarium oxysporum f.sp. melonis
and Verticillium dalhiae and salt stress. Another study by Samain et al. (2022) reported that a
PGPB microbial consortium, consisting of Arthrobacter sp. strain AA and Paenibacillus sp.
strain B2 enhanced the protection of wheat plants against fungus Zymoseptoria tritici infection
and drought. Although the specific mechanisms for stress protection were not studied in detail,

these authors suggested that the enhanced protection against multiple stresses is likely attributed
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to the positive effects of PGPB on improving plant traits, such as root and shoot growth, increased
photosynthetic pigments, elevated proline content, and induction of antioxidant and defense-
related enzymes (Essalimi et al., 2022).

In a consortium, individual bacterial species may excel in specific growth-promoting
activities, such as nitrogen fixation or phosphate solubilization. The additive effects of these
activities can lead to improved stress protection compared to monocultures (Tsoi et al., 2019).
Furthermore, it is worth noting that EB3 strain is an endophytic bacterium. While both RB3 and
EB3 strains produced similar levels of IAA, RB3 exhibited higher ACC deaminase activity (Fig.
4.5). These differences, along with the distinct adaptability of the strains, may enhance their
capacity to prime banana plants against Foc-TR4 infection and salinity stress when applied as a
consortium. Further research is needed to elucidate the precise mechanisms underlying the stress
protection provided by the strains RB3 and EB3 consortium in banana plants. Understanding the
mechanisms of stress priming by PGPB consortia in banana plants can contribute to the
development of sustainable and eco-friendly strategies for improving banana productivity and
resilience in the face of salinity stress and Foc-TR4 infection. By harnessing the beneficial
interactions between beneficial bacteria and plants, it is possible to enhance crop protection and
mitigate the negative impacts of various stresses, ultimately contributing to food security and

sustainable agricultural practices.

5.8 PGPB Consortium Increases MaWRKY Gene Expression in Banana Root under
Salinity and Foc-TR4 Stresses

The phenotypic and physiological changes observed in plants undergoing stress are often
regulated by the activation of stress-responsive genes and the involvement of transcription factors
(TFs), including those from the WRKY family (Diao et al., 2021). In this study, nine WRKY
genes were chosen for gene expression analysis under stress conditions, based on their known
association with Foc-TR4 infection in bananas. Specifically MaWRKY145, MaWRKY45,

MaWRKY24, MaWRKYS89, and MaWRKY65 reported to be highly expressed in banana roots at
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3,27, 51 hours post-infection (Goel et al., 2016); and MaWRKY28, MaWRKY23, MaWRKY4, and
MaWRKY25 found to be expressed in the corm at 1, 7 and 14 days post-infection (Zhang et al.,
2019). The current study confirmed the elevated expression of these nine WRKY genes in banana
plants following Foc-TR4 inoculation and under salt stress conditions (Fig. 4.30-31).
Interestingly, most of these genes showed higher expression levels even in the absence of stresses
when plants were inoculated with the consortium strains. However, it is noteworthy that
MaWRKY4 and MaWRKY23 exhibited relatively lower expression in plants without consortium
inoculation. While these two genes were not activated in the presence of consortium, along with
the other seven MaWRKY genes studied, they demonstrated higher expression in plants primed
with PGPB when subjected to stress compared to plants exposed to stress alone. These
observations suggest that all nine genes may play a role in protecting plants from stress, with
seven of them involved in priming, while the effects of MaWRKY23 and MaWRKY4 are evident
only in conjunction with stress. Similar findings were reported in a study by Samain et al. (2022),
where induced overexpression of WRKY TFs was observed during consortium priming of wheat
plants against biotic and abiotic stresses. Among the cis elements identified in the MaWRKY gene
promoters, MYC cis-elements were previously identified by in-silico analysis of induced
systemic resistance as important regulators of priming (Pieterse et al., 2014). Eight of the nine
stress-responsive MaWRKYs in this study (except for MaWRKY145) contain MYC cis-responsive
elements, suggesting their potential association with stress priming in banana. As gene expression
changes were measured relative to the non-inoculated plants, and data were available for both
stresses at the 4-week time point, it was observed that expression under Foc-TR4 stress was
higher compared to expression under salt stress for six of the assayed WRKY genes, but not for
MaWRKY24, MaWRKY65 and MaWRKYS89. Based on this, it is likely that MaWRKY89,
MaWRKY65 and MaWRKY24. Based on this, it is likely that MaWRKY89, MaWRKY65 and

MaWRKY24 are more closely associated with salt stress responses, while MaWRKY2S5,
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MaWRKY4, MaWRKY65, MaWRKY45, MaWRKY23, and MaWRKYI145 are more strongly
associated with the biotic stress caused by Foc-TR4.

Among the analyzed MaWRKY genes, MaWRKY4 showed the highest elevation upon
inoculation with the consortium under Foc-TR4 stress conditions at both the 4™ and 6 weeks.
This finding aligns with the role of its Arabidopsis ortholog, which acts as a crucial MAMP-
triggered immunity (MTI) regulator (Birkenbihl et al., 2018). This suggests the potential
involvement of MaWRKY4 as a mediator in biotic stress responses, evident in its greater increase
in expression in banana under Foc-TR4 stress compared to the increase observed under salinity
stress. The promoter region of MaWRKY4 contains cis-regulatory elements including MYB, As-
1, and W-box, suggesting that several interacting proteins linked to biotic stress are responsible
for regulating this transcription factor. These elements are conserved across plant species and are
also found in the promoters of PR genes in other plants, including rice and Arabidopsis (Kaur et
al., 2017). The heightened expression of MaWRKY4 that results from the consortium inoculation
provides insights into how EB3+RB3 primes banana plants against Foc-TR4 stress. In addition
to MaWRKY4, the two genes with the highest expression levels among the nine examined genes
in consortium-primed and Foc-TR4-challenged banana plants were MaWRKY45 and
MaWRKY65 at the six-week mark. WRKYS51, the rice ortholog of MaWRKY45 is known to
positively regulate resistance against the bacterial pathogen Xanthomonas oryzae pv. oryzae
(Hwang et al., 2016). Interestingly, the promoter regions of MaWRKY45 and its rice ortholog
share common cis-elements such as TC-rich repeats, MYB, As-1, and W-box, which are
responsive to the presence of bacteria. While rice responds to pathogen infection, the presence
of these elements in MaWRKY45 suggests their involvement in biotic stress priming mediated by
the EB3+RB3 consortium in banana, shedding light on potential interacting proteins that activate
the banana biotic stress response. MaWRKY65, an ortholog of WRKY42 in Arabidopsis, plays a
crucial role in regulating phosphate homeostasis and plant growth by facilitating phosphate

acquisition and translocation (Su et al., 2015). Promoter analysis of MaWRKY65 and its ortholog
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revealed the presence of biotic stress-responsive cis-elements, including TGACG, As-1, MYB,
and ABRE, indicating potential interacting factors and shared pathways between these plants.
Considering the proficiency of EB3+RB3 strains in phosphate solubilization (Fig. 4.1), their
inclusion in the consortium may promote increased expression of MaWRKY65, which would
improve phosphate acquisition and translocation in banana plants and increase their resistance to
Foc-TR4 stress.

Under salt stress conditions, EB3+RB3 consortium inoculation resulted in the highest
elevation of three transcription factors (TFs): MaWRKY89 at 4 weeks, MaWRKYI145 and
MaWRKY23 at both 2 weeks and 4 weeks. This indicates temporal differences in the plant's
response to stress. The MaWRKY23 ortholog in Arabidopsis acts as a positive regulator of auxin
signaling, fostering the growth of roots and shoots as well as flavonol biosynthesis (Grunewald
et al., 2012). The presence of cis-element auxin-responsive (AuxRR-core) in the promoter of
MaWRKY23 and its Arabidopsis ortholog suggests its involvement in auxin production.
Assuming that the MaWRKY23 plays a role analogous its ortholog, this is consistent with both
the EB3 and RB3 producing IAA (Fig. 4.5). The elevated expression of MaWRKY23 in
consortium-primed plants aligns with the enhanced root growth and plant height observed under
salinity stress conditions. These findings indicate a potential role for MaWRKY23 in mediating
auxin-related responses in consortium-primed banana plants. The MaWRKYS89 ortholog in
Arabidopsis functions as an abiotic stress regulator (Van Aken et al., 2013). Notably, abiotic
stress-responsive cis-elements including ERE and W-box are present in both the Arabidopsis and
MaWRKYS89 promoter regions. MaWRKY89's substantial increase in expression, induced by the
EB3+RB3 consortium, indicates that it plays a role in priming banana plants for salt tolerance.
The presence of common cis elements in the promoters of MaWRKYS89 and its Arabidopsis
ortholog provides avenues for future investigations into the underlying mechanisms.
MaWRKY145, another highly expressed TF upon consortium inoculation under salinity stress, is

implicated in the regulation of H>O; levels in its Arabidopsis ortholog by stimulating high
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catalase activity during leaf senescence (Guo et al., 2017). The promoter regions of MaWRKY145
and its Arabidopsis counterpart share cis-elements such as CAT-box and MYB. The substantial
upregulation of MaWRKY145 expression suggests its potential role in consortium-mediated salt
tolerance priming in banana plants. The presence of shared cis elements in the promoters of
MaWRKYI145 and its Arabidopsis ortholog highlights potential mechanisms worth exploring in

future studies.
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CHAPTER 6: CONCLUSIONS

The primary aims of this study were to isolate halotolerant bacteria from mangrove plant
rhizosphere and to identify, characterize and select halotolerant strains of bacteria for use as plant
growth promoting agents. The results highlight the presence of halotolerant rhizobacteria and
endophytic bacteria that can survive in high sea salt concentrations. These bacteria, including
Bacillus sp. rhizobacterial isolates and Pseudomonas sp. endophytic bacteria, possess multiple
beneficial plant growth-promoting traits. The study’s additional goal was to investigate the
potential of selected halotolerant PGPB to enhance stress tolerance in banana plants under salinity
and Foc-TR4 infection. The selected strains successfully colonized banana roots and promoted
enhanced growth, increased photosynthetic pigments, and elevated antioxidant enzyme activities
under hydroponic conditions. A consortium of the strains of the halotolerant PGPB strains;
Pseudomonas sp., (EB3) and Bacillus sp. (RB3) was prepared into a liquid formulation. The
application of the consortium proved effective in priming and protecting banana plants against
salinity stress and reducing the symptoms of Fusarium wilt caused by Foc-TR4 infection in a
greenhouse study. Furthermore, the study aimed to examine the physiological and biochemical
changes in banana plants treated with the PGPB consortium, including nutrient uptake, ion
balance, photosynthesis, water relations, and enzyme activities. The consortium inoculation
resulted in numerous beneficial effects on plant growth and stress tolerance. Under both salinity
and Foc-TR4 stress conditions, the consortium inoculation promoted banana plant growth and
increased the accumulation of chlorophyll pigments. It also enhanced the levels of proline, which
is known to confer stress tolerance, and increased the activities of various antioxidant enzymes,
including SOD, CAT, GR, APX, and POD. These enzymes play crucial roles in scavenging
reactive oxygen species and minimizing oxidative damage in plants. Furthermore, the consortium
inoculation reduced the levels of MDA, a marker of lipid peroxidation, and electrolyte leakage,
indicating enhanced membrane integrity and reduced cellular damage. Under both non-stressed

and salt-stressed conditions, the consortium inoculation led to higher K*, Mg" and Ca*" and lower
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the Na" and CI' contents in the banana plants. The presence of the PGPB isolates in the
consortium inhibited the development of Fusarium wilt disease symptoms by increasing the
activities of key antioxidant and defense enzymes such as [-1,3-glucanase, chitinase,
lipoxygenase, and polyphenol oxidase. Additionally, consortium-inoculated banana plants
exhibited higher lignin content and total soluble protein, which are associated with enhanced
defense responses. The final aim of this study was to investigate the molecular mechanisms
involved in PGPB-mediated stress mitigation, particularly focusing on the expression of WRKY
transcription factors (TFs) and their regulation of gene expression during bio-priming of banana.
Molecular analysis revealed that the consortium inoculation induced the expression of several
WRKY transcription factors, including MaWRKY4, MaWRKY23, MaWRKY24, MaWRKY?25,
MaWRKY28, MaWRKY45, MaWRKY65, MaWRKY89, and MaWRKY145. These transcription
factors are known to play crucial roles in regulating biotic and abiotic stress responses in plants.
The presence of common cis-elements in their promoter regions, shared with functionally
characterized stress-related orthologs from other plant species, suggests potential mechanisms by
which stress priming is activated in banana. These mechanisms likely contribute to changes in

host physiology and metabolic responses, ultimately improving stress resilience.

164



REFERENCES

Abbas, R., Rasul, S., Aslam, K., Baber, M., Shahid, M., Mubeen, F., & Naqqash, T. (2019).
Halotolerant PGPR: A hope for cultivation of saline soils. Journal of King Saud
University-Science, 31(4), 1195-1201.

Abo-Elyousr, K. A., Ibrahim, O. H., Al-Qurashi, A. D., Mousa, M. A., & Saad, M. M. (2022).
Biocontrol Potential of Endophytic Fungi for the Eco-Friendly Management of Root Rot
of Cuminum cyminum Caused by Fusarium solani. Agronomy, 12(11), Article#2612.

Acosta-Motos, J. R., Ortuiio, M. F., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-Blanco, M.
J., & Hernandez, J. A. (2017). Plant responses to salt stress: adaptive mechanisms.
Agronomy, 7(1), Article#18.

Adhikari, T. B., Gao, A., Ingram, T., & Louws, F. J. (2020). Pathogenomics characterization of
an emerging fungal pathogen, Fusarium oxysporum f. sp. lycopersici in greenhouse
tomato production systems. Frontiers in Microbiology, 11, Article#1995.

Aebi, H. (1984). [13] Catalase in vitro. In Methods in Enzymology 105, 121-126. Elsevier.

Afzal, 1., Shinwari, Z. K., Sikandar, S., & Shahzad, S. (2019). Plant beneficial endophytic
bacteria: Mechanisms, diversity, host range and genetic determinants. Microbiological
Research, 221, 36-49.

Ahammed, G. J., Li, X,, Yang, Y., Liu, C., Zhou, G., Wan, H., & Cheng, Y. (2020). Tomato
WRKYSI acts as a negative regulator for drought tolerance by modulating guard cell
H>O>-mediated stomatal closure. Environmental and Experimental Botany, 171,

Article#103960.

Ahemad, M., & Kibret, M. (2014). Mechanisms and applications of plant growth promoting
rhizobacteria: current perspective. Journal of King Saud University-Science, 26(1), 1-20.

Ahmad, T., Bashir, A., Farooq, S., & Riyaz-Ul-Hassan, S. (2022). Burkholderia gladioli
E39CS3, an endophyte of Crocus sativus Linn., induces host resistance against corm-rot
caused by Fusarium oxysporum. Journal of Applied Microbiology, 132(1), 495-508.

Ali, B., Wang, X., Saleem, M. H., Sumaira, Hafeez, A., Afridi, M. S., Khan, S., Ullah, I., Amaral
Junior, A. T. d., & Alatawi, A. (2022). PGPR-mediated salt tolerance in maize by
modulating plant physiology, antioxidant defense, compatible solutes accumulation and
bio-surfactant producing genes. Plants, 11(3), Article#345.

Almeida, D. M., Oliveira, M. M., & Saibo, N. J. (2017). Regulation of Na* and K* homeostasis
in plants: towards improved salt stress tolerance in crop plants. Genetics and Molecular
Biology, 40, 326-345.

Aloni, R., Aloni, E., Langhans, M., & Ullrich, C. (2006). Role of cytokinin and auxin in shaping
root architecture: regulating vascular differentiation, lateral root initiation, root apical
dominance and root gravitropism. Annals of Botany, 97(5), 883-893.

Ansari, F. A., & Ahmad, L. (2019). Fluorescent Pseudomonas-FAP2 and Bacillus licheniformis
interact positively in biofilm mode enhancing plant growth and photosynthetic attributes.
Scientific Reports, 9(1), Article#4547.

165



Apel, K., & Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annual Review of Plant Biology, 55, 373-399.

Aquino, A. P., Bandoles, G. G., & Lim, V. A. A. (2013) R&D and Policy Directions for Effective
Control of Fusarium Wilt Disease of Cavendish Banana in the Asia-Pacific Region R&D
and Policy Directions for Effective Control of Fusarium Wilt Disease of Cavendish
Banana in the Asia-Pacific Region.

Arif, Y., Singh, P., Siddiqui, H., Bajguz, A., & Hayat, S. (2020). Salinity induced physiological
and biochemical changes in plants: An omic approach towards salt stress tolerance. Plant
Physiology and Biochemistry, 156, 64-77.

Arkhipova, T., Martynenko, E., Sharipova, G., Kuzmina, L., Ivanov, I., Garipova, M., &
Kudoyarova, G. (2020). Effects of plant growth promoting rhizobacteria on the content
of abscisic acid and salt resistance of wheat plants. Plants, 9(11), Article#1429.

Arora, M., Saxena, P., Abdin, M., & Varma, A. (2020). Interaction between Piriformospora
indica and Azotobacter chroococcum diminish the effect of salt stress in Artemisia annua
L. by enhancing enzymatic and non-enzymatic antioxidants. Symbiosis, 80, 61-73.

Ashraf, M. Y., Tariq, S., Saleem, M., Khan, M. A., Hassan, S. W. U., & Sadef, Y. (2020).
Calcium and zinc mediated growth and physio-biochemical changes in mungbean grown
under saline conditions. Journal of Plant Nutrition, 43(4), 512-525.

Axerold, B., Chesbrough, T., & Laakso, S. (1981). Lipoxygenase from soybean. Methods in
Enzymology, 71, 441-451.

Baillo, E., Hanif, M. S., Xu, P., & Zhang, Z. (2023). Sorghum WRKY transcription factor
SbWRKY45 enhanced seed germination under drought stress in transgenic Arabidopsis.
Turkish Journal of Botany, 47(1), 23-33.

Bakrin Sofawi, A., Rozainah, M. Z., Normaniza, O., & Roslan, H. (2017). Mangrove
rehabilitation on Carey Island, Malaysia: an evaluation of replanting techniques and
sediment properties. Marine Biology Research, 13(4), 390-401.

Bakshi, M., & Oelmiiller, R. (2014). WRKY transcription factors: Jack of many trades in plants.
Plant Signaling & Behavior, 9(2), €27700.

Bao, W., Wang, X., Chen, M., Chai, T., & Wang, H. (2018). A WRKY transcription factor,
PcWRKY33, from Polygonum cuspidatum reduces salt tolerance in transgenic
Arabidopsis thaliana. Plant Cell Reports, 37, 1033-1048.

Baranwal, V. K., Negi, N., & Khurana, P. (2016). Genome-wide identification and structural,
functional and evolutionary analysis of WRKY components of mulberry. Scientific
Reports, 6(1), 1-13.

Barea, J.-M., Pozo, M. J., Azcon, R., & Azcon-Aguilar, C. (2005). Microbial co-operation in the
rhizosphere. Journal of Experimental Botany, 56(417), 1761-1778.

Barnawal, D., Bharti, N., Pandey, S. S., Pandey, A., Chanotiya, C. S., & Kalra, A. (2017). Plant
growth-promoting rhizobacteria enhance wheat salt and drought stress tolerance by

166



altering endogenous phytohormone levels and 7aCTRI/TaDREB2 expression.
Physiologia Plantarum, 161(4), 502-514.

Bates, L. S., Waldren, R. P., & Teare, I. (1973). Rapid determination of free proline for water-
stress studies. Plant and Soil, 39(1), 205-207.

Bauriegel, E., Giebel, A., & Herppich, W. B. (2011). Hyperspectral and chlorophyll fluorescence
imaging to analyse the impact of Fusarium culmorum on the photosynthetic integrity of
infected wheat ears. Sensors, 11(4), 3765-3779.

Ben Abdallah, H., Mai, H.-J., Alvarez-Fernandez, A., Abadia, J., & Bauer, P. (2017). Natural
variation reveals contrasting abilities to cope with alkaline and saline soil among different
Medicago truncatula genotypes. Plant and Soil, 418, 45-60.

Bhat, M. A., Kumar, V., Bhat, M. A., Wani, I. A., Dar, F. L., Farooq, 1., Bhatti, F., Koser, R.,
Rahman, S., & Jan, A. T. (2020). Mechanistic insights of the interaction of plant growth-
promoting rhizobacteria (PGPR) with plant roots toward enhancing plant productivity by
alleviating salinity stress. Frontiers in Microbiology, 11, Article#1952.

Bhattacharyya, P. N., & Jha, D. K. (2012). Plant growth-promoting rhizobacteria (PGPR):
emergence in agriculture. World Journal of Microbiology and Biotechnology, 28, 1327-
1350.

Birkenbihl, R. P., Kracher, B., Ross, A., Kramer, K., Finkemeier, 1., & Somssich, I. E. (2018).
Principles and characteristics of the Arabidopsis WRKY regulatory network during early
MAMP-triggered immunity. The Plant Journal, 96(3), 487-502.

Biswas, S., Saber, M. A., Tripty, I. A., Karim, M. A., Islam, M. A., Hasan, M. S., Alam, A.,
Jahid, M. 1. K., & Hasan, M. N. (2020). Molecular characterization of cellulolytic (endo-

and exoglucanase) bacteria from the largest mangrove forest (Sundarbans), Bangladesh.
Annals of Microbiology, 70(1), 1-11.

Bolivar-Anillo, H. J., Garrido, C., & Collado, I. G. (2020). Endophytic microorganisms for
biocontrol of the phytopathogenic fungus Botrytis cinerea. Phytochemistry Reviews, 19,
721-740.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry, 72(1-2), 248-254.

Calero-Nieto, F., Di Pietro, A., Roncero, M. 1. G., & Hera, C. (2007). Role of the transcriptional
activator x/nR of Fusarium oxysporum in regulation of xylanase genes and virulence.
Molecular Plant-Microbe Interactions, 20(8), 977-985.

Cao, M., Narayanan, M., Shi, X., Chen, X., Li, Z., & Ma, Y. (2023). Optimistic contributions of
plant growth-promoting bacteria for sustainable agriculture and climate stress alleviation.
Environmental Research, 217, Article#114924.

Castro Tapia, M. P., Madariaga Burrows, R. P., Ruiz Sepulveda, B., Vargas Concha, M., Vera
Palma, C., & Moya-Elizondo, E. A. (2020). Antagonistic activity of Chilean strains of
Pseudomonas protegens against fungi causing crown and root rot of wheat (7riticum
aestivum L.). Frontiers in Plant Science, 11, Article#951.

167



Cavalcanti, V. P., Aazza, S., Bertolucci, S. K. V., Pereira, M. M. A., Cavalcanti, P. P., Buttros,
V. H. T, e Silva, A. M. d. O., Pasqual, M., & Dbéria, J. (2020). Plant, pathogen and
biocontrol agent interaction effects on bioactive compounds and antioxidant activity in
garlic. Physiological and Molecular Plant Pathology, 112, Article#101550.

Chanwala, J., Satpati, S., Dixit, A., Parida, A., Giri, M. K., & Dey, N. (2020). Genome-wide
identification and expression analysis of WRKY transcription factors in pearl millet
(Pennisetum glaucum) under dehydration and salinity stress. BMC Genomics, 21, 1-16.

Chen, X., Li, C., Wang, H., & Guo, Z. (2019). WRKY transcription factors: evolution, binding,
and action. Phytopathology Research, 1(1), 1-15.

Cheng, X., Zhao, Y., Jiang, Q., Yang, J., Zhao, W., Taylor, I. A., Peng, Y.-L., Wang, D., & Liu,
J. (2019). Structural basis of dimerization and dual W-box DNA recognition by rice
WRKY domain. Nucleic Acids Research, 47(8), 4308-4318.

Chialva, M., Lanfranco, L., & Bonfante, P. (2022). The plant microbiota: composition, functions,
and engineering. Current Opinion in Biotechnology, 73, 135-142.

Chin-A-Woeng, T. F., Bloemberg, G. V., van der Bij, A. J., van der Drift, K. M., Schripsema, J.,
Kroon, B., Scheffer, R. J., Keel, C., Bakker, P. A., & Tichy, H.-V. (1998). Biocontrol by
phenazine-1-carboxamide-producing Pseudomonas chlororaphis PCL1391 of tomato

root rot caused by Fusarium oxysporum f. sp. radicis-lycopersici. Molecular Plant-
Microbe Interactions, 11(11), 1069-1077.

Cho, S. J., Lim, W. J., Hong, S. Y., Park, S. R., & Yun, H. D. (2003). Endophytic colonization
of balloon flower by antifungal strain Bacillus sp. CY22. Bioscience, Biotechnology, and
Biochemistry, 67(10), 2132-2138.

Ciolkowski, 1., Wanke, D., Birkenbihl, R. P., & Somssich, 1. E. (2008). Studies on DNA-binding
selectivity of WRKY transcription factors lend structural clues into WRKY-domain
function. Plant Molecular Biology, 68, 81-92.

Compant, S., Duffy, B., Nowak, J., Clément, C., & Barka, E. A. (2005). Use of plant growth-
promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action, and
future prospects. Applied and Environmental Microbiology, 71(9), 4951-4959.

Cordovez, V., Rotoni, C., Dini-Andreote, F., Oyserman, B., Carrion, V. J., & Raaijmakers, J. M.
(2021). Successive plant growth amplifies genotype-specific assembly of the tomato
rhizosphere microbiome. Science of The Total Environment, 772, Article#144825.

Cormack, R. S., Eulgem, T., Rushton, P. J., Kochner, P., Hahlbrock, K., & Somssich, L. E. (2002).
Leucine zipper-containing WRKY proteins widen the spectrum of immediate early
elicitor-induced WRKY transcription factors in parsley. Biochimica et Biophysica Acta
(BBA)-Gene Structure and Expression, 1576(1-2), 92-100.

Corwin, D. L. (2021). Climate change impacts on soil salinity in agricultural areas. European
Journal of Soil Science, 72(2), 842-862.

Cui, J., Sun, T., Li, S., Xie, Y., Song, X., Wang, F., Chen, L., & Zhang, W. (2020). Improved
salt tolerance and metabolomics analysis of Synechococcus elongatus UTEX 2973 by

168



overexpressing Mrp antiporters. Frontiers in Bioengineering and Biotechnology, 8§,
Article#500.

Cui, X., Yan, Q., Gan, S., Xue, D.,, Wang, H., Xing, H., Zhao, J., & Guo, N. (2019).
GmWRKY40, a member of the WRKY transcription factor genes identified from Glycine
max L., enhanced the resistance to Phytophthora sojae. BMC Plant Biology, 19(1), 1-15.

Damam, M., Kaloori, K., Gaddam, B., & Kausar, R. (2016). Plant growth promoting substances
(phytohormones) produced by rhizobacterial strains isolated from the rhizosphere of

medicinal plants. International Journal of Pharmaceutical Sciences Review and
Research, 37(1), 130-136.

Danhorn, T., & Fuqua, C. (2007). Biofilm formation by plant-associated bacteria. Annual Review
of Microbiology, 61, 401-422.

De Silva, N. L., Brooks, S., Lumyong, S., & Hyde, K. D. (2019). Use of endophytes as biocontrol
agents. Fungal Biology Reviews, 33(2), 133-148.

de Weert, S., & Bloemberg, G. V. (2006). Rhizosphere competence and the role of root
colonization in biocontrol. Plant-Associated Bacteria, 317-333.

De Zélicourt, A., Colcombet, J., & Hirt, H. (2016). The role of MAPK modules and ABA during
abiotic stress signaling. Trends in Plant Science, 21(8), 677-685.

Deeba, F., Sultana, T., Mahmood, T., O’Shea, C., Skriver, K., & Naqvi, S. S. (2017). Involvement
of WRKY, MYB and DOF DNA-binding proteins in interaction with a rice germin-like
protein gene promoter. Acta Physiologiae Plantarum, 39, 1-10.

Diao, J., Wang, J., Zhang, P., Hao, X., Wang, Y., Liang, L., Zhang, Y., Ma, W., & Ma, L. (2021).
Transcriptome analysis reveals the important role of WRKY28 in Fusarium Oxysporum
resistance. Frontiers in Plant Science, 12, Article#720679.

Ding, Z.J.,Yan,J. Y., Li, C. X., Li, G. X., Wu, Y. R., & Zheng, S. J. (2015). Transcription factor
WRKY46 modulates the development of Arabidopsis lateral roots in osmotic/salt stress
conditions via regulation of ABA signaling and auxin homeostasis. The Plant Journal,

84(1), 56-69.

Dita, M., Barquero, M., Heck, D., Mizubuti, E. S., & Staver, C. P. (2018). Fusarium wilt of
banana: current knowledge on epidemiology and research needs toward sustainable
disease management. Frontiers in Plant Science, 9, 1468.

Dixit, R., Agrawal, L., Singh, S. P., Singh, P. C., Prasad, V., & Chauhan, P. S. (2018).
Paenibacillus lentimorbus induces autophagy for protecting tomato from Sclerotium
rolfsii infection. Microbiological Research, 215, 164-174.

Dixit, R., Bisht, N., Misra, S., Gupta, S. C., & Chauhan, P. S. (2023). Bacillus Consortia
Modulate Transcriptional and Metabolic Machinery of Arabidopsis Plants for Salt
Tolerance. Current Microbiology, 80(2), Article#77.

Draper, H. H., & Hadley, M. (1990). [43] Malondialdehyde determination as index of lipid
Peroxidation. In Methods in Enzymology 186,421-431. Elsevier.

169



Dunlap, C. A. (2019). Taxonomy of registered Bacillus spp. strains used as plant pathogen
antagonists. Biological Control, 134, 82-86.

Dworkin, M., & Foster, J. (1958). Experiments with some microorganisms which utilize ethane
and hydrogen. Journal of Bacteriology, 75(5), 592-603.

Egamberdieva, D., Eshboev, F., Shukurov, O., Alaylar, B., & Arora, N. K. (2023). Bacterial
Bioprotectants: Biocontrol Traits and Induced Resistance to Phytopathogens.
Microbiology Research, 14(2), 689-703.

Egamberdieva, D., Kucharova, Z., Davranov, K., Berg, G., Makarova, N., Azarova, T., Chebotar,
V., Tikhonovich, I., Kamilova, F., & Validov, S. Z. (2011). Bacteria able to control foot
and root rot and to promote growth of cucumber in salinated soils. Biology and Fertility
of Soils, 47, 197-205.

Egamberdieva, D., Shurigin, V., Alaylar, B., Wirth, S., & Bellingrath-Kimura, S. D. (2020).
Bacterial endophytes from horseradish (drmoracia rusticana G. Gaertn., B. Mey. &

Scherb.) with antimicrobial efficacy against pathogens. Plant, Soil and Environment,
66(7), 309-316.

Egamberdieva, D., Wirth, S., Bellingrath-Kimura, S. D., Mishra, J., & Arora, N. K. (2019). Salt-
tolerant plant growth promoting rhizobacteria for enhancing crop productivity of saline
soils. Frontiers in Microbiology, 10, Article#2791.

Eisendle, M., Oberegger, H., Buttinger, R., Illmer, P., & Haas, H. (2004). Biosynthesis and
uptake of siderophores is controlled by the PacC-mediated ambient-pH regulatory system
in Aspergillus nidulans. Eukaryotic Cell, 3(2), 561-563.

El Ghazali, G. E. (2020). Suaeda vermiculata Forssk. ex JF Gmel.: Structural Characteristics and
Adaptations to Salinity and Drought: A Review. International Journal of Sciences, 9(02),
28-33.

Erice, G., Ruiz-Lozano, J. M., Zamarrefio, A. M., Garcia-Mina, J. M., & Aroca, R. (2017).
Transcriptomic analysis reveals the importance of JA-Ile turnover in the response of
Arabidopsis plants to plant growth promoting rhizobacteria and salinity. Environmental
and Experimental Botany, 143, 10-19.

Essalimi, B., Esserti, S., Rifai, L. A., Koussa, T., Makroum, K., Belfaiza, M., Rifai, S., Venisse,
J. S., Faize, L., & Alburquerque, N. (2022). Enhancement of plant growth,
acclimatization, salt stress tolerance and verticillium wilt disease resistance using plant

growth-promoting rhizobacteria (PGPR) associated with plum trees (Prunus domestica).
Scientia horticulturae, 291, Article#110621.

Etesami, H., & Beattie, G. A. (2017). Plant-microbe interactions in adaptation of agricultural
crops to abiotic stress conditions. In Probiotics and Plant Health (pp. 163-200). Springer.

Eulgem, T., Rushton, P. J., Robatzek, S., & Somssich, I. E. (2000). The WRKY superfamily of
plant transcription factors. Trends in Plant Science, 5(5), 199-206.

Fadiji, A. E., & Babalola, O. O. (2020). Elucidating mechanisms of endophytes used in plant

protection and other bioactivities with multifunctional prospects. Frontiers in
Bioengineering and Biotechnology, 8, Article#467.

170



Fahad, S., Hussain, S., Matloob, A., Khan, F. A., Khaliq, A., Saud, S., Hassan, S., Shan, D.,
Khan, F., & Ullah, N. (2015). Phytohormones and plant responses to salinity stress: a
review. Plant Growth Regulation, 75, 391-404.

Felsenstein, J. (1985). Confidence limits on phylogenies: a justification. Evolution, 39, 783-791.

Fita, A., Rodriguez-Burruezo, A., Boscaiu, M., Prohens, J., & Vicente, O. (2015). Breeding and
domesticating crops adapted to drought and salinity: a new paradigm for increasing food
production. Frontiers in Plant Science, 6, 978.

Fokkema, N., Riphagen, 1., Poot, R., & De Jong, C. (1983). Aphid honeydew, a potential
stimulant of Cochliobolus sativus and Septoria nodorum and the competitive role of
saprophytic mycoflora. Transactions of the British Mycological Society, 81(2), 355-363.

Forchetti, G., Masciarelli, O., Alemano, S., Alvarez, D., & Abdala, G. (2007). Endophytic
bacteria in sunflower (Helianthus annuus L.): isolation, characterization, and production
of jasmonates and abscisic acid in culture medium. Applied Microbiology and
Biotechnology, 76, 1145-1152.

Fortunato, A. A., Debona, D., Bernardeli, A. M., & Rodrigues, F. A. (2015). Defence-related
enzymes in soybean resistance to target spot. Journal of Phytopathology, 163(9), 731-
742.

Fouda, A., Hassan, S. E. D., Eid, A. M., & El-Din Ewais, E. (2019). The interaction between
plants and bacterial endophytes under salinity stress. In Endophytes and Secondary
Metabolites (pp. 591-607). Springer.

Fox, A.R., Soto, G., Valverde, C., Russo, D., Lagares Jr, A., Zorreguieta, A., Alleva, K., Pascuan,
C., Frare, R., & Mercado-Blanco, J. (2016). Major cereal crops benefit from biological
nitrogen fixation when inoculated with the nitrogen-fixing bacterium Pseudomonas
protegens Pf-5 X940. Environmental Microbiology, 18(10), 3522-3534.

Fung, S. M., Razali, Z., & Somasundram, C. (2019). Reactive oxygen species scavenging enzyme
activities in berangan banana plant infected by Fusarium oxysporum f. sp. cubense.
Chiang Mai Journal of Science, 46(6), 1084-1095.

Gamalero, E., & Glick, B. R. (2015). Bacterial modulation of plant ethylene levels. Plant
Physiology, 169(1), 13-22.

Gamez, R., Cardinale, M., Montes, M., Ramirez, S., Schnell, S., & Rodriguez, F. (2019).
Screening, plant growth promotion and root colonization pattern of two rhizobacteria
(Pseudomonas fluorescens Ps006 and Bacillus amyloliquefaciens Bs006) on banana cv.
Williams (Musa acuminata Colla). Microbiological Research, 220, 12-20.

Gao, F.-k., Dai, C.-c., & Liu, X.-z. (2010). Mechanisms of fungal endophytes in plant protection
against pathogens. African Journal of Microbiological Research, 4(13), 1346-1351.

Gao, Y., Ning, Q., Yang, Y., Liu, Y., Niu, S., Hu, X., Pan, H., Bu, Z., Chen, N., & Guo, J. (2021).
Endophytic Streptomyces hygroscopicus OsiSh-2-mediated balancing between growth
and disease resistance in host rice. Mbio, 12(4), €01566-01521.

Garcia-Bastidas, F. (2022). Fusarium oxysporum f. sp. cubense Tropical race 4 (Foc TR4).

171



Garcia-Cristobal, J., Garcia-Villaraco, A., Ramos, B., Gutierrez-Maiero, J., & Lucas, J. (2015).
Priming of pathogenesis related-proteins and enzymes related to oxidative stress by plant
growth promoting rhizobacteria on rice plants upon abiotic and biotic stress challenge.
Journal of Plant Physiology, 188, 72-79.

Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M., Urban, O., & Pefiuelas, J. (2018). Root
exudate metabolomes change under drought and show limited capacity for recovery.
Scientific Reports, 8(1), 1-15.

Ghag, S. B., Shekhawat, U. K., & Ganapathi, T. R. (2015). Fusarium wilt of banana: biology,
epidemiology and management. International Journal of Pest Management, 61(3), 250-
263.

Glick, B. R. (2012). Plant growth-promoting bacteria: mechanisms and applications. Scientifica,
2012.

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant growth and help to feed
the world. Microbiological Research, 169(1), 30-39.

Goel, R., Pandey, A., Trivedi, P. K., & Asif, M. H. (2016). Genome-wide analysis of the Musa
WRKY gene family: evolution and differential expression during development and stress.
Frontiers in Plant Science, 7, Article#299.

Gomez, M. Y., Schroeder, M. M., Chieb, M., McLain, N. K., & Gachomo, E. W. (2023).
Bradyrhizobium japonicum IRAT FA3 promotes salt tolerance through jasmonic acid
priming in Arabidopsis thaliana. BMC Plant Biology, 23(1), Article#60.

Gordon, S. A., & Weber, R. P. (1951). Colorimetric estimation of indoleacetic acid. Plant
Physiology, 26(1), Article#192.

Gordon, T. R. (2017). Fusarium oxysporum and the Fusarium wilt syndrome. Annual Review of
Phytopathology, 55, 23-39.

Goswami, M., & Suresh, D. (2020). Plant growth-promoting rhizobacteria—alleviators of abiotic
stresses in soil: a review. Pedosphere, 30(1), 40-61.

Goyal, P., Devi, R., Verma, B., Hussain, S., Arora, P., Tabassum, R., & Gupta, S. (2023). WRKY
transcription factors: Evolution, regulation, and functional diversity in plants.
Protoplasma, 260(2), 331-348.

Gray, E., & Smith, D. (2005). Intracellular and extracellular PGPR: commonalities and
distinctions in the plant—bacterium signaling processes. Soil Biology and Biochemistry,
37(3), 395-412.

Grunewald, W., De Smet, 1., Lewis, D. R., Lofke, C., Jansen, L., Goeminne, G., Vanden Bossche,
R., Karimi, M., De Rybel, B., & Vanholme, B. (2012). Transcription factor WRKY23
assists auxin distribution patterns during Arabidopsis root development through local
control on flavonol biosynthesis. Proceedings of the National Academy of Sciences,

109(5), 1554-1559.

Guan, Y., Meng, X., Khanna, R., LaMontagne, E., Liu, Y., & Zhang, S. (2014). Phosphorylation
of a WRKY transcription factor by MAPKSs is required for pollen development and
function in Arabidopsis. PLoS genetics, 10(5), e1004384.

172



Guang-Can, T., Shu-Jun, T., Miao-Ying, C., & Guang-Hui, X. (2008). Phosphate-solubilizing
and-mineralizing abilities of bacteria isolated from soils. Pedosphere, 18(4), 515-523.

Guo, P., Li, Z., Huang, P., Li, B., Fang, S., Chu, J., & Guo, H. (2017). A tripartite amplification
loop involving the transcription factor WRKY75, salicylic acid, and reactive oxygen
species accelerates leaf senescence. The Plant Cell, 29(11), 2854-2870.

Guo, Y., Liu, L., Zhao, J., & Bi, Y. (2007). Use of silicon oxide and sodium silicate for controlling
Trichothecium roseum postharvest rot in Chinese cantaloupe (Cucumis melo L.).
International Journal of Food Science & Technology, 42(8), 1012-1018.

Gupta, A. S., Webb, R. P., Holaday, A. S., & Allen, R. D. (1993). Overexpression of superoxide
dismutase protects plants from oxidative stress (induction of ascorbate peroxidase in
superoxide dismutase-overexpressing plants). Plant Physiology, 103(4), 1067-1073.

Gupta, B., & Huang, B. (2014). Mechanism of salinity tolerance in plants: physiological,
biochemical, and molecular characterization. International Journal of Genomics, 2014.

Gupta, S., & Pandey, S. (2019). ACC deaminase producing bacteria with multifarious plant
growth promoting traits alleviates salinity stress in French bean (Phaseolus vulgaris)
plants. Frontiers in Microbiology, 10, Article#1506.

Gupta, S., Pandey, S., Kotra, V., & Kumar, A. (2023). Assessing the role of ACC deaminase-
producing bacteria in alleviating salinity stress and enhancing zinc uptake in plants by
altering the root architecture of French bean (Phaseolus vulgaris) plants. Planta, 258(1),
Article#3.

Gupta, S., Pandey, S., & Sharma, S. (2022). Decoding the plant growth promotion and
antagonistic potential of bacterial endophytes from Ocimum sanctum Linn. Against Root
Rot Pathogen Fusarium oxysporum in Pisum sativum. Frontiers in Plant Science, 13.

Haidar, R., Fermaud, M., Calvo-Garrido, C., Roudet, J., & Deschamps, A. (2016). Modes of
action for biological control of Botrytis cinerea by antagonistic bacteria. Phytopathologia
Mediterranea, 301-322.

Hajiabadi, A. A., Arani, A. M., Ghasemi, S., Rad, M. H., Etesami, H., Manshadi, S. S., & Dolati,
A. (2021). Mining the rhizosphere of halophytic rangeland plants for halotolerant bacteria
to improve growth and yield of salinity-stressed wheat. Plant Physiology and
Biochemistry, 163, 139-153.

Harman, G., Hayes, C., Lorito, M., Broadway, R., Di Pietro, A., Peterbauer, C., & Tronsmo, A.
(1993). Chitinolytic enzymes of Trichoderma harzianum: purification of chitobiosidase
and endochitinase. Phytopathology, 83(3), 313-318.

Haroon, U., Munis, M. F. H., Liaquat, F., Khizar, M., Elahi, M., & Chaudhary, H. J. (2023).
Biofilm formation and flocculation potential analysis of halotolerant Bacillus tequilensis
and its inoculation in soil to mitigate salinity stress of chickpea. Physiology and
Molecular Biology of Plants, 1-12.

Hasanuzzaman, M., Raihan, M. R. H., Nowroz, F., & Fujita, M. (2022). Insight into the
mechanism of salt-induced oxidative stress tolerance in soybean by the application of

173



Bacillus subtilis: Coordinated actions of osmoregulation, ion homeostasis, antioxidant
defense, and methylglyoxal detoxification. Antioxidants, 11(10), Article#1856.

Hashem, A., Tabassum, B., & Abd Allah, E. F. (2019). Bacillus subtilis: A plant-growth
promoting rhizobacterium that also impacts biotic stress. Saudi Journal of Biological
Sciences, 26(6), 1291-1297.

Hawkins, C., Ginzburg, D., Zhao, K., Dwyer, W., Xue, B., Xu, A., Rice, S., Cole, B., Paley, S.,
& Karp, P. (2021). Plant Metabolic Network 15: A resource of genome-wide metabolism
databases for 126 plants and algae. Journal of Integrative Plant Biology, 63(11), 1888-
1905.

Hou, Y., Zeng, W., Ao, C., Luo, Y., Wang, Z., Hou, M., & Huang, J. (2022). Bacillus atrophaeus
WZYHO1 and Planococcus soli WZYHO02 Improve Salt Tolerance of Maize (Zea mays
L.) in Saline Soil. Frontiers in Plant Science, 1318.

Huang, S., Gao, Y., Liu, J., Peng, X., Niu, X., Fei, Z., Cao, S., & Liu, Y. (2012). Genome-wide
analysis of WRKY transcription factors in Solanum Ilycopersicum. Molecular Genetics
and Genomics, 287, 495-513.

Husaini, A. M., Sakina, A., & Cambay, S. R. (2018). Host—pathogen interaction in Fusarium
oxysporum infections: where do we stand? Molecular Plant-Microbe Interactions, 31(9),
889-898.

Hwang, S.-H., Kwon, S. L., Jang, J.-Y., Fang, I. L., Lee, H., Choi, C., Park, S., Ahn, 1., Bae, S.-
c., & Hwang, D.-J. (2016). OsWRKY5 1, a rice transcription factor, functions as a positive
regulator in defense response against Xanthomonas oryzae pv. oryzae. Plant Cell Reports,
35, 1975-1985.

Ifnan Khan, M., Zhang, Y., Liu, Z., Hu, J., Liu, C., Yang, S., Hussain, A., Furqan Ashraf, M.,
Noman, A., & Shen, L. (2018). CaWRKY40b in pepper acts as a negative regulator in
response to Ralstonia solanacearum by directly modulating defense genes including
CaWRKY40. International Journal of Molecular Sciences, 19(5), Article#1403.

llangumaran, G., & Smith, D. L. (2017). Plant growth promoting rhizobacteria in amelioration

of salinity stress: a systems biology perspective. Frontiers in Plant Science, 8,
Article#1768.

Imadi, S. R., Shah, S. W., Kazi, A. G., Azooz, M., & Ahmad, P. (2016). Phytoremediation of
saline soils for sustainable agricultural productivity. Plant Metal Interaction, 455-468.

Innerebner, G., Knief, C., & Vorholt, J. A. (2011). Protection of Arabidopsis thaliana against
leaf-pathogenic Pseudomonas syringae by Sphingomonas strains in a controlled model
system. Applied and Environmental Microbiology, 77(10), 3202-3210.

Inskeep, W. P., & Bloom, P. R. (1985). Extinction coefficients of chlorophyll a and b in N, N-
dimethylformamide and 80% acetone. Plant Physiology, 77(2), 483-485.

Ismaila, A. A., Ahmad, K., Siddique, Y., Wahab, M. A. A., Kutawa, A. B., Abdullahi, A., Zobir,
S. A. M., Abdu, A., & Abdullah, S. N. A. (2022). Fusarium Wilt of Banana: Current
Update and Sustainable Disease Control Using Classical and Essential Oils Approaches.
Horticultural Plant Journal.

174



Jacob, J., Krishnan, G. V., Thankappan, D., & Amma, D. K. B. N. S. (2020). Endophytic bacterial
strains induced systemic resistance in agriculturally important crop plants. In Microbial
Endophytes (pp. 75-105). Elsevier.

Jacobsen, K., Omondi, B. A., Almekinders, C., Alvarez, E., Blomme, G., Dita, M., Iskra-
Caruana, M. L., Ocimati, W., Tinzaara, W., & Kumar, P. (2019). Seed degeneration of

banana planting materials: strategies for improved farmer access to healthy seed. Plant
Pathology, 68(2), 207-228.

James, R. A., Blake, C., Byrt, C. S., & Munns, R. (2011). Major genes for Na* exclusion, Nax/
and Nax2 (wheat HKTI; 4 and HKTI; 5), decrease Na" accumulation in bread wheat

leaves under saline and waterlogged conditions. Journal of Experimental Botany, 62(8),
2939-2947.

Jensen, H. (1954). The azotobacteriaceae. Bacteriological Reviews, 18(4), 195-214.

Jha, S. (2019). Transgenic approaches for enhancement of salinity stress tolerance in plants. In
Molecular approaches in plant biology and environmental challenges (pp. 265-322).
Springer.

Jha, U. C., Bohra, A., Pandey, S., & Parida, S. K. (2020). Breeding, genetics, and genomics
approaches for improving Fusarium wilt resistance in major grain legumes. Frontiers in
Genetics, 11, 1001.

Jha, Y. (2019). Endophytic bacteria mediated anti-autophagy and induced catalase, -1, 3-
glucanases gene in paddy after infection with pathogen Pyricularia grisea. Indian
Phytopathology, 72(1), 99-106.

Ji, P., & Wilson, M. (2002). Assessment of the importance of similarity in carbon source
utilization profiles between the biological control agent and the pathogen in biological
control of bacterial speck of tomato. Applied and Environmental Microbiology, 68(9),
4383-43809.

Jiang, J., Ma, S., Ye, N., Jiang, M., Cao, J., & Zhang, J. (2017). WRKY transcription factors in
plant responses to stresses. Journal of Integrative Plant Biology, 59(2), 86-101.

Jogawat, A. (2019). Osmolytes and their role in abiotic stress tolerance in plants. Molecular Plant
Abiotic Stress: Biology and Biotechnology, 91-104.

John, J. E., Maheswari, M., Kalaiselvi, T., Prasanthrajan, M., Poornachandhra, C., Rakesh, S. S.,
Gopalakrishnan, B., Davamani, V., Kokiladevi, E., & Ranjith, S. (2023). Biomining
Sesuvium portulacastrum for halotolerant PGPR and endophytes for promotion of salt
tolerance in Vigna mungo L. Frontiers in Microbiology, 14, Article#1085787.

Joshi, A., Jeena, G. S., Kumar, R. S., Pandey, A., & Shukla, R. K. (2022). Ocimum sanctum,
OscWRKYI, regulates phenylpropanoid pathway genes and promotes resistance to
pathogen infection in Arabidopsis. Plant Molecular Biology, 110(3), 235-251.

Joshi, R., Wani, S. H., Singh, B., Bohra, A., Dar, Z. A., Lone, A. A., Pareek, A., & Singla-Pareek,
S. L. (2016). Transcription factors and plants response to drought stress: current
understanding and future directions. Frontiers in Plant Science, 7, Article#1029.

175



Kamilova, F., Validov, S., Azarova, T., Mulders, 1., & Lugtenberg, B. (2005). Enrichment for
enhanced competitive plant root tip colonizers selects for a new class of biocontrol
bacteria. Environmental Microbiology, 7(11), 1809-1817.

Kang, B. G., Kim, W. T., Yun, H. S., & Chang, S. C. (2010). Use of plant growth-promoting
rhizobacteria to control stress responses of plant roots. Plant Biotechnology Reports, 4,
179-183.

Kang, S.-M., Khan, A. L., Waqas, M., You, Y.-H., Kim, J.-H., Kim, J.-G., Hamayun, M., & Lee,
[.-J. (2014). Plant growth-promoting rhizobacteria reduce adverse effects of salinity and

osmotic stress by regulating phytohormones and antioxidants in Cucumis sativus. Journal
of Plant Interactions, 9(1), 673-682.

Kapadia, C., Sayyed, R., El Enshasy, H. A., Vaidya, H., Sharma, D., Patel, N., Malek, R. A.,
Syed, A., Elgorban, A. M., & Ahmad, K. (2021). Halotolerant microbial consortia for
sustainable mitigation of salinity stress, growth promotion, and mineral uptake in tomato
plants and soil nutrient enrichment. Sustainability, 13(15), Article#8369.

Kar, M., & Mishra, D. (1976). Catalase, peroxidase, and polyphenoloxidase activities during rice
leaf senescence. Plant Physiology, 57(2), 315-319.

Karimi, K., Amini, J., Harighi, B., & Bahramnejad, B. (2012). Evaluation of biocontrol potential
of 'pseudomonas’ and 'bacillus' spp. against fusarium wilt of chickpea. Australian Journal
of Crop Science, 6(4), 695-703.

Kaur, A., Pati, P. K., Pati, A. M., & Nagpal, A. K. (2017). In-silico analysis of cis-acting
regulatory elements of pathogenesis-related proteins of Arabidopsis thaliana and Oryza
sativa. PloS one, 12(9), €0184523.

Kaur, C., Fidanza, M., Ervin, E., & Bais, H. P. (2023). Spo0A-dependent antifungal activity of a
plant growth promoting rhizobacteria Bacillus subtilis strain UD1022 against the dollar
spot pathogen (Clarireedia jacksonii). Biological Control, Article#105284.

Khairul-Anuar, M.-A., Mazumdar, P., Lau, S.-E., Tan, T. T., & Harikrishna, J. A. (2019). High-
quality RNA isolation from pigment-rich Dendrobium flowers. 3 Biotech, 9, 1-9.

Khaledi, N., Taheri, P., & Falahati-Rastegar, M. (2016). Reactive oxygen species and antioxidant
system responses in wheat cultivars during interaction with Fusarium species.
Australasian Plant Pathology, 45(6), 653-670.

Khan, A., Bano, A., Khan, R. A., & Khan, N. (2023). Role of PGPR in suppressing the growth
of Macrophomina phaseolina by regulating antioxidant enzymes and secondary
metabolites in Vigna radiata L. Wilczek. South African Journal of Botany, 158, 443-451.

Khan, A. L., Halo, B. A., Elyassi, A., Ali, S., Al-Hosni, K., Hussain, J., Al-Harrasi, A., & Lee,
I.-]J. (2016). Indole acetic acid and ACC deaminase from endophytic bacteria improves
the growth of Solanum lycopersicum. Electronic Journal of Biotechnology, 21, 58-64.

Khan, M. A., Sahile, A. A., Jan, R., Asaf, S., Hamayun, M., Imran, M., Adhikari, A., Kang, S.-
M., Kim, K.-M., & Lee, I.-J. (2021). Halotolerant bacteria mitigate the effects of salinity
stress on soybean growth by regulating secondary metabolites and molecular responses.
BMC Plant Biology, 21(1), 1-15.

176



Khan, N., Martinez-Hidalgo, P., Ice, T. A., Maymon, M., Humm, E. A., Nejat, N., Sanders, E.
R., Kaplan, D., & Hirsch, A. M. (2018). Antifungal activity of Bacillus species against
Fusarium and analysis of the potential mechanisms used in biocontrol. Frontiers in
Microbiology, 9, Article#2363.

Kilian, J., Peschke, F., Berendzen, K. W., Harter, K., & Wanke, D. (2012). Prerequisites,
performance and profits of transcriptional profiling the abiotic stress response.
Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms, 1819(2), 166-175.

Kim, D. S., & Hwang, B. K. (2014). An important role of the pepper phenylalanine ammonia-
lyase gene (PAL1) in salicylic acid-dependent signalling of the defence response to
microbial pathogens. Journal of Experimental Botany, 65(9), 2295-2306.

Kim, K.-C., Lai, Z., Fan, B., & Chen, Z. (2008). Arabidopsis WRKY38 and WRKY62 transcription
factors interact with histone deacetylase 19 in basal defense. The Plant Cell, 20(9), 2357-
2371.

Kiranmai, K., Lokanadha Rao, G., Pandurangaiah, M., Nareshkumar, A., Amaranatha Reddy, V.,
Lokesh, U., Venkatesh, B., Anthony Johnson, A., & Sudhakar, C. (2018). A novel WRKY
transcription factor, MuWRKY3 (Macrotyloma uniflorum Lam. Verdc.) enhances drought
stress tolerance in transgenic groundnut (4rachis hypogaea L.) plants. Frontiers in Plant

Science, 9, Article#346.

Kloepper, J. (1994). Plant growth promoting bacteria (other systems).‘In: Azospirillum/Plant
Association. In: Boca Raton, FL: CRC Press.

Kloepper, J. W., & Ryu, C.-M. (2006). Bacterial endophytes as elicitors of induced systemic
resistance. Microbial Root Endophytes, 33-52.

Kohl, J., Kolnaar, R., & Ravensberg, W. J. (2019). Mode of action of microbial biological control
agents against plant diseases: relevance beyond efficacy. Frontiers in Plant Science, 845.

Kolomiets, M. V., Chen, H., Gladon, R. J., Braun, E., & Hannapel, D. J. (2000). A leaf
lipoxygenase of potato induced specifically by pathogen infection. Plant Physiology,
124(3), 1121-1130.

Komaresofla, B. R., Alikhani, H. A., Etesami, H., & Khoshkholgh-Sima, N. A. (2019). Improved
growth and salinity tolerance of the halophyte Salicornia sp. by co—inoculation with
endophytic and rhizosphere bacteria. Applied Soil Ecology, 138, 160-170.

Kost, T., Stopnisek, N., Agnoli, K., Eberl, L., & Weisskopf, L. (2014). Oxalotrophy, a
widespread trait of plant-associated Burkholderia species, is involved in successful root

colonization of lupin and maize by Burkholderia phytofirmans. Frontiers in
Microbiology, 4, Article#421.

Kumar, K., Srivastava, V., Purayannur, S., Kaladhar, V. C., Cheruvu, P. J., & Verma, P. K.
(2016). WRKY domain-encoding genes of a crop legume chickpea (Cicer arietinum):
comparative analysis with Medicago truncatula WRKY family and characterization of
group-III gene (s). DNA Research, 23(3), 225-239.

177



Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Molecular Biology and Evolution, 33(7), 1870-1874.

Kumawat, K. C., Sharma, B., Nagpal, S., Kumar, A., Tiwari, S., & Nair, R. M. (2023). Plant
growth-promoting rhizobacteria: Salt stress alleviators to improve crop productivity for
sustainable agriculture development. Frontiers in Plant Science, 13, Article#1101862.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H.,
Valentin, F., Wallace, I. M., Wilm, A., & Lopez, R. (2007). Clustal W and Clustal X
version 2.0. Bioinformatics, 23(21), 2947-2948.

Lata, C., Jha, S., Dixit, V., Sreenivasulu, N., & Prasad, M. (2011). Differential antioxidative
responses to dehydration-induced oxidative stress in core set of foxtail millet cultivars
[Setaria italica (L.)]. Protoplasma, 248, 817-828.

Le, K. D., Yu, N. H,, Park, A. R., Park, D.-J., Kim, C.-J., & Kim, J.-C. (2022). Streptomyces sp.
ANO090126 as a biocontrol agent against bacterial and fungal plant diseases.
Microorganisms, 10(4), Article#791.

Lecomte, C., Alabouvette, C., Edel-Hermann, V., Robert, F., & Steinberg, C. (2016). Biological
control of ornamental plant diseases caused by Fusarium oxysporum: a review. Biological
Control, 101, 17-30.

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., Rouzé, P., &
Rombauts, S. (2002). PlantCARE, a database of plant cis-acting regulatory elements and
a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Research,
30(1), 325-327.

Lever, M. (1972). A new reaction for colorimetric determination of carbohydrates. Analytical
Biochemistry, 47(1), 273-279.

Li, C., Chen, S., Zuo, C., Sun, Q., Ye, Q., Yi, G., & Huang, B. (2011). The use of GFP-
transformed isolates to study infection of banana with Fusarium oxysporum f. sp. cubense
race 4. European Journal of Plant Pathology, 131, 327-340.

Li, C., Yang, J., Li, W., Sun, J., & Peng, M. (2017). Direct root penetration and rhizome vascular
colonization by Fusarium oxysporum f. sp. cubense are the key steps in the successful
infection of Brazil Cavendish. Plant Disease, 101(12), 2073-2078.

Li, C. X, Yan,J. Y., Ren, J. Y., Sun, L., Xu, C,, Li, G. X., Ding, Z. J., & Zheng, S. J. (2020). A
WRKY transcription factor confers aluminum tolerance via regulation of cell wall
modifying genes. Journal of Integrative Plant Biology, 62(8), 1176-1192.

Li, H., Wu, J., Shang, X., Geng, M., Gao, J., Zhao, S., Yu, X., Liu, D., Kang, Z., & Wang, X.
(2020). WRKY transcription factors shared by BTH-induced resistance and NPRI1-
mediated acquired resistance improve broad-spectrum disease resistance in wheat.
Molecular Plant-Microbe Interactions, 33(3), 433-443.

Li, J., Hu, L., Zhang, L., Pan, X., & Hu, X. (2015). Exogenous spermidine is enhancing tomato

tolerance to salinity—alkalinity stress by regulating chloroplast antioxidant system and
chlorophyll metabolism. BMC Plant Biology, 15(1), 1-17.

178



Li, J. b., Luan, Y. s., & Liu, Z. (2015). Overexpression of SpWRKYI promotes resistance to
Phytophthora nicotianae and tolerance to salt and drought stress in transgenic tobacco.
Physiologia Plantarum, 155(3), 248-266.

Li, W., Dita, M., Wu, W., Hu, G., Xie, J., & Ge, X. (2015). Resistance sources to Fusarium
oxysporum f. sp. cubense tropical race 4 in banana wild relatives. Plant Pathology, 64(5),
1061-1067.

Li, X., Tang, Y., Zhou, C., Zhang, L., & Lv, J. (2020). A wheat WRKY transcription factor
TaWRKY46 enhances tolerance to osmotic stress in transgenic Arabidopsis plants.
International Journal of Molecular Sciences, 21(4), Article#1321.

Liang, Q.-y., Wu, Y.-h., Wang, K., Bai, Z.-y., Liu, Q.-1., Pan, Y.-z., Zhang, L., & Jiang, B.-b.
(2017). Chrysanthemum WRKY gene DgWRKYS5 enhances tolerance to salt stress in
transgenic chrysanthemum. Scientific Reports, 7(1), Article#4799.

Lin, L., Yuan, K., Huang, Y., Dong, H., Qiao, Q., Xing, C., Huang, X., & Zhang, S. (2022). A
WRKY transcription factor PbWRKY4(0 from Pyrus betulaefolia functions positively in
salt tolerance and modulating organic acid accumulation by regulating PbVHA-BI
expression. Environmental and Experimental Botany, 196, Article#104782.

Liu, G.-H., Liu, D.-Q., Wang, P., Chen, Q.-Q., Che, J.-M., Wang, J.-P., Li, W.-J., & Zhou, S.-G.
(2022). Temperature drives the assembly of Bacillus community in mangrove ecosystem.
Science of The Total Environment, 846, 157496.

Liu, W., & Park, S.-W. (2021). 12-oxo-Phytodienoic acid: a fuse and/or switch of plant growth
and defense responses? Frontiers in Plant Science, 12, Article#724079.

Liu, Z. Q., Shi, L. P., Yang, S., Qiu, S. S., Ma, X. L., Cai, J. S., Guan, D. Y., Wang, Z. H., & He,
S. L. (2021). A conserved double-W box in the promoter of CalWRKY4(0 mediates
autoregulation during response to pathogen attack and heat stress in pepper. Molecular
Plant Pathology, 22(1), 3-18.

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-
time quantitative PCR and the 2~ “ACT method. Methods, 25(4), 402-408.

Long, Y., Yi, H., Chen, S., Zhang, Z., Cui, K., Bing, Y., Zhuo, Q., Li, B., Xie, S., & Guo, Q.
(2016). Influences of plant type on bacterial and archaeal communities in constructed
wetland treating polluted river water. Environmental Science and Pollution Research, 23,
19570-19579.

Lopez-Berges, M. S., Hera, C., Sulyok, M., Schifer, K., Capilla, J., Guarro, J., & Di Pietro, A.
(2013). The velvet complex governs mycotoxin production and virulence of Fusarium
oxysporum on plant and mammalian hosts. Molecular Microbiology, 87(1), 49-65.

Lugtenberg, B., & Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annual Review
of Microbiology, 63, 541-556.

Lugtenberg, B. J., Dekkers, L., & Bloemberg, G. V. (2001). Molecular determinants of

rhizosphere colonization by Pseudomonas. Annual Review of Phytopathology, 39(1),461-
490.

179



Ma, Y., Dias, M. C., & Freitas, H. (2020). Drought and salinity stress responses and microbe-
induced tolerance in plants. Frontiers in Plant Science, 11, Article#591911.

Mavrodi, O. V., McWilliams, J. R., Peter, J. O., Berim, A., Hassan, K. A., Elbourne, L. D.,
LeTourneau, M. K., Gang, D. R., Paulsen, I. T., & Weller, D. M. (2021). Root exudates
alter the expression of diverse metabolic, transport, regulatory, and stress response genes
in thizosphere Pseudomonas. Frontiers in Microbiology, 698.

Mazumdar, P., Lau, S.-E., Singh, P., Takhtgahi, H. M., & Harikrishna, J. A. (2019). Impact of
sea-salt on morpho-physiological and biochemical responses in banana (Musa acuminata
cv. Berangan). Physiology and Molecular Biology of Plants, 25(3), 713-726.

Mellidou, 1., Ainalidou, A., Papadopoulou, A., Leontidou, K., Genitsaris, S., Karagiannis, E.,
Van de Poel, B., & Karamanoli, K. (2021). Comparative transcriptomics and
metabolomics reveal an intricate priming mechanism involved in PGPR-mediated salt
tolerance in tomato. Frontiers in Plant Science, 12, 713984.

Menon, R. (2016). Banana breeding. Banana: Genomics and Transgenic Approaches for Genetic
Improvement, 13-34.

Mhlongo, M. L., Piater, L. A., Steenkamp, P. A., Labuschagne, N., & Dubery, 1. A. (2020).
Metabolic profiling of PGPR-treated tomato plants reveal priming-related adaptations of
secondary metabolites and aromatic amino acids. Metabolites, 10(5), Article#210.

Mia, M. B., Shamsuddin, Z., & Mahmood, M. (2010). Use of plant growth promoting bacteria in
banana: a new insight for sustainable banana production. International Journal of
Agriculture and Biology, 12(3), 459-467.

Miliute, 1., Buzaite, O., Baniulis, D., & Stanys, V. (2015). Bacterial endophytes in agricultural
crops and their role in stress tolerance: a review. Zemdirbyste-Agriculture, 102(4), 465-
478.

Miller, G. L. (1959). Use of dinitrosalicylic acid reagent for determination of reducing sugar.
Analytical Chemistry, 31(3), 426-428.

Mishra, S., Triptahi, V., Singh, S., Phukan, U. J., Gupta, M., Shanker, K., & Shukla, R. K. (2013).
Wound induced tanscriptional regulation of benzylisoquinoline pathway and
characterization of wound inducible PsWRKY transcription factor from Papaver
somniferum. PloS one, 8(1), €52784.

Morcillo, R. J., & Manzanera, M. (2021). The effects of plant-associated bacterial
exopolysaccharides on plant abiotic stress tolerance. Metabolites, 11(6), Article#337.

Mukherjee, A., Bhowmick, S., Yadav, S., Rashid, M. M., Chouhan, G. K., Vaishya, J. K., &
Verma, J. P. (2021). Re-vitalizing of endophytic microbes for soil health management
and plant protection. 3 Biotech, 11, 1-17.

Miiller, T., Ruppel, S., Behrendt, U., Lentzsch, P., & Miiller, M. E. (2018). Antagonistic potential

of fluorescent pseudomonads colonizing wheat heads against mycotoxin producing
alternaria and fusaria. Frontiers in Microbiology, 9, Article#2124.

180



Muniroh, M., Nusaibah, S., Vadamalai, G., & Siddique, Y. (2019). Proficiency of biocontrol
agents as plant growth promoters and hydrolytic enzyme producers in Ganoderma
boninense infected oil palm seedlings. Current Plant Biology, 20, Article#100116.

Munns, R. (2005). Genes and salt tolerance: bringing them together. New Phytologist, 167(3),
645-663.

Munns, R., & Gilliham, M. (2015). Salinity tolerance of crops—what is the cost? New Phytologist,
208(3), 668-673.

Munns, R., & Tester, M. (2008). Mechanisms of salinity tolerance. Annual Review of Plant
Biology, 59, 651-681.

Mutalib, A. A., Radziah, O., Shukor, Y., & Naher, U. A. (2012). Effect of nitrogen fertilizer on
hydrolytic enzyme production, root colonisation, N metabolism, leaf physiology and
growth of rice inoculated with'Bacillus' sp.(Sb42). Australian Journal of Crop Science,
6(9), 1383-13809.

Nakano, Y., & Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant and Cell Physiology, 22(5), 867-880.

Nansamba, M., Sibiya, J., Tumuhimbise, R., Karamura, D., Kubiriba, J., & Karamura, E. (2020).
Breeding banana (Musa spp.) for drought tolerance: A review. Plant Breeding, 139(4),
685-696.

Navada, S., Vadstein, O., Gaumet, F., Tveten, A.-K., Spanu, C., Mikkelsen, ., & Kolarevic, J.
(2020). Biofilms remember: Osmotic stress priming as a microbial management strategy
for improving salinity acclimation in nitrifying biofilms. Water Research, 176, 115732.

Neilands, J. (1995). Siderophores: structure and function of microbial iron transport compounds.
Journal of Biological Chemistry, 270(45), 26723-26726.

Ning, Y., Liu, W., & Wang, G.-L. (2017). Balancing immunity and yield in crop plants. Trends
in Plant Science, 22(12), 1069-1079.

Nkengla-Asi, L., Eforuoku, F., Olaosebikan, O., Adejoju Ladigbolu, T., Amah, D., Hanna, R., &
Kumar, P. L. (2021). Gender roles in sourcing and sharing of banana planting material in

communities with and without banana bunchy top disease in Nigeria. Sustainability,
13(6), Article#3310.

Noctor, G., & Foyer, C. H. (1998). Ascorbate and glutathione: keeping active oxygen under
control. Annual Review of Plant Biology, 49(1), 249-279.

Nozari, R. M., Ortolan, F., Astarita, L. V., & Santarém, E. R. (2021). Streptomyces spp. enhance
vegetative growth of maize plants under saline stress. Brazilian Journal of Microbiology,
52,1371-1383.

Ortiz-Castro, R., & Lopez-Bucio, J. (2019). Phytostimulation and root architectural responses to

quorum-sensing signals and related molecules from rhizobacteria. Plant Science, 284,
135-142.

181



Oteino, N., Lally, R. D., Kiwanuka, S., Lloyd, A., Ryan, D., Germaine, K. J., & Dowling, D. N.
(2015). Plant growth promotion induced by phosphate solubilizing endophytic
Pseudomonas isolates. Frontiers in Microbiology, 6, 745.

Pan, T., Liu, M., Kreslavski, V. D., Zharmukhamedov, S. K., Nie, C., Yu, M., Kuznetsov, V. V.,
Allakhverdiev, S. 1., & Shabala, S. (2021). Non-stomatal limitation of photosynthesis by
soil salinity. Critical Reviews in Environmental Science and Technology, 51(8), 791-825.

Pandey, P. K., Samanta, R., & Yadav, R. N. S. (2019). Inside the plant: addressing bacterial
endophytes in biotic stress alleviation. Archives of Microbiology, 201, 415-429.

Pareek, S. (2016). Nutritional and biochemical composition of banana (Musa spp.) cultivars.
Nutritional Composition of Fruit Cultivars, 49-81.

Parisi, B., & Vallee, B. (1969). Metal enzyme complexes activated by zinc. Journal of Biological
Chemistry, 179, 803-807.

Parmar, P., & Sindhu, S. (2013). Potassium solubilization by rhizosphere bacteria: influence of
nutritional and environmental conditions. Journal of Microbiol Research, 3(1), 25-31.

Pastuszak, J., Szczerba, A., Dziurka, M., Hornyak, M., Kope¢, P., Szklarczyk, M., & Ptazek, A.
(2021). Physiological and Biochemical Response to Fusarium culmorum Infection in

Three Durum Wheat Genotypes at Seedling and Full Anthesis Stage. International
Journal of Molecular Sciences, 22(14), Article#7433.

Patel, P., Yadav, K., Srivastava, A. K., Suprasanna, P., & Ganapathi, T. R. (2019).
Overexpression of native Musa-miR397 enhances plant biomass without compromising
abiotic stress tolerance in banana. Scientific Reports, 9(1), 1-15.

Patten, C. L., & Glick, B. R. (1996). Bacterial biosynthesis of indole-3-acetic acid. Canadian
Journal of Microbiology, 42(3), 207-220.

Paul, D., & Sinha, S. N. (2017). Isolation and characterization of phosphate solubilizing
bacterium Pseudomonas aeruginosa KUPSB12 with antibacterial potential from river
Ganga, India. Annals of Agrarian Science, 15(1), 130-136.

Payne, S. M. (1993). Iron acquisition in microbial pathogenesis. Trends in Microbiology, 1(2),
66-69.

Peng, Y., Bartley, L. E., Chen, X., Dardick, C., Chern, M., Ruan, R., Canlas, P. E., & Ronald, P.
C. (2008). OsWRKY62 is a negative regulator of basal and Xa21-mediated defense against
Xanthomonas oryzae pv. oryzae in rice. Molecular Plant, 1(3), 446-458.

Peng, Y., van Wersch, R., & Zhang, Y. (2018). Convergent and divergent signaling in PAMP-
triggered immunity and effector-triggered immunity. Molecular Plant-Microbe
Interactions, 31(4), 403-409.

Penrose, D. M., & Glick, B. R. (2003). Methods for isolating and characterizing ACC deaminase-
containing plant growth-promoting rhizobacteria. Physiologia Plantarum, 118(1), 10-15.

Pérez-Rodriguez, M. M., Pontin, M., Piccoli, P., Lobato Ureche, M. A., Gordillo, M. G., Funes-
Pinter, 1., & Cohen, A. C. (2022). Halotolerant native bacteria Enterobacter 64S1 and

182



Pseudomonas 42P4 alleviate saline stress in tomato plants. Physiologia Plantarum,
174(4), e13742.

Phi, Q.-T., Park, Y.-M., Seul, K.-J., Ryu, C.-M., Park, S.-H., Kim, J.-G., & Ghim, S.-Y. (2010).
Assessment of root-associated Paenibacillus polymyxa groups on growth promotion and

induced systemic resistance in pepper. Journal of Microbiology and Biotechnology,
20(12), 1605-1613.

Phillips, T., & Hoopes, L. (2008). Transcription factors and transcriptional control in eukaryotic
cells. Nature Education, 1(1), Article#119.

Phukan, U. J., Jeena, G. S., & Shukla, R. K. (2016). WRKY transcription factors: molecular
regulation and stress responses in plants. Frontiers in Plant Science, 7, Article#760.

Pieterse, C. M., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C., & Bakker, P.
A. (2014). Induced systemic resistance by beneficial microbes. Annual Review of
Phytopathology, 52, 347-375.

Ploetz, R. C. (2006). Fusarium wilt of banana is caused by several pathogens referred to as
Fusarium oxysporum f. sp. cubense. Phytopathology, 96(6), 653-656.

Ploetz, R. C. (2015). Fusarium wilt of banana. Phytopathology, 105(12), 1512-1521.

Polash, M. A. S., Sakil, M. A., & Hossain, M. A. (2019). Plants responses and their physiological
and biochemical defense mechanisms against salinity: A review. Tropical Plant
Research, 6,250-274.

Posada, L. F., Alvarez, J., Romero-Tabarez, M., de-Bashan, L., & Villegas-Escobar, V. (2018).
Enhanced molecular visualization of root colonization and growth promotion by Bacillus
subtilis EA-CB0575 in different growth systems. Microbiological Research, 217, 69-80.

Preece, C., & Pefiuelas, J. (2020). A return to the wild: root exudates and food security. Trends
in Plant Science, 25(1), 14-21.

Qin, X., Zhang, R.-X., Ge, S., Zhou, T., & Liang, Y.-K. (2017). Sphingosine kinase AtSPHK 1
functions in fumonisin B1-triggered cell death in Arabidopsis. Plant Physiology and
Biochemistry, 119, 70-80.

Qin, Z., Hou, F., Li, A., Dong, S., Wang, Q., & Zhang, L. (2020). Transcriptome-wide
identification of WRKY transcription factor and their expression profiles under salt stress
in sweetpotato (lpomoea batatas L.). Plant Biotechnology Reports, 14, 599-611.

Rabhi, N. E. H., Silini, A., Cherif-Silini, H., Yahiaoui, B., Lekired, A., Robineau, M., Esmaeel,
Q., Jacquard, C., Vaillant-Gaveau, N., & Clément, C. (2018). Pseudomonas knackmussii

MLR6, a rhizospheric strain isolated from halophyte, enhances salt tolerance in
Arabidopsis thaliana. Journal of Applied Microbiology, 125(6), 1836-1851.

Rajkumar, M., Ae, N., Prasad, M. N. V., & Freitas, H. (2010). Potential of siderophore-producing
bacteria for improving heavy metal phytoextraction. Trends in Biotechnology, 28(3), 142-
149.

Rashid, M. H.-O.-., Khan, A., Hossain, M. T., & Chung, Y. R. (2017). Induction of systemic
resistance against aphids by endophytic Bacillus velezensis YC7010 via expressing

183



PHYTOALEXIN DEFICIENT4 in Arabidopsis. Frontiers in Plant Science, 8,
Article#211.

Redondo-Goémez, S., Mesa-Marin, J., Pérez-Romero, J. A., Lopez-Jurado, J., Garcia-Lopez, J.
V., Mariscal, V., Molina-Heredia, F. P., Pajuelo, E., Rodriguez-Llorente, I. D., &
Flowers, T. J. (2021). Consortia of plant-growth-promoting rhizobacteria isolated from
halophytes improve response of eight crops to soil salinization and climate change
conditions. Agronomy, 11(8), Article#1609.

Reed, S. C., Cleveland, C. C., & Townsend, A. R. (2011). Functional ecology of free-living
nitrogen fixation: a contemporary perspective. Annual Review of Ecology, Evolution, and
Systematics, 42, 489-512.

Riechmann, J. L., & Ratcliffe, O. J. (2000). A genomic perspective on plant transcription factors.
Current Opinion in Plant Biology, 3(5), 423-434.

Rishbeth, J. (1955). Fusarium wilt of bananas in Jamaica: I. Some observations on the
epidemiology of the disease. Annals of Botany, 19(3), 293-328.

Rojas-Solis, D., Vences-Guzméan, M. A., Sohlenkamp, C., & Santoyo, G. (2020). Antifungal and
plant growth—promoting bacillus under saline stress modify their membrane composition.
Journal of Soil Science and Plant Nutrition, 20(3), 1549-1559.

Romera, F. J., Garcia, M. J., Lucena, C., Martinez-Medina, A., Aparicio, M. A., Ramos, J.,
Alcéntara, E., Angulo, M., & Pérez-Vicente, R. (2019). Induced systemic resistance (ISR)
and Fe deficiency responses in dicot plants. Frontiers in Plant Science, 10, Article#287.

Rosenblueth, M., & Martinez-Romero, E. (2006). Bacterial endophytes and their interactions
with hosts. Molecular Plant-Microbe Interactions, 19(8), 827-837.

Rout, N., & Shaw, B. (2001). Salt tolerance in aquatic macrophytes: possible involvement of the
antioxidative enzymes. Plant Science, 160(3), 415-423.

Rowe, P., & Rosales, F. (1994). Musa breeding at FHIA. The improvement and testing of Musa:
a global partnership. INIBAP, Montpellier, France, 117-129.

Rubio, F., Nieves-Cordones, M., Horie, T., & Shabala, S. (2020). Doing ‘business as usual’comes
with a cost: evaluating energy cost of maintaining plant intracellular K+ homeostasis
under saline conditions. New Phytologist, 225(3), 1097-1104.

Russell, D. W., & Sambrook, J. (2001). Molecular cloning: a laboratory manual (Vol. 1). Cold
Spring Harbor Laboratory Cold Spring Harbor, NY.

Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Par¢, P. W., & Kloepper, J. W.
(2003). Bacterial volatiles promote growth in Arabidopsis. Proceedings of the National
Academy of Sciences, 100(8), 4927-4932.

Sagisaka, S. (1976). The occurrence of peroxide in a perennial plant, Populus gelrica. Plant
Physiology, 57(2), 308-309.

Sah, S. K., Reddy, K. R., & Li, J. (2016). Abscisic acid and abiotic stress tolerance in crop plants.
Frontiers in Plant Science, 7, 571.

184



Sahu, P. K., Singh, S., Gupta, A., Singh, U. B., Brahmaprakash, G., & Saxena, A. K. (2019).
Antagonistic potential of bacterial endophytes and induction of systemic resistance
against collar rot pathogen Sclerotium rolfsii in tomato. Biological Control, 137,
Article#104014.

Sairam, R., Srivastava, G., Agarwal, S., & Meena, R. (2005). Differences in antioxidant activity
in response to salinity stress in tolerant and susceptible wheat genotypes. Biologia
Plantarum, 49, 85-91.

Saitou, N., & Nei, M. (1987). The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Molecular Biology and Evolution, 4(4), 406-425.

Samain, E., Ernenwein, C., Aussenac, T., & Selim, S. (2022). Effective and durable systemic
wheat-induced resistance by a plant-growth-promoting rhizobacteria consortium of
Paenibacillus sp. strain B2 and Arthrobacter spp. strain AA against Zymoseptoria tritici
and drought stress. Physiological and Molecular Plant Pathology, 119, Article#101830.

Santana Junior, E. B., Coelho, E. F., Gongalves, K. S., & Cruz, J. L. (2019). Physiological and
vegetative behavior of banana cultivars under irrigation water salinity. Revista Brasileira
de Engenharia Agricola e Ambiental, 24, 82-88.

Santini, A., Srobarova, A., Pavlovkin, J., Ciamporové, M., & Ritieni, A. (2008). Fusaproliferin
effects on the photosystem in the cells of maize seedling leaves. European Journal of
Plant Pathology, 120(4), 363-371.

Sapre, S., Gontia-Mishra, 1., & Tiwari, S. (2022). Plant growth-promoting rhizobacteria
ameliorates salinity stress in pea (Pisum sativum). Journal of Plant Growth Regulation,
41(2), 647-656.

Saravanan, V., Kumar, M. R., & Sa, T. (2011). Microbial zinc solubilization and their role on
plants. Bacteria in Agrobiology: Plant Nutrient Management, 47-63.

Sasmito, S. D., Kuzyakov, Y., Lubis, A. A., Murdiyarso, D., Hutley, L. B., Bachri, S., Friess, D.
A., Martius, C., & Borchard, N. (2020). Organic carbon burial and sources in soils of
coastal mudflat and mangrove ecosystems. Catena, 187, Article#104414.

Scavino, A. F., & Pedraza, R. O. (2013). The role of siderophores in plant growth-promoting
bacteria. Bacteria in Agrobiology: Crop Productivity, 265-285.

Schuhegger, R., Ihring, A., Gantner, S., Bahnweg, G., Knappe, C., Vogg, G., Hutzler, P., Schmid,
M., Van Breusegem, F., & Eberl, L. (2006). Induction of systemic resistance in tomato
by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant, Cell &

Environment, 29(5), 909-918.

Schwyn, B., & Neilands, J. (1987). Universal chemical assay for the detection and determination
of siderophores. Analytical Biochemistry, 160(1), 47-56.

Sebestyen, D., Perez-Gonzalez, G., & Goodell, B. (2022). Antioxidants and iron chelators inhibit

oxygen radical generation in fungal cultures of plant pathogenic fungi. Fungal Biology,
126(8), 480-487.

185



Shabaan, M., Asghar, H. N., Zahir, Z. A., Zhang, X., Sardar, M. F., & Li, H. (2022). Salt-tolerant
PGPR confer salt tolerance to maize through enhanced soil biological health, enzymatic
activities, nutrient uptake and antioxidant defense. Frontiers in Microbiology, Article#13.

Shahid, M., Al-Khattaf, F. S., Danish, M., Zeyad, M. T., Atef Hatamleh, A., Mohamed, A., &
Ali, S. (2022). PGPR Kosakonia Radicincitans KR-17 increases the salt tolerance of
radish by regulating ion-homeostasis, photosynthetic molecules, redox potential, and
stressor metabolites. Frontiers in Plant Science, 13, Article#919696.

Shahzad, R., Jamil, S., Ahmad, S., Nisar, A., Amina, Z., Saleem, S., Igbal, M. Z., Atif, R. M., &
Wang, X. (2021). Harnessing the potential of plant transcription factors in developing
climate resilient crops to improve global food security: Current and future perspectives.
Saudi Journal of Biological Sciences, 28(4), 2323-2341.

Sharif, 1., Aleem, S., Farooq, J., Rizwan, M., Younas, A., Sarwar, G., & Chohan, S. M. (2019).
Salinity stress in cotton: effects, mechanism of tolerance and its management strategies.
Physiology and Molecular Biology of Plants, 25, 807-820.

Shekhawat, U. K. S., Srinivas, L., & Ganapathi, T. R. (2011). MusaDHN-1, a novel multiple
stress-inducible SK 3-type dehydrin gene, contributes affirmatively to drought-and salt-
stress tolerance in banana. Planta, 234, 915-932.

Sheldon, A. R., Dalal, R. C., Kirchhof, G., Kopittke, P. M., & Menzies, N. W. (2017). The effect
of salinity on plant-available water. Plant and Soil, 418, 477-491.

Shen, M., Li, J., Dong, Y., Liu, H., Peng, J., Hu, Y., & Sun, Y. (2021). Profiling of plant growth-
promoting metabolites by phosphate-solubilizing bacteria in maize rhizosphere. Plants,
10(6), 1071.

Sheoran, N., Nadakkakath, A. V., Munjal, V., Kundu, A., Subaharan, K., Venugopal, V.,
Rajamma, S., Eapen, S. J., & Kumar, A. (2015). Genetic analysis of plant endophytic
Pseudomonas putida BP25 and chemo-profiling of its antimicrobial volatile organic
compounds. Microbiological Research, 173, 66-78.

Shi, L.-N., Lu, L.-X., Ye, J.-R., & Shi, H.-M. (2022). The endophytic strain ZS-3 enhances salt
tolerance in Arabidopsis thaliana by regulating photosynthesis, osmotic stress, and ion
homeostasis and inducing systemic tolerance. Frontiers in Plant Science, 13.

Shridhar, B. S. (2012). Nitrogen fixing microorganisms. International Journal of
Microbiological Research, 3(1), 46-52.

Siamak, S. B., & Zheng, S. (2018). Banana Fusarium wilt (Fusarium oxysporum f. sp. cubense)
control and resistance, in the context of developing wilt-resistant bananas within
sustainable production systems. Horticultural Plant Journal, 4(5), 208-218.

Simoes, A. J. G., & Hidalgo, C. A. (2011). The economic complexity observatory: An analytical
tool for understanding the dynamics of economic development. Workshops at the twenty-
fifth AAAI conference on artificial intelligence,

Singh, A. K., Kumar, S. R., Dwivedi, V., Rai, A., Pal, S., Shasany, A. K., & Nagegowda, D. A.
(2017). A WRKY transcription factor from Withania somnifera regulates triterpenoid

186



withanolide accumulation and biotic stress tolerance through modulation of phytosterol
and defense pathways. New Phytologist, 215(3), 1115-1131.

Singh, J., Singh, A. V., Upadhayay, V. K., Khan, A., & Chandra, R. (2022). Prolific contribution
of Pseudomonas protegens in Zn biofortification of wheat by modulating multifaceted
physiological response under saline and non-saline conditions. World Journal of
Microbiology and Biotechnology, 38(12), Article#227.

Singh, P., Shekhar, S., Rustagi, A., Sharma, V., & Kumar, D. (2018). Insights into the role of
WRKY superfamily of protein transcription factor in defense response. Molecular
Aspects of Plant-Pathogen Interaction, 185-202.

Singh, R. P., Shelke, G. M., Kumar, A., & Jha, P. N. (2015). Biochemistry and genetics of ACC
deaminase: a weapon to “stress ethylene” produced in plants. Frontiers in Microbiology,
6, Article#937.

Situ, J., Zheng, L., Xu, D., Gu, C., Xi, P., Deng, Y., Hsiang, T., & Jiang, Z. (2023). Screening of
effective biocontrol agents against postharvest litchi downy blight caused by
Peronophythora litchii. Postharvest Biology and Technology, 198, Article#112249.

Skidmore, A., & Dickinson, C. (1976). Colony interactions and hyphal interference between
Septoria nodorum and phylloplane fungi. Transactions of the British Mycological Society,
66(1), 57-64.

Smith, I. K., Vierheller, T. L., & Thorne, C. A. (1989). Properties and functions of glutathione
reductase in plants. Physiologia Plantarum, 77(3), 449-456.

Song, Y., & Gao, J. (2014). Genome-wide analysis of WRKY gene family in Arabidopsis lyrata
and comparison with Arabidopsis thaliana and Populus trichocarpa. Chinese Science
Bulletin, 59, 754-765.

Soundar Raju, C., Aslam, A., Thangadurai, D., Sangeetha, J., Kathiravan, K., & Shajahan, A.
(2020). Indole acetic acid (IAA) producing endophytic bacteria on direct somatic

embryogenesis and plant regeneration of Exacum travancoricum Bedd. Vegetos, 33, 690-
702.

Souza, M. S., de Baura, V. A., Santos, S. A., Fernandes-Junior, P. 1., Reis Junior, F. B., Marques,
M. R., Paggi, G. M., & da Silva Brasil, M. (2017). Azospirillum spp. from native forage
grasses in Brazilian Pantanal floodplain: biodiversity and plant growth promotion
potential. World Journal of Microbiology and Biotechnology, 33, 1-13.

Spaepen, S., & Vanderleyden, J. (2011). Auxin and plant-microbe interactions. Cold Spring
Harbor perspectives in biology, 3(4), a001438.

Srebot, M. S., Tano, J., Carrau, A., Ferretti, M. D., Martinez, M. L., Orellano, E. G., & Rodriguez,
M. V. (2021). Bacterial wilt biocontrol by the endophytic bacteria Gluconacetobacter
diazotrophicus in Rio Grande tomato cultivar. Biological Control, 162, Article#104728.

Sreenivasulu, N., Harshavardhan, V. T., Govind, G., Seiler, C., & Kohli, A. (2012). Contrapuntal

role of ABA: does it mediate stress tolerance or plant growth retardation under long-term
drought stress? Gene, 506(2), 265-273.

187



Srivastava, V., & Verma, P. K. (2015). Genome wide identification of LIM genes in Cicer
arietinum and response of Ca-2LIMs in development, hormone and pathogenic stress.
PloS one, 10(9), e0138719.

Stein, R. J., Duarte, G. L., Scheunemann, L., Spohr, M. G., de Aragjo Junior, A. T,
Ricachenevsky, F. K., Rosa, L. M. G., Zanchin, N. I. T, Santos, R. P. d., & Fett, J. P.
(2019). Genotype variation in rice (Oryza sativa L.) tolerance to Fe toxicity might be
linked to root cell wall lignification. Frontiers in Plant Science, 10, Article#746.

Stover, R. H. (1962). Fusarial wilt (Panama Disease) of bananas and other Musa species. Fusarial
wilt (Panama disease) of bananas and other Musa species.

Su, T., Xu, Q., Zhang, F.-C., Chen, Y., Li, L.-Q., Wu, W.-H., & Chen, Y.-F. (2015). WRKY42
modulates phosphate homeostasis through regulating phosphate translocation and
acquisition in Arabidopsis. Plant Physiology, 167(4), 1579-1591.

Sun, J., Zhang, J., Fang, H., Peng, L., Wei, S., Li, C., Zheng, S., & Lu, J. (2019). Comparative
transcriptome analysis reveals resistance-related genes and pathways in Musa acuminata
banana 'Guijiao 9' in response to Fusarium wilt. Plant Physiology and Biochemistry, 141,
83-94.

Sun, L., Cheng, L., Ma, Y., Lei, P., Wang, R., Gu, Y., Li, S., Zhang, F., & Xu, H. (2022).
Exopolysaccharides from Pantoea alhagi NX-11 specifically improve its root

colonization and rice salt resistance. International Journal of Biological Macromolecules,
209, 396-404.

Sun, L., Qiu, F., Zhang, X., Dai, X., Dong, X., & Song, W. (2008). Endophytic bacterial diversity
in rice (Oryza sativa L.) roots estimated by 16S rDNA sequence analysis. Microbial
Ecology, 55(3), 415-424.

Sun, X.-c., Gao, Y.-f,, Li, H.-r., Yang, S.-z., & Liu, Y.-s. (2015). Over-expression of SIWRKY39
leads to enhanced resistance to multiple stress factors in tomato. Journal of Plant Biology,
58, 52-60.

Tak, H., Negi, S., & Ganapathi, T. (2017). Banana NAC transcription factor MusaNAC042 is
positively associated with drought and salinity tolerance. Protoplasma, 254, 803-816.

Tang, J., Wang, F., Wang, Z., Huang, Z., Xiong, A., & Hou, X. (2013). Characterization and co-
expression analysis of WRKY orthologs involved in responses to multiple abiotic stresses
in Pak-choi (Brassica campestris ssp. chinensis). BMC Plant Biology, 13, 1-13.

Tang, W., Wang, F., Chu, H., You, M., Lv, Q., Ji, W., Deng, X., Zhou, B., & Peng, D. (2023).
WRKY transcription factors regulate phosphate uptake in plants. Environmental and
Experimental Botany, Article#105241.

Thatoi, H., Mishra, R., & Behera, B. (2020). Biotechnological potentials of halotolerant and
halophilic bacteria from mangrove ecosystems. In Biotechnological Utilization of
Mangrove Resources (pp. 413-433). Elsevier.

Timofeeva, A. M., Galyamova, M. R., & Sedykh, S. E. (2022). Bacterial Siderophores:

Classification, Biosynthesis, Perspectives of Use in Agriculture. Plants, 11(22),
Article#3065.

188



Tripathi, J. N., Ntui, V. O., Ron, M., Muiruri, S. K., Britt, A., & Tripathi, L. (2019).
CRISPR/Cas9 editing of endogenous banana streak virus in the B genome of Musa spp.

overcomes a major challenge in banana breeding. Communications Biology, 2(1),
Article#46.

Tsoi, R., Dai, Z., & You, L. (2019). Emerging strategies for engineering microbial communities.
Biotechnology Advances, 37(6), Article#107372.

Turner, D. W., Fortescue, J. A., & Thomas, D. S. (2007). Environmental physiology of the
bananas (Musa spp.). Brazilian Journal of Plant Physiology, 19, 463-484.

Udvardi, M. K., Kakar, K., Wandrey, M., Montanari, O., Murray, J., Andriankaja, A., Zhang, J.-
Y., Benedito, V., Hofer, J. M., & Chueng, F. (2007). Legume transcription factors: global
regulators of plant development and response to the environment. Plant Physiology,
144(2), 538-549.

Ullah, A., Nisar, M., Ali, H., Hazrat, A., Hayat, K., Keerio, A. A., Ihsan, M., Laiq, M., Ullah, S.,
& Fahad, S. (2019). Drought tolerance improvement in plants: an endophytic bacterial
approach. Applied Microbiology and Biotechnology, 103, 7385-7397.

Ullah, S., & Bano, A. (2015). Isolation of plant-growth-promoting rhizobacteria from
rhizospheric soil of halophytes and their impact on maize (Zea mays L.) under induced
soil salinity. Canadian Journal of Microbiology, 61(4), 307-313.

Vaca, E., Gaibor, N., & Kovécs, K. (2020). Analysis of the chain of the banana industry of
Ecuador and the European market. Applied Studies in Agribusiness and Commerce, 14(1-
2), 57-65.

Van Aken, O., Zhang, B., Law, S., Narsai, R., & Whelan, J. (2013). AtWRKY40 and AtWRKY63
modulate the expression of stress-responsive nuclear genes encoding mitochondrial and
chloroplast proteins. Plant Physiology, 162(1), 254-271.

van Dijk, K., & Nelson, E. B. (2000). Fatty acid competition as a mechanism by which
Enterobacter cloacae suppresses Pythium ultimum sporangium germination and damping-
off. Applied and Environmental Microbiology, 66(12), 5340-5347.

Van Zelm, E., Zhang, Y., & Testerink, C. (2020). Salt tolerance mechanisms of plants. Annual
Review of Plant Biology, 71, 403-433.

Varga, T., Hixson, K. K., Ahkami, A. H., Sher, A. W., Barnes, M. E., Chu, R. K., Battu, A. K.,
Nicora, C. D., Winkler, T. E., & Reno, L. R. (2020). Endophyte-promoted phosphorus
solubilization in Populus. Frontiers in Plant Science, 11, Article#567918.

Velmurugan, A., Swarnam, P., Subramani, T., Meena, B., & Kaledhonkar, M. (2020). Water
demand and salinity. Desalination-Challenges and Opportunities.

Vives-Peris, V., Gomez-Cadenas, A., & Pérez-Clemente, R. M. (2018). Salt stress alleviation in
citrus plants by plant growth-promoting rhizobacteria Pseudomonas putida and
Novosphingobium sp. Plant Cell Reports, 37(11), 1557-1569.

Vo, K. T., Kim, C.-Y., Hoang, T. V., Lee, S.-K., Shirsekar, G., Seo, Y.-S., Lee, S.-W., Wang,
G.-L., & Jeon, J.-S. (2018). OsWRKY67 plays a positive role in basal and XA21-mediated
resistance in rice. Frontiers in Plant Science, 8, Article#2220.

189



Vocciante, M., Grifoni, M., Fusini, D., Petruzzelli, G., & Franchi, E. (2022). The role of plant
growth-promoting rhizobacteria (PGPR) in mitigating plant’s environmental stresses.
Applied Sciences, 12(3), Article#1231.

Walker, T. S., Bais, H. P., Grotewold, E., & Vivanco, J. M. (2003). Root exudation and
rhizosphere biology. Plant Physiology, 132(1), 44-51.

Wall, M. M. (2006). Ascorbic acid, vitamin A, and mineral composition of banana (Musa sp.)
and papaya (Carica papaya) cultivars grown in Hawaii. Journal of Food Composition and
analysis, 19(5), 434-445.

Wang, H., Gong, W., Wang, Y., & Ma, Q. (2023). Contribution of a WRKY Transcription Factor,
ShWRKYS1, to Powdery Mildew Resistance in Wild Tomato. International Journal of
Molecular Sciences, 24(3), Article#2583.

Wang, N., Xia, E.-H., & Gao, L.-Z. (2016). Genome-wide analysis of WRKY family of
transcription factors in common bean, Phaseolus vulgaris: chromosomal localization,
structure, evolution and expression divergence. Plant Gene, 5, 22-30.

Wang, S., Han, S., Zhou, X., Zhao, C., Guo, L., Zhang, J., Liu, F., Huo, Q., Zhao, W., & Guo, Z.
(2023). Phosphorylation and ubiquitination of OsWRKY31 are integral to OsMKK10-2-
mediated defense responses in rice. The Plant Cell, koad064.

Wang, W., Li, T., Chen, Q., Yao, S., & Zeng, K. (2023). Transcriptional regulatory mechanism
of a variant transcription factor CsWRKY23 in citrus fruit resistance to Penicillium
digitatum. Food Chemistry, 413, Article#135573.

Wang, X., Xie, S., Mu, X., Guan, B., Hu, Y., & Ni, Y. (2023). Investigating the resistance
responses to Alternaria brassicicola in "Korla' fragrant pear fruit induced by a biocontrol
strain Bacillus subtilis Y2. Postharvest Biology and Technology, 199, Article#112293.

Wang, Y., Feng, L., Zhu, Y., Li, Y., Yan, H., & Xiang, Y. (2015). Comparative genomic analysis
of the WRKY III gene family in populus, grape, arabidopsis and rice. Biology Direct,
10(1), 1-27.

Wang, Y., Wang, X., Fang, J., Yin, W., Yan, X., Tu, M., Liu, H., Zhang, Z., Li, Z., & Gao, M.
(2023). VgWRKY56 interacts with VgbZIPC22 in grapevine to promote proanthocyanidin
biosynthesis and increase resistance to powdery mildew. New Phytologist, 237(5), 1856-
1875.

Wani, S. H., Anand, S., Singh, B., Bohra, A., & Joshi, R. (2021). WRKY transcription factors
and plant defense responses: latest discoveries and future prospects. Plant Cell Reports,
40,1071-1085.

Wei, J., Liu, D., Liu, Y., & Wei, S. (2022). Physiological analysis and transcriptome sequencing
reveal the effects of salt stress on banana (Musa acuminata cv. BD) Leaf. Frontiers in
Plant Science, 13, Article#822838.

Wong, C., Vadamalai, G., Saidi, N., & Zulperi, D. (2019). Research progress, challenges and

future perspectives on the management of fusarium wilt of banana in Malaysia: a review.
Malaysian Journal of Science, 38(2), 47-66.

190



Wu, J., Chen, J.,, Wang, L., & Wang, S. (2017). Genome-wide investigation of WRKY
transcription factors involved in terminal drought stress response in common bean.
Frontiers in Plant Science, 8, Article#380.

Wu, M., Liu, H., Han, G., Cai, R., Pan, F., & Xiang, Y. (2017). A moso bamboo WRKY gene
PeWRKYS3 confers salinity tolerance in transgenic Arabidopsis plants. Scientific Reports,
7(1), Article#11721.

Wu, Z.-J., Li, X.-H., Liu, Z.-W., Li, H., Wang, Y.-X., & Zhuang, J. (2016). Transcriptome-wide
identification of Camellia sinensis WRKY transcription factors in response to
temperature stress. Molecular Genetics and Genomics, 291, 255-269.

Xi, D., Yin, T., Han, P., Yang, X., Zhang, M., Du, C., Zhang, H., & Liu, X. (2023). Genome-
Wide Identification of Sweet Orange WRKY Transcription Factors and Analysis of Their
Expression in Response to Infection by Penicillium digitatum. Current Issues in
Molecular Biology, 45(2), 1250-1271.

Xia, Y., Liu, J., Chen, C., Mo, X., Tan, Q., He, Y., Wang, Z., Yin, J., & Zhou, G. (2022). The
multifunctions and future prospects of endophytes and their metabolites in plant disease
management. Microorganisms, 10(5), Article#1072.

Xiao, R. F., Zhu, Y.-J., Li, Y.-D., & Liu, B. (2013). Studies on vascular infection of Fusarium
oxysporum f. sp. cubense race 4 in banana by field survey and green fluorescent protein
reporter. International Journal of Phytopathology, 2(1), 44-51.

Xiao, S., Ming, Y., Hu, Q., Ye, Z., Si, H., Liu, S., Zhang, X., Wang, W., Yu, Y., & Kong, J.
(2023). GhWRKY41 forms a positive feedback regulation loop and increases cotton
defense response against Verticillium dahliae by regulating phenylpropanoid metabolism.
Plant Biotechnology Journal.

Xu, H., Watanabe, K. A., Zhang, L., & Shen, Q. J. (2016). WRKY transcription factor genes in
wild rice Oryza nivara. DNA Research, 23(4), 311-323.

Xu, W.-f., Ren, H.-s., Ou, T., Lei, T., Wei, J.-h., Huang, C.-s., Li, T., Strobel, G., Zhou, Z.-y., &
Xie, J. (2019). Genomic and functional characterization of the endophytic Bacillus
subtilis 7PJ-16 strain, a potential biocontrol agent of mulberry fruit sclerotiniose.
Microbial Ecology, 77, 651-663.

Xu, Z., Raza, Q., Xu, L., He, X., Huang, Y., Yi, J., Zhang, D., Shao, H.-B., Ma, H., & Ali, Z.
(2018). GmWRKY49, a salt-responsive nuclear protein, improved root length and
governed better salinity tolerance in transgenic Arabidopsis. Frontiers in Plant Science,
9, Article#809.

Yang, Z., Chi, X., Guo, F., Jin, X., Luo, H., Hawar, A., Chen, Y., Feng, K., Wang, B., & Qi, J.
(2020). SBWRKY30 enhances the drought tolerance of plants and regulates a drought
stress-responsive gene, SPRD19, in sorghum. Journal of Plant Physiology, 246,
Article#153142.

Yasmin, H., Naecem, S., Bakhtawar, M., Jabeen, Z., Nosheen, A., Naz, R., Keyani, R., Mumtaz,
S., & Hassan, M. N. (2020). Halotolerant rhizobacteria Pseudomonas pseudoalcaligenes
and Bacillus subtilis mediate systemic tolerance in hydroponically grown soybean
(Glycine max L.) against salinity stress. PloS one, 15(4), €0231348.

191



Yousef, N. M. (2018). Capability of plant growth-promoting rhizobacteria (PGPR) for producing
indole acetic acid (IAA) under extreme conditions. European Journal of Biological
Research, 8(4), 174-182.

Yu, S., He, Z., Gao, K., Zhou, J., Lan, X., Zhong, C., & Xie, J. (2023). Dioscorea composita
WRKY12 is involved in the regulation of salt tolerance by directly activating the promoter
of AtRCI2A. Plant Physiology and Biochemistry, 196, T46-758.

Yu, X., Ai, C., Xin, L., & Zhou, G. (2011). The siderophore-producing bacterium, Bacillus
subtilis CAS15, has a biocontrol effect on Fusarium wilt and promotes the growth of
pepper. European Journal of Soil Biology, 47(2), 138-145.

Yu, Y., Song, T., Wang, Y., Zhang, M., Li, N., Yu, M., Zhang, S., Zhou, H., Guo, S., & Bu, Y.
(2023). The wheat WRKY transcription factor TaWRKY1-2D confers drought resistance
in transgenic Arabidopsis and wheat (7riticum aestivum L.). International Journal of
Biological Macromolecules, 226, 1203-1217.

Zaidi, A., Khan, M., Ahemad, M., & Oves, M. (2009). Plant growth promotion by phosphate
solubilizing bacteria. Acta Microbiologica et Immunologica Hungarica, 56(3), 263-284.

Zebelo, S., Song, Y., Kloepper, J. W., & Fadamiro, H. (2016). Rhizobacteria activates (+)-0-
cadinene synthase genes and induces systemic resistance in cotton against beet
armyworm (Spodoptera exigua). Plant, Cell & Environment, 39(4), 935-943.

Zhang, L., Cenci, A., Rouard, M., Zhang, D., Wang, Y., Tang, W., & Zheng, S.-J. (2019).
Transcriptomic analysis of resistant and susceptible banana corms in response to infection
by Fusarium oxysporum f. sp. cubense tropical race 4. Scientific Reports, 9(1),
Article#8199.

Zhang, S., Dong, L., Zhang, X., Fu, X., Zhao, L., Wu, L., Wang, X., & Liu, J. (2023). The
transcription factor GAWRKY70 from gossypium hirsutum enhances resistance to
verticillium wilt via the jasmonic acid pathway. BMC Plant Biology, 23(1), 1-15.

Zhang, S., Wu, S., Hu, C., Yang, Q., Dong, T., Sheng, O., Deng, G., He, W., Dou, T., & Li, C.
(2022). Increased mutation efficiency of CRISPR/Cas9 genome editing in banana by
optimized construct. PeerJ, 10, €12664.

Zhang, T., Tan, D., Zhang, L., Zhang, X., & Han, Z. (2017). Phylogenetic analysis and drought-
responsive expression profiles of the WRKY transcription factor family in maize. Agri
Gene, 3, 99-108.

Zhao, L., Xu, Y., & Lai, X. (2018). Antagonistic endophytic bacteria associated with nodules of
soybean (Glycine max L.) and plant growth-promoting properties. Brazilian Journal of
Microbiology, 49, 269-278.

Zhou, H., Li, Y., Zhang, Q., Ren, S., Shen, Y., Qin, L., & Xing, Y. (2016). Genome-wide analysis
of the expression of WRKY family genes in different developmental stages of wild
strawberry (Fragaria vesca) fruit. PloS one, 11(5), e0154312.

Zhou, R., Dong, Y., Liu, X., Feng, S., Wang, C., Ma, X, Liu, J., Liang, Q., Bao, Y., & Xu, S.
(2022). JrWRKY21 interacts with JrPTI5L to activate the expression of JrPR5L for

192



resistance to Colletotrichum gloeosporioides in walnut. The Plant Journal, 111(4), 1152-
1166.

Zou, Y., Ma, K., & Tian, M. (2015). Chemical composition and nutritive value of hot pepper
seed (Capsicum annuum) grown in Northeast Region of China. Food Science and
Technology, 35, 659-663.

193





