Review Article
Beneficial Microbial Partnerships in mulberry: The Role of endophytes
ABSTRACT
	Endophytes are microorganisms that live inside the plant tissues without causing any negative impact to the host plant. They are capable of colonizing in any part of a plant like root, stem, leaves, flowers, nodes, fruits and seeds. In general, beneficial endophytes promote host plant growth, increase plant nutrient uptake, inhibit plant pathogen growth, reduce disease severity by acting as an antagonistic organism and enhance tolerance to environmental stresses (Biotic and abiotic stress). They can promote plant growth by the events of nitrogen fixation, phosphate solubilization, sequestering ion and modulating the phyto-hormones. Another way it acts as an antimicrobial agent to furnish an antagonistic effect to pathogens, and secures the plant from disease-causing pathogens. Endophytic microbes can help the plants to withstand in drought conditions by the generation of phytohormones, including salicylic acid, gibberellic acid, indole acetic acid (IAA) and anti-stress metabolites. Mulberry is one of the major commercial crops in respect to its role in the silk industry. The growth and development of the silkworm completely depend on the quality of mulberry leaves. It accumulates a larger microbial population in its various parts, which helps plant growth in various ways. This review discusses various aspects of beneficial endophytes' interactions with the mulberry plant, which could be used to enhance crop protection and productivity.
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1. INTRODUCTION
Sericulture or silk farming is the cultivation of silkworms to produce silk. Globally, India ranks second in raw silk production. Sericulture mainly comprises mulberry cultivation and silkworm rearing. Mulberry cultivation involves in the production of mulberry leaves and silkworm rearing is mainly to rear the silkworm to produce high-quality cocoons. Being a highly demanded foliage crop, it requires more input to provide good nutrients to the silkworm for the completion of its life cycle. 
“Endophytes are microbial symbionts residing within the plant for the majority of their life cycle without any detrimental impact to the host plant” (Kandelet al. 2017). “Microbes like bacteria, fungi and actinomycetes can be potential agents of endophytes in different plant species” (Rakholiya and Khunt, 2015). “The inherent nature of certain endophytes to potentially colonize the plants in a systemic manner provides a novel approach as a delivery system to plants for various beneficial traits. Endophytes offer more benefits and are able to interact with the host in the variable environmental conditions” (Chaturvedi et al. 2016). “Endophytes are known to enhance host growth by nitrogen fixation, phosphate solubilization, sequestering ions and modulating the phyto-hormones. They may improve the ability of plants to tolerate various types of abiotic and biotic stresses by the regulation of production of growth hormones (IAA and gibberellins) and anti stress substances.The endophytes also can be used in pest control and phyto remediation” (Lodewyckxet al. 2002). By the production of antimicrobial substances, it could be used to inhibit the growth and development of plant pathogens. 
2. ENDOPHYTES AND PLANTS INTERACTION
“Microorganisms interact with plants through a variety of ways, based on a multitude of signals and signal perception mechanisms modulated by both partners. The diverse endophytic microbial community plays an integral and unique role in the functioning of agro-ecosystems. Endophytic bacteria have several effects on their host plant, including growth-promoting activity, modulation of plant metabolism and phyto-hormone signaling that leads to adaptation to environmental abiotic and biotic stress” (Miliute et al. 2015).
“It is also important to note that plants can contain a mixture of colonizing endophytes, and not just a single species” (Suryanarayanan et al.2004, Khan et al.2009, Taghavi et al.2009). “In cases of both fungal endophyte and bacterial endophyte plant interactions, positive effects reported for plants involve overall biomass and growth enhancement, as well as enhanced biotic and abiotic stress tolerance” (Malinowski et al.2000 and Sturz et al.2000). “Successful endophyte-plant interactions require colonization of a plant by the endophytes. Endophytic fungi reside entirely within the plant, such as the root, stem and leaves” (Rodriguez et al.2009). “Bacterial endophytes also primarily occur intercellularly and can be found completely belowground, aboveground or both” (Chanway, 1998).
3. ENDOPHYTES: HIDDEN ALLIES FOR PLANT GROWTH: 
“Endophytes can promote plant growth through direct and indirect mechanisms. Direct mechanisms of endophytic activities includes nitrogen fixation, phosphate solubilization, sequestering ions and modulating the phyto-hormones i.e. cytokines, gibberellins, IAA and ethylene. Endophytes can promote growth of the plants indirectly by the production of antibiotics and lytic enzymes, siderophore production, competition, and induced systemic resistance” (Chaturvedi et al. 2016).
3.1. Indole-3-Acetic Acid (IAA) production:
“IAA has been characterized as the most predominant, physiologically active, naturally occurring auxin, produced in larger quantities than any other related compounds” (Harikrishnan et al. 2014). “Indole-3-Acetic acid is one of the important auxins which support the early root growth. The plant growth-promoting phenomenon of microbes can be attributed to their ability to produce IAA, as IAA positively influences root growth and development, thereby enhancing nutrient uptake” (Khalidet al. 2004).
3.2. Siderophore production:
“Siderophores are organic compounds with low molecular masses that are produced by microorganisms and plants growing under low iron conditions” (Ahmed and Holmström, 2014).
3.3. ACC deaminase production:
“The modulation of ethylene levels in plants enhanced by the production of  1-amino-cyclopropane -1 carboxylate deaminase is a key trait that enables interference with the physiology of the host plant” (Hardoimet al. 2008). 
3.4. Ammonia production:
“Nitrogen (N) is the most important mineral nutrient required by plants. Although some plants can directly utilize Nitrogen,ammonium (NH4+) and nitrate (NO3-) are the only forms of Nitrogen that are usable to most plants” (Amoo and Babalola, 2017). “Ammonia and ammonium are primary energy substrates and are important nitrogen sources for microorganisms in the soil” (Daebeler et al. 2014).
3.5. HCN production:
“Cyanide is produced in plant tissues as a result of hydrolysis of cyanogenic compounds and is also released as a co-product of ethylene biosynthesis. Hydrogen cyanide (HCN) may play a dual role in plants, depending on its concentration. It may be used in defence against herbivores at high toxic concentrations and may have a regulatory function at lower concentrations” (Siegień and Bogatek, 2006).
3.6. Phosphate solubilization:
“Phosphorus is an essential macro nutrient, which aids in the growth and development of plants and is present at 400–1200 mg concentration per kg of soil. Most of the elemental phosphorus is found to be immobilized in various living organisms and or locked up in sediments. Microbes play an important role in the release and cycling of immobilized phosphorus. These microbes solibilize phosphate by acidification, secretion of organic acids, and through the chelation-based mechanisms” (Aswathy et al.2020).
“Endophytes also can promote plant growth indirectly, by suppression of plant diseases, by inactivating environmental pollutants and by alleviating stresses of the plant caused by excess of the hormone ethylene, by heavy metals, drought and salinated soil” (Mercado-Blanco and Lugtenberg, 2014).
4.ENDOPHYTES AS A BIOCONTROL AGENT:
“Biocontrol or biological control can be defined as the reduction or complete inhibition of phytopathogens by the endophytes. The most studied and commonly reported mechanism is antagonism. It includes the most specific mechanisms like competition, antibiosis, hydrogen cyanide production, and siderophore production. Various other mechanisms are also reported like “induced systemic resistance” (ISR) and “systemic acquired resistance” (SAR). ISR is elicited by certain non-pathogenic microorganisms, whereas SAR is elicited via pathogens or chemical compounds”. (Aswathy et al.2020). Many natural products produced by endophytes have proven to be antibacterial, antifungal, antidiabetic, antioxidants, and immune suppressive. Thus, endophytes are viewed as great novel sources of bioactive natural products.
Diseases are crucial factors in limiting biomass yield, and result from microorganism-host plant interactions that are harmful to the host plants. Endophytes, in general, could inhibit plant pathogen growth and prevent or reduce disease development through the production of toxic compounds or by occupying the same ecological niche as the pathogen. Since endophytes have the ability to inhibit or prevent pathogen growth, they have been considered as biological control agents.
4.1. Production of Antimicrobial compounds:
	Endophytic bacteria and fungi produce secondary metabolites such as alkaloids, phenolics, peptides, terpenoids and polyketides. These compounds can directly kill or inhibit pathogens. 
4.2. Competition for Nutrients and Space
	Endophytes colonize internal plant tissues and rhizosphere niches, competing with pathogens for carbon, nitrogen and minerals.
4.3.Induction of host plant defense:
	Endophytes can trigger Induced Systemic Resistance (ISR) or Systemic acquired Resistance (SAR) in plants. The plant immune system making it more resistant to future pathogen attacks.
4.4. Production of volatile organic compounds:
	Endophytes emit volatile organic compounds that inhibit spore germination or the growth of pathogen even at a distance. These compounds may also act as a signaling molecule to enhance plant immunity. (Aswathy et al.2020).
4.5. Siderophore production:
	Many endophytes secrete siderophores, which chelate iron and make it less available to pathogens thereby restricting their growth.
5. ENDOPHYTES AS A STRESS ALLEVIATOR:
“Plants can be affected by various pressures, including biotic stress inducers, nutritional or vital ion shortages, or antagonistic or poisonous compounds in their surroundings” (Khoshru et al. 2023). “Biotic and abiotic stressors account for 30–50% of agricultural losses worldwide” (Akhilesh kumar and Verma, 2018). The main abiotic stressors are temperature, salinity, drought, flooding, trace metals, and nutritional deficiencies.
“Endophytes can provide plants with greater resistance to environmental stresses, such as drought, salinity, temperature, and plant diseases” (Verma et al.2021). “For example, some endophytes can improve plant resistance to soil salinity and promote root system development under stressful conditions” (Gupta et al.2021). “They primarily provide stress resistance on plants by triggering the host plant’s stress-regulating system” (Schulz et al.1999 and Redman et al.1999) and producing antistress chemicals on their own (Miller et al.2002 and Schulz et al. 2002).
Among abiotic stresses, drought is the most common factor worldwide in limiting plant growth. High and low temperatures (heat and cold stresses) inhibit plant growth by destroying the photosynthetic apparatus and cell membranes. Apart from drought and temperature, salinity stress also negatively impacts plant growth, development, and biomass yield. Endophyte inoculation can also enhance micropropagated plant tolerance to biotic and abiotic stresses and help plants survive in outside environmental conditions by so-called biotization (Sahay et al.1999 and Sturz et al.2000). “In response to these abiotic stresses, endophytes produce scavenger molecules like reactive oxygen species (ROS), upregulate certain stress-responsive genes, synthesize antistress metabolites, and promote the accumulation of certain suitable solutes in plants” (Lata et al. 2018). “Plants can withstand abiotic stress due to phytohormones generated by endophytes, including salicylic acid, jasmonic acid, gibberellic acid, indole acetic acid (IAA), and brassinosteroids”(Waqas et al. 2012 and Wani et al. 2016).
6. ENDOPHYTES AND MULBERRY:



	The plant parts of mulberry (Morus sp.) accumulates a numerous endophytic population, which helps to mulberry plant in the ways of growth and development, survival during stress conditions and acts against disease causing organisms. Some of the beneficial isolates of endophytes obtained from mulberry plant parts and their functions are listed in Table 1.



Table 1. Endophytes isolated from mulberry plant parts and their significant benefits:
	S. No
	Endophytic isolates/ Species obtained from mulberry
	Domain of Micro organism
	Source 
	Role 
	Reference 

	1.
	Enterobacter cloacae
	Bacteria 
	Stem and leaves of mulberry 
	Increased sprouting and survival percentage, root length, number of roots, fresh and dry weight of roots, shoot length, fresh and dry weight of shoots and number of leaves  
	Bhuvaneshwari et al. 2025

	2.
	Talaromyces sp., Pseudeurotium sp., Penicillium sp. and Trichoderma sp. 
	Fungi 
	Mulberry tree
	Stimulated mulberry growth, exhibiting increased biomass and length of stems and roots
	Ting Ou et al. 2023

	3.
	Talaromyces sp., Pseudeurotium sp., Penicillium sp., and Trichoderma sp. 
	Fungi 
	Mulberry tree
	Induced the production of catalase, soluble sugar, and chlorophyll which in turn enhanced the drought tolerance of mulberry and accelerated their growth recovery.
	Ting Ou et al. 2023

	4.
	Klebsiella aerogenes
	Bacteria 
	Mulberry roots 
	Stimulates mulberry growth
	Ting Ou et al. 2022

	5.
	Bacillus amyloliquefaciens
	Bacteria 
	Mulberry tree leaves
	Antimicrobial activity against Botrytis cinerea and antagonistic property against Spodopteralitura
	Xie  et al. 2020

	6.
	Bacillus sp.
	Bacteria 
	Mulberry stems
	Increased root length, shoot length and fresh weight of root and shoot
	Xu et al. 2019

	7.
	Pseudomonas sp.
	Bacteria 
	Mulberry stems
	Enhancement of Mulberry seedling growth and increased shoot length root fresh weight 
	Xu et al. 2019

	8.
	Bacillus sp., Pseudomonas sp. and Curtobacterium sp. 
	Bacteria 
	Mulberry stems
	Antagonistic activity against the phytopathogens i.e., Sclerotiniasclerotiorum, Bortrytiscinerea and Colletotrichum gleosporioide
	Xu et al. 2019

	8.
	Pantoeasp.
	Bacteria 
	Mulberry stems
	Increased root and shoot biomass
	Xu et al. 2019

	9. 
	Endophytic fungi
	Fungi 
	Morus indica leaves, stems and flowers
	Antifungal activity against pathogen Macrophominaphaseolina causing charcoal root rot in mulberry
	Joncy et al. 2019

	10.
	Aspergillus terreus
	Fungi
	Mulberry leaves
	antifungal efficacy againstMacrophominaphaseolinacausing charcoal rot disease of mulberry.
	Joncy et al. 2019

	11.
	Endophytic bacteria
	Bacteria 
	Morus nigra
	Acts against the gram positive organisms like Staphylococcus aureus, Streptococcus pyogens and Bacillus cereus and gram negative bacteria Escherichia coli, Salmonella typhimurium and Klebriellapneunconiae. 
	Singhet al.2017

	12. 
	Endophytic bacteria 
	Bacteria
	Collar region of mulberry
	Antimicrobial activity against Ralstoniabataticola and Fusarium oxysporum
	Kumaret al.2015

	13.
	Bacillus subtilis
	Bacteria
	Mulberry twig tissues
	Antimicrobial activities against Bacillus thuringiensis, Escherichia coli, Staphylococcus aureus,  Beauveria bassiana 
	Wuet al. 2012

	14.
	Burkholderiacepacia
	Bacteria
	Morus alba
	Plant growth promoting agent
	Jiet al. 2010

	15.
	Bacillus subtilis 
	Bacteria 
	Leaves of Morus alba 
	Antagonistic activities against Ralstonia solanacearum causing bacterial wilt
	Jiet al.2008



CONCLUSION:
Endophytic bacteria are naturally occurring microorganisms that colonize the interior part of plant for the completion of its life cycle without causing any negative impact to host; instead, it provide some beneficial impact to the host plant. Being inside, they may promote the growth of plants and on the other side it act as a stress alleviator and an antimicrobial agent. Hence, these endophytic organisms can replace the usage ofthe chemical compounds in mulberry crop production and crop protection. Thusendophytes help in the life cycle of the mulberry plant with the maintenance of environmental sustainability.
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