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Development and Application of Rhizobacteria Inoculant for Sustainable Crop Production and Enhanced Soil Ecosystem Biodiversity 


Abstract
[bookmark: _Hlk126423857]The thrust of this paper is to explore the development and application techniques of rhizobacteria inoculant, tailoring it down to the quality requirements of a good carrier materials for inoculant production, types of carrier materials (organic and synthetic), different kinds of rhizobacteria application methods, advantages and disadvantages of each method. Rhizobacteria helps in the promotion of growth of plant through nutrient uptake, solubilization of plant mineral nutrients such as phosphorus and potassium, production of phytohormones like auxins, cytokinins, gibberellins and ethylene and in the control of plant diseases. Each application method adopted should ensure that the microbes survive and thrive well in ensuring plant growth promotion.
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1.Introduction
Development of rhizobacteria inoculant is an essential component in the promotion plant growth. Inoculant are carriers, which could be organic (broth culture, agar culture, powder carriers, peats, polymer-based materials, rice husk and bentonite clay) or inorganic (vermiculite, ground rock phosphate, calcium sulfate and alginate). The challenge in the development of inoculant is in ensuring that those materials possess good quality necessary in the thrive and survival of microbes. There are different types of inoculation methods. Paucity of information are available regarding the delivery and application of bacteria to the soil or the seeds. The thrust of this paper is to explore the development and application techniques of rhizobacteria inoculant, tailoring it down to the quality requirements of a good carrier materials for inoculant production, types of carrier materials (organic and synthetic), different kinds of rhizobacteria application methods, advantages and disadvantages of each method. 

2. Development of rhizobacteria inoculant
[bookmark: _Hlk126423049][bookmark: _Hlk126422873][bookmark: _Hlk126422902]“The use of inoculant formulations involving carrier materials for the delivery of microbial cells to soil or the rhizosphere is an attractive option” (Gupta et al., 2015). “Diverse carrier materials cum with adhesive materials are used to provide a protective niche to inoculants in soil, either physically through the provision of a protective surface or pore space or nutritionally, via the provision of a suitable specific substrate” (Chao and Alexander 1984; Elegba and Rennie, 1984; Gupta et al., 2015). “Carrier materials should have qualities such as high water holding capacity, high water retention capacity, zero heat production from wetting, nearly sterile, chemically and physically homogeneous, nontoxic in nature, easily biodegradable, zero polluting, nearly neutral pH (or easily adjustable pH), and encourages bacterial growth and survival” (Gupta et al., 2015). “The carrier materials used in inoculation of rhizobacteria are broth culture, agar culture, powder carriers, peats, polymer-based materials, rice husk, wood shaving, saw dust and bentonite clay” (Strijdom and Deschodt, 1976; Thompson, 1980). “Other materials used as carrier materials are synthetic and inert materials, such as vermiculite, ground rock phosphate, calcium sulfate, polyacrylamide gels, and alginate can also be used as carrier materials. Adhesive materials commonly used are arabic gum, sugar solution, methylcellulose, polyvinylpyrrolidone, caseinate salts and polyvinyl acetate” (Table 1) (Deaker et al., 2004). 
“Peat-based inoculants are common and extensively use in legume inoculation. Peat is  easily available and a cheap source. Peat is sterilized and milled and used as carrier for most of the inoculation material” (Walker et al., 2004) but its availability is a major limitation (Boonkerd and Singleton, 2002). “Bacterial viability in peat-based inoculant is affect by exposure to high temperatures or water scarcity, presence of antagonist microorganisms and quality of peat” (Chao and Alexander, 1984). “Gum arabic from the African tree Acacia senegal, is a good source of  sticker when applied as a 15 - 30% solution in water. Methyl ethyl (ME) cellulose (4% solution) is an industrial adhesive that also performs well but is not widely available in Africa” Trevors et al. (1992) found that “mixing of bentonite clay in the carrier increased the survival of bacteria in fine textured soils”. “A similar study also suggested that mixing of 1% bentonite clay in fresh grown or freeze-dried Rhizobium leguminosarum suspension enhanced the bacterial survival markedly when compared to no amendment” (Heijnen et al., 1992). Heijnen et al. (1993) also reported that “fresh cells showed less survival ability and colonization as compared to starved bacterial cells”. “Barley straw when used as a soil amendment has the capacity to increase the survival and root colonizing ability of the bacteria” (Stephens, 1994). “Polymer-based inoculants can be use in place of organic inoculant such as peat. They are expensive, hazardous and requires wholesome biotechnical handling” (Fages, 1992 and Cassidy et al., 1996). Talc and aluminum silicate powders can be used to produce inorganic carrier-based inoculant. The shelf life of talc powder-based inoculant is higher compared to aluminum silicate-based inoculant as reported by Saharan et al. (2010). Different amounts of sticker are required for various legume seed depending upon their size. More adhesive is required for smaller seed. (Table 2) It was also observed that both sterile and nonsterile carrier formulations significantly enhanced the growth of Vigna mungo and Triticum aestivum. Drying is among the methods mostly used in the development of microbial inoculants. Low percentage of endospore formers was observed, that survived after drying as reported by Upadyay et al., (2012). “One factor which can have a detrimental effect on dried microorganisms over the long term is humidity of environment; increasing moisture content of the dried sample compromises viability. Storage under vacuum or in an inert atmosphere can prevent this but is expensive” (Gupta et al., 2015). “The use of each type of inoculant depends upon market availability, choice of farmers, cost, and the need of a particular crop under specific environmental conditions” (Arora et al., 2010).
 Although a good number of microbial strains are used for inoculant formulation, however, there are various constraints for commercialization of microbial inoculant (Nadeem et al., 2013). “One of the challenges for developing rhizobacteria inoculants on commercial basis is the selection and identification of strains which could have competitive advantage over indigenous population and also have the ability to maintain their growth under unfavorable environment. The most vital component in the commercial development of inoculant is the selection of bacteria strains which have host plant specificity and have the ability to adapt to soil and climatic conditions” (Bowen and Rovira, 1999). “An organism with properties like phosphate solubilization, phytohormone production, root colonization, siderophore and indole acetic acid production is thought to be an ideal bioinoculant” (Nadeem et al., 2013). Bacteria should have the ability to tolerate harsh environmental conditions like drought, heat, pH variations, salinity and toxic metals. 




	



	Table 1. Number of rhizobia per soybean seed using different stickers

	Sticker 
	Cells per seed

	Gum arabic
	2,500,000

	Methylethyl cellulose (4% solution)
	2,000,000

	Honey
	500,000

	Water
	450,000

	Sugar
	400,000

	
Source: Woomer, (2010)



	Table 2. Sticker and mineral coating required to pellet different grain legume seed following the two-step inoculation technique

	Legume seed
	
	---------- two-step pelleting ----------

	
	Seed weight (g seed-1)
	Sticker
(ml kg-1 seed)
	Inoculant
(g kg-1 seed )
	Coating
(g kg-1 seed )

	Soybean
	0.15
	28
	10
	200

	Bean
	0.42
	26
	10
	160

	Groundnut
	0.50
	20
	10
	120

	Cowpea
	0.12
	30
	10
	220

	
Source: Woomer, (2010) 



3. Method of application of plant growth promoting rhizobacteria inoculant
[bookmark: _Hlk126422189]“Inoculation methods are yet to be explored as there is scarce information available regarding the application of bacteria to the soil or the seeds” (Gupta et al., 2015). “Method of application such as seed coating, pelleting, foliar application, drip application and direct soil application contributes mainly to the survival efficiency of the bacteria in the soil and on the seeds” (Podile and Kishore, 2006; Gupta et al., 2015). “Inoculant application through seed priming, soaking the seeds for premeasured time in liquid bacterial suspension, starts the physiological processes inside the seed” (Plate 1) (Anitha et al., 2013). “During seed priming the radicle and plumule emergence is prevented until the seed is sown” (Anitha et al., 2013).  “The start of physiological process inside the seed of legumes enhances the abundance of growth promoting bacteria in the spermosphere” (Taylor and Harman, 1990). “The proliferation of antagonist bacteria inside the seeds which helps in the prevention of diseases is tenfold than the attacking pathogens  which enables the plant to survive pathogen attacks, thus helping the plant to survive disease attack” (Callan et al., 1990). “Adhesives is used in this method to ensure proper coating of the seed which prevents the further contacts of pesticides to the seeds” (Plate 2) (Bardin and Huang, 2003). “Application of inoculant and micronutrient such as molybdenum reduces the bacterial survival rates and nitrogen fixation by 99% after four days of application” (Burton and Curley, 1966 and Campo et al. (2009). “Disadvantages of Seed coating method is that it inhibits gaseous exchange,lower in nitrogen fixation and desiccation of bacteria on the seed coat of leguminous plants” (Duarte et al., 2004). 
“Application of the inoculants directly to the soil is advantageous when there is threat of presence of antagonistic microbes or pesticides on the plant tissues” (Gindrat, 1979). “Soil application needs large amount of inoculants which is cost intensive, thus a shortcoming in the use of soil methods.  Solid rhizobacteria inoculants are easy to handle and apply than the liquid inoculant. Liquid inoculants need special care from the transportation and after the addition  to the field” (Gupta et al., 2015). “Population of bacteria in soil is mainly dependent on initial stack of inoculums on the seed” (Milus and Rothrock, 1993). “Bacteria need to compete with other microbes to colonize it thus, introduced bacteria should be competitive enough to efficiently compete and colonize the roots. Native strains that can competent, adapt, dominant in a particular geographical area, and mutant from the parent strain having more nitrogen fixing and competitive ability should be used in a particular area” (Paau, 1989). “Presence of microniches in the soil enables the bacteria to survive after their application to soil otherwise reduction in bacterial number will occur” (van Elsas et al., 1986; Heijnen et al., 1988; Postma et al., 1988; van Elsas and Heijnen, 1990). “Other factors affecting the bacterial survival in the soil include certain abiotic factors including soil temperature and moisture, nutrient presence and pH of the soil” (Garc´ıa et al., 2010). As an example, fluorescent pseudomonad strain survived ten-fold better in sandy loam soil as compared to clay loam (Bahme and Schroth, 1987; Pathma et al., 2011). through protection against protozoa (van Elsas and Heijnen, 1990).  
Dipping the roots in bacterial suspension is another method of rhizobacteria inoculant application method. This method is used for biocontrol, and very few evidences can be found (Gupta et al., 2015). Srinivasan et al. (2009) applied this technique and found that it is a possible option in controlling Fusarium wilt of tomato. Munif et al. (2013) studied the effect of endophytic bacteria against Meloidogyne incognita using root dipping technique and found a smaller number of galls on treated plants. Also, Esitken et al. (2010), reported that “using root dipping along with foliar application significantly increased the yield parameters of strawberry. A challenge in the use of root dipping method is that it requires prepared plant nursery which is very uneconomical in most of the crops”. “Foliar application is not widely practiced by the researchers or farmers for the augmentation of these significant bacteria to the plants. Application of plant growth promoting rhizobacteria inoculant through both root dipping and foliar application increased the yield and yield parameters of fruits such as strawberry” (Esitken et al., 2010), apricot (Esitken et al., 2002), sweet cherry (Esitken et al., 2006) and apple (Pirlak et al., 2007). Gordon et al., (2005) reported that “root-dip inoculation method provides a measure of resistance to verticillium wilt caused by Verticillium dahliae, among strawberry (Fragaria×ananassa Duch.) genotypes adapted to California growing conditions and that is similar to what can be discerned when plants become naturally infected by growing them in infested soil.  This, coupled with its much greater ease of use, makes root-dip inoculations the method of choice in screening strawberries for resistance to verticillium wilt”. Sudhakar et al. (2000) also investigated “the effect of foliar application of Azotobacter, Azospirillum and Beijerinckia on mulberry and have reported positive effects”. The advanatgae and disadavanatges of each method of rhizobacteria inoculant application is shown in Table 3
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Plate 1. Inoculating legume seed with rhizobia using the slurry technique
Source: Woomer,  (2010)
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Plate 2. Treated and untreated seeds.
Source: Woomer, (2010)




	Table 3. Advantages and disadvantages of different application methods of rhizobacteria inoculant

	Method
	Advanatages
	Disadvanatges
	References

	Career-based inoculation
	-Easily available
-Easy and simple to prepare
-not costly
	Contamination/exposure of the inoculants by unwanted microbes from career such as peat 
-No uniformity on the career short-term storage ability
	Brockwell (1977); Brockwell, Gault and Chase (1977); Bezdicek et al. (1978); Gault, Chase and Brockwell (1982); Bashan, Levanony and Ziv-Vecht (1987); Brockwell, Holliday and Pilka (1988); Rice and
Olsen (1988); Kosanke et al. (1992); Smith (1992); Bashan (1998)

	
	
	
	

	Seed coating and covering
	-Easy and simple to apply
-No specific machinery or equipment needed
-used by farmers in case of pesticide application to seeds
	-Addition of pesticides to the seeds
-sticking/gumming agents harmful to bacteria
-Flexibility in seeding is small
	Brockwell (1977); Brockwell, Holliday and Pilka (1988); Bashan and Levanony (1990); Bashan and Carrillo (1996); Bashan and Holguin (1997); Bashan (1998

	
	
	
	

	Pelleting
	-Easy and simple to apply
-preferred by farmers
-Acid soils require lime pellets
	-Lower moisture levels hinders survival of bacteria -Special equipment is needed for the preparation of the inoculant and thus increases cost
	Brockwell (1977); Bezdicek et al. (1978); Bordeleau and Prevost (1981); Bashan and Levanony (1990); Bashan (1998)

	
	
	
	

	Direct soil application
	- it is injected or applied in the plant rhizosphere
-Easy and simple
	-Desiccation or drying problems due to exposure to the sun 
	Brockwell (1977); Bordeleau and Prevost (1981); Bashan and Levanony (1990); Bashan (1998)

	
	
	
	

	Root dipping
	-plant nursery required
-Simple and easy
	-Large amount/volume of liquid media and
bacterial cells needed
-Contamination and exposure from environment quite normal
	Brockwell (1977); Bordeleau and Prevost (1981); Bashan and Levanony (1990); Bashan (1998)

	
Source: Mahmood et al., 2016




4. CONCLUSION
Rhizobacteria helps in the promotion of growth of plant through mechanism of nutrient uptake through the root of plants, solubilization of plant mineral nutrients such as phosphorus and potassium, production of phytohormones like auxins, cytokinins, gibberellins and ethylene and in the control of plant diseases. Each application method adopted should ensure that the microbe’s survives and thrives well in ensuring plant growth promotion
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