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Abstract. 
The present study has been conducted to explore the possibility of enrichment of vermicompost with microbial inoculants (i.e., biofertilizer organisms), Azospirillum brasilense and Rhizobium leguminosarum, optimization of inoculum level, and time of inoculation during vermicomposting. The survival rate of each microbial inoculant, total microbial population in vermicompost, and their correlation with the microbial inoculants during the storage period (180 days) were assessed. The change in population of A. brasilense and R. leguminosarum in vermicompost (at 30, 35, and 40 mL/175 g substrates) with reference to storage period showed highly significant negative correlation (
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				0
				1
			

		
	
). The total microbial population in A. brasilense and R. leguminosarum inoculated vermicompost was high during initial phases of storage and then total microbial population declined towards the end. The inoculum level of A. brasilense and R. leguminosarum at 35 mL per 175 g vermibed substrate is sufficient to maintain 
	
		
			
				1
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				0
			

			

				7
			

		
	
 viable cells up to 160 days after ther harvesting of vermicompost. The inoculum of these two biofertilizer organisms into vermibed on the 30th day showed increased survival rate and, hence, the optimized inoculation of 35 mL of inoculum per 175 g substrate on the 30th day of vermicomposting is helpful for the maintenance of sufficient viable population for more than five months in the enriched vermicompost.
 

1. Introduction
The compost prepared from organic materials using earthworms is a low cost and ecofriendly technology called vermicomposting. The fine granular peat-like end product, vermicompost that is produced is reported to contain elevated levels of nitrogen, phosphorus, and potassium (NPK) in available form, micronutrients, microflora, enzymes, and growth regulators [1, 2]. Because of this, the vermicompost when applied or supplemented in soil improves crop growth and yield [3, 4]. The earthworms, the drivers of many processes in soil, apart from the known vermicomposting, are also found to enhance phytoextraction of metals from contaminated soils [5]. In addition, vermicompost, produced by the joint action of earthworms and microbes, contains nutrients in available form with increased microbial activity [6].
 The use of biofertilizers is nowadays known to bring out several benefits to soil: solubilization of essential minerals, get hold of nutrients, offering micronutrients in more utilizable form for plants, and taking part in biological nitrogen fixation. Microorganisms of this group are generally known as plant growth promoting microorganisms (PGPMs) which include Azospirillum, Azotobacter, phosphobacteria, Rhizobia, and cyanobacteria. The PGPMs are capable of putting forth advantageous properties on growth and yield characteristics of several cultivable crops in different parts of the world [7–9]. Rhizosphere bacteria promote plant growth by improving the availability of nutrients suppressing the growth of plant pathogens or by production of hormones such as auxins [10]. In laboratory, the biofertilizers are mass multiplied in large scale using traditional culture medium and/or chief source supplemented medium for agricultural purposes [11–13]. Recently, Raja Sekar and Karmegam [14] reported that the vermicasts are able to increase the survival rate of biofertilizer organisms for more than a year when used as carrier material.
 The process of vermicomposting results in the increase of microbial diversity and activity dramatically and the vermicompost produced could be a source of plant growth regulators produced by interactions between microorganisms and earthworms, which could contribute significantly to increased plant growth, flowering, and yields [15]. So, the addition or enrichment of microbial inoculants such as biofertilizers would provide an increased plant growth and yield. The studies on the microbial enrichment of vermicompost with reference to the amount of inoculum required, time of inoculation, survival rate of inoculated microorganisms in vermicompost during storage and the relation of total microbial population with that of inoculated microorganisms are not documented. Hence, the present study has been undertaken to optimize the inoculum level and time of inoculation of biofertilizers in enrichment process of vermicompost and assessing the survival rate of A. brasilense, and R. leguminosarum in enriched vermicompost in relation to total microbial population.
2. Materials and Methods
2.1. Collection of Biogas Slurry
Biogas slurry for the study was collected from the biogas plant situated at Kottagoundanpatty, Salem (Dt.), Tamil Nadu, and used for the preparation of vermibed. One-week-aged biogas slurry was collected, air-dried, and stored in polyethylene bags until use.
2.2. Collection of Earthworms
The earthworm, Eudrilus eugeniae (Kinberg) for the study, originally collected from culture bank of the Department of Biology, Gandhigram Rural University, Tamil Nadu, India, was mass multiplied in cowdung and used for the study.
2.3. Mass Multiplication of Biofertilizers
The cultures of Azospirillum brasilense (MTCC 4036 and Rhizobium leguminosarum (MTCC 99) were procured from microbial type culture collection (MTCC), Chandigarh and used for the study. The organisms were revealed in the suggested broth medium and subcultured in Bromothymol Blue (BTB) and Yeast Extract Mannitol Salt Agar (YEMA) media, respectively, for A. braziliense and R. leguminosarum. A loopful of A. brasilense and R. leguminosarum was transferred respectively to 100 mL of, respective, selective medium and incubated. After incubation, 10 mL of the inoculum was transferred to 1000 mL of respective broth and kept in shaking incubator for mass multiplication.
2.4. Enrichment of Vermicompost with Biofertilizers
For enrichment studies, four different vermicomposting trials, each with six replicates, were carried out by preparing the vermibeds and E. eugeniae was introduced in all the vermibeds. The vermicompost was collected from all the vermibeds after 40 days. The mass multiplied biofertilizer organisms at the rate of 30, 35, and 40 mL per 175 g of vermibed substrates were added to each of the experiments, T1, T2, T3, and T4 on the 0th, 10th, 20th and 30th day, respectively, to find out the optimum inoculum level and time of inoculation that results in the maintenance of 1 × 107 viable cells per gram of vermicompost during storage.
2.5. Statistical Analyses
Data were subjected for analysis of variance (ANOVA) followed by Duncan’s multiple-range test to differentiate the significant difference between different treatments at the probability level of 
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 using SPSS computer software for Windows (version 9.05). The relation between viable cell counts in different carrier materials and incubation days were carried out using Microcal Origin Computer Software (Version 6.1) and correlation coefficient (
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) was calculated.
3. Results and Discussion
3.1. Enrichment of Vermicompost with A. brasilense and R. leguminosarum
Earthworm activity is closely associated with microbial activity. There exists a mutualistic association between earthworm and microorganisms in deriving nutrients from harder maa
terials like cellulose and hemicellulose [16]. The enrichment of vermicompost with nutrients and microorganisms using different organic and inorganic materials and microbial inoculants is now popularizing, due to the advantage of using the “enriched vermicompost” [17–20]. But these studies have not described the standardized protocol for enriching vermicompost with microbial inoculants such as biofertilizers.
The enrichment of vermicompost was done in the present study by inoculating the biofertilizer inoculants, A. brasilense and R. leguminosarum, at the rate of 30, 35, and 40 mL/175 g of substrate. This was done to find out the optimum level of inoculum required for the maintenance of 1 × 107 viable cells in the vermicompost. The inoculation was done on the 0th, 10th, 20th and 30th days of vermicomposting to assess whether the time of inoculation had any effect on survival rate of biofertilizer inoculants during storage. At the same time, the survival rates of each inoculant were correlated with total microbial population in the vermicompost to study the influence of other microbial groups on biofertilizer inoculants. Microbial inoculation on 0th, 10th, 20th, and 30th days showed decrease in the viable population of A. brasilense and R. leguminosarum inoculated at the rate of 30, 35, and 40 mL/175 g of substrate, towards the progression of storage period of vermicompost, uniformly. The change of A. brasilense and R. leguminosarum in the vermicompost (at 30, 35, and 40 mL/175 g substrate) with reference to the storage period (180 days) showed a highly significant negative correlation (
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). In all the treatments, the viable population of A. brasilense and R. leguminosarum at the rates of 30, 35, and 40 mL/175 g substrate from 0th day (after harvest) onwards showed statistically significant decline with that of storage period of vermicompost. This trend was observed uniformly for all the four microbial inoculants, ionoculated on the 0th, 10th, 20th, and 30th days of vermicomposting.
The viable population of A. brasilense inoculated at the rate of 30 mL/175 g of substrate on the 30th day of vermicomposting showed 11, 9, 7, 5, and 1 × 107 g−1 CFU during the 30th, 60th, 90th, 120th, and 150th days, respectively, which was negatively significant at 
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) (Table 1; Figure 1). Similar results were obtained for 35 and 40 mL/175 g of substrate inoculation (Tables 2 and 3; Figures 2 and 3). The viable population of R. leguminosarum inoculated at the rates of 30, 35, and 40 mL/175 g substrate in different intervals showed decrease in viable population during the storage of vermicompost (Tables 4, 5, and 6). The decrease of viable population upon storage of vermicompost which received R. leguminosarum inoculants at different intervals was negatively correlated (Figures 4, 5, and 6). The population of R. leguminosarum at the rate of 40 mL/175 g substrate inoculated on the 0th day and 10th day of vermicomposting showed 1 and 3 ×107 g−1 CFU on the 120th day of storage after harvest. There after no viable cells were observed up to 180 days. On the 20th and 30th days of inoculation, the survival of R. leguminosarum was observed up to the 135th and 150th day, and the subsequent observations showed no viable population up to 180 days.
Table 1: The viable population of A. brasilense inoculated at the rate of 30 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	Storage period of vermicompost (after harvest, in days)	Viable population of A. brasilense (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	9a	11a, b	12b	9a
	15	9a	9a	11a, b	13b
	30	8a	9a, b	10a, b	11b
	45	7a	8a, b	9a, b	10b
	60	7a	8a	8a	9a
	75	5a	7a, b	8b	8b
	90	3a	4a, b	6b	7b
	105	2a	3a, b	6b	6b
	120	3a	2a	4a	5a
	135	0a	0a	2a, b	3b
	150	0a	0a	1a	2a
	165	0a	0a	0a	1a
	180	0a	0a	0a	0a
	



Table 2: The viable population of A. brasilense inoculated at the rate of 35 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	 Storage period of vermicompost (after harvest, in days)	Viable population of A. brasilense (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	10a	11a	12a	9a
	15	9a	10a	11a, b	15b
	30	9a	9a	10a, b	12a, b
	45	7a	9a, b	8a, b	10b
	60	7a	8a	8a	9a
	75	6a	7a	7a	8a
	90	5a	5a	5a	7a
	105	4a	5a, b	5a, b	7b
	120	4a	4a	5a	6a
	135	1a	2a, b	3a, b	4b
	150	0a	0a	1a, b	2b
	165	0a	0a	0a	1a
	180	0a	0a	0a	0a
	



Table 3: The viable population of A. brasilense inoculated at the rate of 40 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	Storage period of vermicompost (after harvest, in days)	Viable population of A. brasilense (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	14a, c	15a	18b	12c
	15	12a	14a, b	15b	19c
	30	11a	13a, b	14b, c	16c
	45	9a	12b	12b	14b
	60	8a	10a, b	10a, b	12b
	75	7a	8a, b	9a, b	10b
	90	5a	6a, b	7a, b	8b
	105	5a, b	4a, b	6a, b	7b
	120	5a	3a	5a	5a
	135	2a	2a	3a, b	5b
	150	0a	1a, b	1a, b	2b
	165	0a	0a	0a	1a
	180	0a	0a	0a	0a
	



Table 4: The viable population of R. leguminosarum inoculated at the rate of 30 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	Storage period of vermicompost (after harvest, in days)	Viable population of R. leguminosarum (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	7a	9a, b	11b	8a
	15	7a	8a	9a	12b
	30	6a	7a	7a	10b
	45	6a	6a	7a	8a
	60	5a	6a	7a	7a
	75	4a	5a, b	6a, b	7b
	90	4a	4a	5a	6a
	105	1a	3a, b	4b	5b
	120	0a	2b	3b	3b
	135	0a	0a	1a	1a
	150	0a	0a	0a	0a
	165	0a	0a	0a	0a
	180	0a	0a	0a	0a
	



Table 5: The viable population of R. leguminosarum inoculated at the rate of 35 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	Storage period of vermicompost (after harvest, in days)	Viable population of R. leguminosarum (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	10a	11a	12a	10a
	15	9a	10a,b	11a,b	13b
	30	9a	9a	10a,b	12b
	45	8a	9a	9a	10a
	60	7a	8a	9a	8a
	75	6a	7a	8a	8a
	90	5a	6a	7a	7a
	105	3a	6b	6b	7b
	120	1a	3a	6b	6b
	135	0	1	3	5
	150	0a	0a	1a,b	2b
	165	0a	0a	0a	1a
	180	0a	0a	0a	0a
	



Table 6: The viable population of R. leguminosarum inoculated at the rate of 40 mL per 175 g of substrate in different intervals along the storage period of vermicompost. Values are rounded of mean values of three replicates. The values with same superscript letters between columns are not significantly different at 5% level (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) by Duncan’s multiple-range test.
	

	Storage period of vermicompost (after harvest, in days)	Viable population of R. leguminosarum (CFU × 107 g−1)
	Time of inoculation (vermicomposting days)
	0th day	10th day	20th day	30th day
	

	0	10a	12a,b	13b	10a
	15	10a	10a	11a	14b
	30	9a	10a	10a	14b
	45	8a	9a	10a,b	12b
	60	7a	7a	9a,b	10b
	75	6a	7a	8a	8a
	90	4a	6a,b	7b	7b
	105	4a	5a,b	6a,b	7b
	120	1a	3a,b	4b	5b
	135	0a	0a	1a,b	3b
	150	0a	0a	0a	1a
	165	0a	0a	0a	0a
	180	0a	0a	0a	0a
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(d)
Figure 1: The change of A. brasilense population in the vermicompost (at 30 mL per 175 g of substrate) during storage period (180 days). Error bars indicate ± SD; Time of inoculation of A. brasilense during vermicomposting: (a) 0th day, (b) 10th day, (c) 20th day, and (d) 30th day.
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(d)
Figure 2: The change of A. brasilense population in the vermicompost (35 mL per 175 g of substrate) during storage period (180 days). Error bars indicate ± SD; time of inoculation of A. brasilense during vermicomposting: (a) 0th day, (b) 10th day, (c) 20th day, and (d) 30th day.
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(d)
Figure 3: The change of A. brasilense population in the vermicompost (at 40 mL per 175 g of substrate) during storage period (180 days). Error bars indicate ± SD; time of inoculation of A. brasilense during vermicomposting: (a) 0th day, (b) 10th day, (c) 20th day and (d) 30th day.
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(d)
Figure 4: The change of R. leguminosarum population in the vermicompost (at 30 mL per 175 g of substrate) during storage period (180 days). Error bars indicate ± SD; time of inoculation of R. leguminosarum during vermicomposting: (a) 0th day, (b) 10th day, (c) 20th day, and (d) 30th day.
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