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Microbial diversity of vermicompost bacteria that exhibit useful agricultural traits and waste management potential
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Vermicomposting is a non-thermophilic, boioxidative process that involves earthworms and associated microbes. This biological organic waste decomposition process yields the biofertilizer namely the vermicompost. Vermicompost is a finely divided, peat like material with high porosity, good aeration, drainage, water holding capacity, microbial activity, excellent nutrient status and buffering capacity thereby resulting the required physiochemical characters congenial for soil fertility and plant growth. Vermicompost enhances soil biodiversity by promoting the beneficial microbes which inturn enhances plant growth directly by production of plant growth-regulating hormones and enzymes and indirectly by controlling plant pathogens, nematodes and other pests, thereby enhancing plant health and minimizing the yield loss. Due to its innate biological, biochemical and physiochemical properties, vermicompost may be used to promote sustainable agriculture and also for the safe management of agricultural, industrial, domestic and hospital wastes which may otherwise pose serious threat to life and environment.
Introduction
Soil, is the soul of infinite life that promotes diverse microflora. Soil bacteria viz., Bacillus, Pseudomonas and Streptomyces etc., are prolific producers of secondary metabolites which act against numerous co-existing phytopathogeic fungi and human pathogenic bacteria (Pathma et al. 2011 b). Earthworms are popularly known as the “farmer’s friend” or “nature’s plowman”. Earthworm influences microbial community, physical and chemical properties of soil. They breakdown large soil particles and leaf litter and thereby increase the availability of organic matter for microbial degradation and transforms organic wastes into valuable vermicomposts by grinding and digesting them with the help of aerobic and anaerobic microbes (Maboeta and Van Rensburg 2003 ). Earthworms activity is found to enhance the beneficial microflora and suppress harmful pathogenic microbes. Soil wormcasts are rich source of micro and macro-nutrients, and microbial enzymes (Lavelle and Martin 1992 ). Vermicomposting is an efficient nutrient recycling process that involves harnessing earthworms as versatile natural bioreactors for organic matter decomposition. Due to richness in nutrient availability and microbial activity vermicomposts increase soil fertility, enhance plant growth and suppress the population of plant pathogens and pests. This review paper describes the bacterial biodiversity and nutrient status of vermicomposts and their importance in agriculture and waste management.
Earthworms are capable of transforming garbage into ‘gold’. Charles Darwin described earthworms as the ‘unheralded soldiers of mankind’, and Aristotle called them as the ‘intestine of earth’, as they could digest a wide variety of organic materials (Darwin and Seward 1903 ; Martin 1976 ). Soil volume, microflora and fauna influenced by earthworms have been termed as "drilosphere" and the soil volume includes the external structures produced by earthworms such as surface and below ground casts, burrows, middens, diapause chambers as well as the earthworms body surface and internal gut associated structures in contact with the soil (Lavelle et al. 1989 ; Brown et al. 2000 ). Earthworms play an essential role in carbon turnover, soil formation, participates in cellulose degradation and humus accumulation. Earthworm activity profoundly affects the physical, chemical and biological properties of soil. Earthworms are voracious feeders of organic wastes and they utilize only a small portion of these wastes for their growth and excrete a large proportion of wastes consumed in a half digested form (Edwards and Lofty 1977 ; Kale and Bano 1986 ; Jambhekar 1992 ). Earthworms intestine contains a wide range of microorganisms, enzymes and hormones which aid in rapid decomposition of half-digested material transforming them into vermicompost in a short time (neary 4–8 weeks) (Ghosh et al. 1999 ; Nagavallemma et al. 2004 ) compared to traditional composting process which takes the advantage of microbes alone and thereby requires a prolonged period (nearly 20 weeks) for compost production (Bernal et al. 1998 ; Sánchez-Monedero et al. 2001 ). As the organic matter passes through the gizzard of the earthworm it is grounded into a fine powder after which the digestive enzymes, microorganisms and other fermenting substances act on them further aiding their breakdown within the gut, and finally passes out in the form of “casts” which are later acted upon by earthworm gut associated microbes converting them into mature product, the “vermicomposts” (Dominguez and Edwards 2004 ).
Earthworms, grouped under phylum annelida are long, narrow, cylindrical, bilaterally symmetrical, segmented soil dwelling invertebrates with a glistening dark brown body covered with delicate cuticle. They are hermaphrodites and weigh over 1,400–1,500 mg after 8–10 weeks. Their body contains 65% protein (70–80% high quality ‘lysine rich protein’ on a dry weight basis), 14% fats, 14% carbohydrates, and 3% ash. Their life span varies between 3–7 years depending upon the species and ecological situation. The gut of earthworm is a straight tube starting from mouth followed by a muscular pharynx, oesophagus, thin walled crop, muscular gizzard, foregut, midgut, hindgut, associated digestive glands, and ending with anus. The gut consisted of mucus containing protein and polysaccharides, organic and mineral matter, amino acids and microbial symbionts viz., bacteria, protozoa and microfungi. The increased organic carbon, total organic carbon and nitrogen and moisture content in the earthworm gut provide an optimal environment for the activation of dormant microbes and germination of endospores etc. A wide array of digestive enzymes such as amylase, cellulase, protease, lipase, chitinase and urease were reported from earthworm's alimentary canal. The gut microbes were found to be responsible for the cellulase and mannose activities (Munnoli et al. 2010 ). Earthworms comminutes the substrate, thereby increases the surface area for microbial degradation constituting to the active phase of vermicomposting. As this crushed organic matter passes through the gut it get mixed up with the gut associated microbes and the digestive enzymes and finally leaves the gut in partially digested form as “casts” after which the microbes takes up the process of decomposition contributing to the maturation phase (Lazcano et al. 2008 ).
Association of earthworms with microbes is found to be complex. Certain groups of microbes were found to be a part of earthworm’s diet which is evidenced by the destruction of certain microbes as they pass through the earthworms digestive system. Few yeasts, protozoa and certain groups of fungi such as Fusarium oxysporum, Alternaria solani , and microfungi were digested by the earthworms, Drawida calebi, Lumbricus terrestris and Eisenia foetida . Bacillus cereus var mycoides were reported to decrease during gut passage while Escherichia coli and Serratia marcessens were completely eliminated during passage through earthworm gut (Edwards and Fletcher, 1988 ).
Earthworms are classified into epigeic, anecic and endogeic species based on definite ecological and trophic functions (Brown 1995 ; Bhatnagar and Palta 1996 ) (Table  (Table1). 1 ). Epigeic earthworms are smaller in size, with uniformly pigmented body, short life cycle, high reproduction rate and regeneration. They dwell in superficial soil surface within litters, feeds on the surface litter and mineralize them. They are phytophagous and rarely ingest soil. They contain an active gizzard which aids in rapid conversion of organic matter into vermicomposts. In addition epigeic earthworms are efficient bio-degraders and nutrient releasers, tolerant to disturbances, aids in litter comminution and early decomposition and hence can be efficiently used for vermicomposting. Epigeic earthworms includes Eisenia foetida, Lumbricus rubellus, L. castaneus, L. festivus, Eiseniella tetraedra, Bimastus minusculus, B. eiseni, Dendrodrilus rubidus, Dendrobaena veneta, D. octaedra. Endogeics earthworms are small to large sized worms, with weakly pigmented body, life cycle of medium duration, moderately tolerant to disturbance, forms extensive horizontal burrows and they are geophagous feeding on particulate organic matter and soil. They bring about pronounced changes in soil physical structure and can efficiently utilize energy from poor soils, hence can be used for soil improvements. Endogeics include Aporrectodea caliginosa , A. trapezoides, A. rosea, Millsonia anomala, Octolasion cyaneum, O. lacteum, Pontoscolex corethrurus, Allolobophora chlorotica and Aminthas sp . They are further classified into polyhumic endogeic which are small sized, rich soil feeding earthworms, dwelling in top soil (A1); mesohumic endogeic which are medium sized worms, dwelling in A and B horizon, feeding on bulk (A1) soil; and oligohumic endogeic which are very large worms, dwelling in B and C horizons, feeding on poor, deep soil. Aneceics are larger, dorsally pigmented worms, with low reproductive rate, sensitive to disturbance, nocturnal, phytogeophagous, bury the surface litter, forms middens and extensive, deep, permanent vertical burrows, and live in them. Formation of vertical burrows affects airwater relationship and movement from deep layers to surface helps in efficient mixing of nutrients. Lumbricus terrestris, L. polyphemus and Aporrectodea longa are examples of aneceics earthworms (Kooch and Jalilvand 2008 ). Epigeics and aneceics are harnessed largely for vermicomposting (Asha et al. 2008 ). Epigeics namely Eisenia foetida (Hartenstein et al. 1979 ), Eudrilus eugeniae (Kale and Bano 1988 ), Perionyx excavatus (Sinha et al. 2002 ; Suthar and Singh 2008 ) and Eisenia anderi (Munnoli et al. 2010 ) have been used in converting organic wastes into vermicompost. These surface dwellers capable of working on litter layers converting them into manure are of no significant value in modifying the soil structure. In contrast, anecics such as Lampito mauritii are efficient creators of an effective drilosphere as well as excellent compost producers (Ismail 1997 ). Earthworms thus act as natural bio-reactors, altering the nature of the organic waste by fragmenting them.
Ecological categories and niches of earthworms and their characteristic features and beneficial traits
Earthworm activity engineers the soil by forming extensive burrows which loosen the soil and makes it porous. These pores improve aeration, water absorption, drainage and easy root penetration. Soil aggregates formed by earthworms and associated microbes, in the casts and burrow walls play an indispensible role in soil air ecosystem. These aggregates are mineral granules bonded in a way to resist erosion and to avoid soil compaction both in wet and dry condition. Earthworms speed up soil reclamation and make them productive by restoring beneficial microflora (Nakamura 1996 ). Thus degraded unproductive soils and land degraded by mining could be engineered physically, chemically and biologically and made productive by earthworms. Hence earthworms are termed as ecosystem engineers (Brown et al. 2000 ; Munnoli et al. 2010 ).
Vermicomposting
Vermicomposting is a non-thermophilic biological oxidation process in which organic material are converted into vermicompost which is a peat like material, exhibiting high porosity, aeration, drainage, water holding capacity and rich microbial activities (Edwards 1998 ; Atiyeh et al. 2000 b; Arancon et al. 2004 a), through the interactions between earthworms and associated microbes. Vermiculture is a cost-effective tool for environmentally sound waste management (Banu et al. 2001 ; Asha et al. 2008 ). Earthworms are the crucial drivers of the process, as they aerate, condition and fragment the substrate and thereby drastically alter the microbial activity and their biodegradation potential (Fracchia et al. 2006 ; Lazcano et al. 2008 ). Several enzymes, intestinal mucus and antibiotics in earthworm’s intestinal tract play an important role in the breakdown of organic macromolecules. Biodegradable organic wastes such as crop residues, municipal, hospital and industrial wastes pose major problems in disposal and treatment. Release of unprocessed animal manures into agricultural fields contaminates ground water causing public health risk. Vermicomposting is the best alternative to conventional composting and differs from it in several ways (Gandhi et al. 1997 ). Vermicomposting hastens the decomposition process by 2–5 times, thereby quickens the conversion of wastes into valuable biofertilizer and produces much more homogenous materials compared to thermophilic composting (Bhatnagar and Palta 1996 ; Atiyeh et al. 2000 a). Distinct differences exist between the microbial communities found in vermicomposts and composts and hence the nature of the microbial processes is quite different in vermicomposting and composting (Subler et al. 1998 ). The active phase of composting is the thermophilic stage characterized by thermophilic bacterial community where intensive decomposition takes place followed by a mesophilic maturation phase (Lazcano et al. 2008 ; Vivas et al. 2009 ). Vermicomposting is a mesophilic process characterized by mesophilic bacteria and fungi (Benitez et al. 1999 ). Vermicomposting comprises of an active stage during which earthworms and associated microbes jointly process the substrate and the maturation phase that involves the action of associated microbes and occurs once the worm’s moves to the fresher layers of undigested waste or when the product is removed from the vermireacter. The duration of the active phase depends on the species and density of the earthworms involved (Ndegwa et al. 2000 ; Lazcano et al. 2008 ; Aira et al. 2011 ). A wide range of oganic wastes viz., horticultural residues from processed potatoes (Edwards 1988 ); mushroom wastes (Edwards 1988 ; Tajbakhsh et al. 2008 ); horse wastes (Hartenstein et al. 1979 ; Edwards et al. 1998 ); pig wastes (Chan and Griffiths 1988 ; Reeh 1992 ); brewery wastes (Butt 1993 ); sericulture wastes (Gunathilagraj and Ravignanam 1996 ); municipal sewage sludge (Mitchell et al. 1980 ; Dominguez et al. 2000 ); agricultural residues (Bansal and Kapoor 2000 ); weeds (Gajalakshmi et al. 2001 ); cattle dung (Gunadi et al. 2002 ); industrial refuse such as paper wastes (Butt 1993 ; Elvira et al. 1995 ; Gajalakshmi et al. 2002 ); sludge from paper mills and dairy plants (Elvira et al. 1997 ; Banu et al. 2001 ); domestic kitchen wastes (Sinha et al. 2002 ); urban residues and animal wastes (Edwards et al. 1985 ; Edwards 1988 ) can be vermicomposted (Sharma et al. 2005 ).
Effects of vermicomposting on pH, electrical conductivity (EC), C:N ratio and other nutrients have been documented. Earthworm activity reduced pH and C:N ratio in manure (Gandhi et al. 1997 ; Atiyeh et al. 2000 b). Chemical analysis showed vermicompost had a lower pH, EC, organic carbon (OC) (Nardi et al. 1983 ; Albanell et al. 1988 ; Mitchell 1997 ), C:N ratio (Riffaldi and Levi-Minzi 1983 ; Albanell et al. 1988 ), nitrogen and potassium and higher amounts of total phosphorous and micronutrients compared to the parent material (Hashemimajd et al. 2004 ). Slightly decreased pH values of vermicompost compared to traditional compost might be attributed due to mineralization of N and P, microbial decomposition of organic materials into intermediate organic acids, fulvic acids, humic acids (Lazcano et al. 2008 ; Albanell et al. 1988 ; Chan and Griffiths 1988 ; Subler et al. 1998 ) and concomitant production of CO 2 (Elvira et al. 1998 ; Garg et al. 2006 ). Vermicomposting of paper mill and dairy sludge resulted in 1.2–1.7 fold loss of organic carbon as CO 2 (Elvira et al. 1998 ). In contrast to the parent material used, vermicomposts contain higher humic acid substances (Albanell et al. 1988 ). Humic acid substances occur naturally in mature animal manure, sewage sludge or paper-mill sludge, but vermicomposting drastically increases the rate of production and their amount from 40–60 percent compared to traditional composting. The enhancement in humification processes is by fragmentation and size reduction of organic matter, increased microbial activity within earthworm intestine and soil aeration by earthworm feeding and movement (Dominguez and Edwards, 2004 ). EC indicates the salinity of the organic amendment. Minor production of soluble metabolites such as ammonium and precipitation of dissolved salts during vermicomposting lead to lower EC values. Compared to the parent material used, vermicomposts contain less soluble salts and greater cation exchange capacity (Holtzclaw and Sposito 1979 ; Albanell et al. 1988 ). C:N ratio is an indicator of the degree of decomposition. During the process of biooxidation, CO 2 and N is lost and loss of N takes place at a comparatively lower rate. Comparison of compost and vermicompost showed that vermicompost had significantly less C:N ratios as they underwent intense decomposition (Lazcano et al. 2008 ).
Vermicomposting of cow manure using earthworm species E. andrei (Atiyeh et al. 2000 b) and E . foetida (Hand et al. 1988 ) favored nitrification, resulting in the rapid conversion of ammonium-nitrogen to nitrate-nitrogen. Vermicomposting increased the concentration of nitrate-nitrogen to 28 fold after 17 weeks, while in conventional compost there was only 3-fold increase (Subler et al. 1998 ; Atiyeh et al. 2000 a). Increase in ash concentration during vermicomposting suggests that vermicomposting accelerates the rate of mineralization (Albanell et al. 1988 ). Mineralization is the process in which the chemical compounds in the organic matter decompose or oxidise into forms that could be easily assimilated by the plants. Increase in ash content increases the rate of mineralization. Ash is an alkaline substance which hinders the formation of H 2 S as well as improves the availibility of O 2 and thereby renders composts odorless. Thus vermicomposting increases the ash content and accelerates the rate of mineralization which is essential to make nutrients available to plants. The observed increase of total phosphorous (TP) in vermicompost is probably due to mineralization and mobilization of phosphorus resulting from the enhanced phosphatase activity by microorganisms in the gut epithelium of the earthworms (Zhang et al. 2000 ; Garg et al. 2006 ). Vermicomposts showed a significant increase in exchangeable Ca 2+ , Mg 2+ and K + compared to fresh sludge indicating the conversion of nutrients to plant-available forms during passage through the earthworm gut (Garg et al. 2006 ; Yasir et al. 2009 a). Vermicomposts contain higher nutrient concentrations, but less likely to produce salinity, than composts. Additionally, vermicomposts possess outstanding biological properties and have microbial populations significantly larger and more diverse compared to conventional composts (Edwards 1998 ). Soil supplemented with vermicompost showed better plant growth compared to soil treated with inorganic fertilizers or cattle manure (Kalembasa 1996 ; Subler et al. 1998 ).
Diversity of bacteria associated with earthworms
Earthworm’s ability to increase plant nutrient availability is likely to be dependent on the activity of earthworm gut microflora. Earthworms indirectly influence the dynamics of soil chemical processes, by comminuting the litter and affecting the activity of the soil micro-flora (Petersen and Luxton 1982 ; Lee 1985 ; Edwards and Bohlen 1996 ). Interactions between earthworms and microorganisms seem to be complex. Earthworms ingest plant growth-promoting rhizospheric bacteria such as Pseudomonas, Rhizobium, Bacillus, Azosprillium, Azotobacter, etc. along with rhizospheric soil, and they might get activated or increased due to the ideal micro-environment of the gut. Therefore earthworm activity increases the population of plant growth-promoting rhizobacteria (PGPR) (Sinha et al. 2010 ). This specific group of bacteria stimulates plant growth directly by solubilization of nutrients (Ayyadurai et al. 2007 ; Ravindra et al. 2008 ), production of growth hormone, 1-aminocyclopropane-1-carboxylate (ACC) deaminase (Correa et al. 2004 ), nitrogen fixation (Han et al. 2005 ), and indirectly by suppressing fungal pathogens. Antibiotics, fluorescent pigments, siderophores and fungal cell-wall degrading enzymes namely chitinases and glucanases (Han et al. 2005 ; Sunish et al. 2005 ; Ravindra et al. 2008 ; Jha et al. 2009 ; Pathma et al. 2010 ; Pathma et al. 2011 a, b ) produced by bacteria mediate the fungal growth-suppression. Earthworms are reported to have association with such free living soil bacteria and constitute the drilosphere (Ismail 1995 ). Earthworm microbes mineralize the organic matter and also facilitate the chelation of metal ions (Pizl and Novokova 1993 ; Canellas et al. 2002 ). Gut of earthworms L. terrestris, Allolobophora caliginosa and Allolobophora terrestris were reported to contain higher number of aerobes compared to soil (Parle 1963 ). Earthworms increased the number of microorganisms in soi1 as much as five times (Edwards and Lofty 1977 ) and the number of bacteria and ‘actinomycetes’ contained in the ingested material increased upto 1,000 fold while passing through their gut (Edwards and Fletcher 1988 ). Similar increase was observed in plate counts of total bacteria, proteolytic bacteria and actinomycetes by passage through earthworms gut (Parle 1963 ; Daniel and Anderson 1992 ; Pedersen and Hendriksen 1993 ; Devliegher and Verstraete 1995 ). Similarly microbial biomass either decreased (Bohlen and Edwards 1995 ; Devliegher and Verstraete 1995 ), or increased (Scheu 1992 ) or remained unchanged (Daniel and Anderson 1992 ) after passage through the earthworm gut. An oxalate-degrading bacterium Pseudomonas oxalaticus was isolated from intestine of Pheretima species (Khambata and Bhat 1953 ) and an actinomycete Streptomyces lipmanii was identified in the gut of Eisenia lucens (Contreras 1980 ). Scanning electron micrographs provided evidence for endogenous microflora in guts of earthworms, L. terrestris and Octolasion cyaneum (Jolly et al. 1993 ). Gut of E. foetida contained various anaerobic N 2 -fixing bacteria such as Clostridium butyricum, C. beijerinckii and C. paraputrificum (Citernesi et al. 1977 ). Alimentary canal of Lumbricus rubellus and Octolasium lacteum were found to contain more numbers of aerobes and anerobes (Karsten and Drake 1995 ) and culturable denitrifiers (Karsten and Drake 1997 ). List of vermicompost bacteria and their beneficial traits is presented in Table  Table2 2 .
Biodiversity of vermicompost bacteria and their beneficial traits
Earthworms harbor ‘nitrogen-fixing’ and ‘decomposer microbes’ in their gut and excrete them along with nutrients in their excreta (Singleton et al. 2003 ). Earthworms stimulate and accelerate microbial activities by increasing the population of soil microorganisms (Binet et al. 1998 ), microbial numbers and biomass (Edwards and Bohlen 1996 ), by improving aeration through burrowing actions. Vermicomposting modified the original microbial community of the waste in a diverse way. Actinobacteria and Gammaproteobacteria were abundant in vermicompost, while conventional compost contained more Alphaproteobacteria and Bacteriodetes, the bacterial phylogenetic groups typical of non-cured compost (Vivas et al. 2009 ). Total bacterial counts exceeded 10 - 10 / g of vermicompost and it included nitrobacter, azotobacter, rhizobium, phosphate solubilizers and actinomycetes (Suhane 2007 ). Molecular and culture-dependent analyses of bacterial community of vermicompost showed the presence of α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, Actinobacteria, Planctomycetes, Firmicutes and Bacteroidetes (Yasir et al. 2009 a). Several findings showed considerable increase in total viable counts of actinomycetes and bacteria in the worm treated compost (Parthasarathi and Ranganathan 1998 ; Haritha Devi et al. 2009 ). The increase of microbial population may be due to the congenial condition for the growth of microbes within the digestive tract of earthworm and by the ingestion of nutrient rich organic wastes which provide energy and also act as a substrate for the growth of microorganisms (Tiwari et al. 1989 ). The differences in microbial species, numbers and activity between the earthworm alimentary canal or burrow and bulk soil indirectly support the hypothesis that the bacterial community structures of these habitats are different from those of the soil. Specific phylogenetic groups of bacteria such as Aeromonas hydrophila in E. foetida (Toyota and Kimura 2000 ), fluorescent pseudomonads in L. terrestris (Devliegher and Verstraete 1997 ), and Actinobacteria in L. rubellus (Kristufek et al. 1993 ) have been found in higher numbers in earthworm guts, casts, or burrows.
Enzymatic activity characterization and quantification has a direct correlation with type and population of microbes and reflects the dynamics of the composting process in terms of the decomposition of organic matter and nitrogen transformations and provide information about the maturity of the compost (Tiquia 2005 ). Wormcasts contain higher activities of cellulase, amylase, invertase, protease, peroxidase, urease, phosphatase and dehydrogenase (Sharpley and Syers 1976 ; Edwards and Bohlen 1996 ). Dehydrogenase is an intracellular enzyme related to the oxidative phosphorylation process (Trevors 1984 ) and is an indicator of microbial activity in soil and other biological ecosystems (Garcia et al. 1997 ). The maximum enzyme activities (cellulase, amylase, invertase, protease and urease) were observed during 21–35 days in vermicomposting and on 42–49 days in conventional composting. Also, microbial numbers and their extracellular enzyme profiles were more abundant in vermicompost produced from fruitpulp, vegetable waste, groundnut husk and cowdung compared to the normal compost of the same parental origin (Haritha Devi et al. 2009 ). Pseudomonas, Paenibacillus, Azoarcus, Burkholderia, Spiroplasm, Acaligenes, and Acidobacterium , the potential degraders of several categories of organics are seen associated with the earthworm’s intestine and vermicasts (Singleton et al. 2003 ). Firmicutes viz., Bacillus benzoevorans, B. cereus , B. licheniformis , B. megaterium , B. pumilus, B. subtilis, B. macroides ; Actinobacteria namely Cellulosimicrobium cellulans, Microbacterium spp., M. oxydans ; Proteobacteria such as Pseudomonas spp., P. libaniensis ; ungrouped genotypes Sphingomonas sp., Kocuria palustris and yeasts namely Geotrichum spp. and Williopsis californica were reported from vermicomposts (Vaz-Moreira et al. 2008 ). Pinel et al . ( 2008 ) reported the presence of a novel nephridial symbiont, Verminephrobacter eiseniae from E. foetida. Ochrobactrum sp., Massilia sp., Leifsonia sp. and bacteria belonging to families Aeromonadaceae, Comamonadaceae, Enterobacteriaceae, Flavobacteriaceae, Moraxellaceae, Pseudomonadaceae, Sphingobacteriaceae, Actinobacteria and Microbacteriaceae were reported to occur in earthworms alimentary canal (Byzov et al. 2009 ). The microbial flora of earthworm gut and cast are potentially active and can digest a wide range of organic materials and polysaccharides including cellulose, sugars, chitin, lignin, starch and polylactic acids Zhang et al. ( 2000 ; Aira et al. 2007 ; Vivas et al. 2009 ). Single-strand conformation polymorphism (SSCP) profiles on the diversity of eight bacterial groups viz., Alphaproteobacteria, Betaproteobacteria, Bacteroidetes, Gammaproteobacteria, Deltaproteobacteria, Verrucomicrobia, Planctomycetes, and Firmicutes from fresh soil, gut, and casts of the earthworms L. terrestris and Aporrectodea caliginosa showed the presence of Bacteroidetes, Alphaproteobacteria, Betaproteobacteria and representatives of classes Flavobacteria, Sphingobacteria (Bacteroidetes) and Pseudomonas spp. in the worm casts in addition to unclassified Sphingomonadaceae (Alphaproteobacteria) and Alcaligenes spp. (Betaproteobacteria) (Nechitaylo et al. 2010 ).
Role of vermicompost in soil fertility
Vermicomposts can significantly influence the growth and productivity of plants (Kale et al. 1992 ; Kalembasa 1996 ; Edwards 1988 ; Sinha et al. 2009 ) due to their micro and macro elements, vitamins, enzymes and hormones (Makulec 2002 ). Vermicomposts contain nutrients such as nitrates, exchangeable phosphorus, soluble potassium, calcium, and magnesium in plant available forms (Orozco et al. 1996 ; Edwards 1998 ) and have large particular surface area that provides many microsites for microbial activity and for the strong retention of nutrients (Shi-wei and Fu-zhen 1991 ). Uptake of nitrogen (N), phosphorus (P), potassium (K) and magnesium (Mg) by rice ( Oryza sativa ) plant was highest when fertilizer was applied in combination with vermicompost (Jadhav et al. 1997 ). N uptake by ridge gourd ( Luffa acutangula ) was higher when the fertilizer mix contained 50% vermicompost (Sreenivas et al. 2000 ). Apart from providing mineralogical nutrients, vermicomposts also contribute to the biological fertility by adding beneficial microbes to soil. Mucus, excreted through the earthworm`s digestive canal, stimulates antagonism and competition between diverse microbial populations resulting in the production of some antibiotics and hormone-like biochemicals, boosting plant growth (Edwards and Bohlen 1996 ). In addition, mucus accelerates and enhances decomposition of organic matter composing stabilized humic substances which embody water-soluble phytohormonal elements (Edwards and Arancon 2004 ) and plant-available nutrients at high levels (Atiyeh et al. 2000 c). Adding vermicasts to soil improves soil structure, fertility, plant growth and suppresses diseases caused by soil-borne plant pathogens, increasing crop yield (Chaoui et al. 2002 ; Scheuerell et al. 2005 ; Singh et al. 2008 ). Kale ( 1995 ) reported the nutrient status of vermicomposts with organic carbon 9.15-17.98%, total nitrogen 0.5-1.5%, available phosphorus 0.1-0.3%, available potassium 0.15%, calcium and magnesium 22.70-70 mg/100 g, copper 2–9.3 ppm, zinc 5.7-11.5 ppm and available sulphur 128–548 ppm.
Effects of a variety of vermicomposts on a wide array of field crops (Chan and Griffiths 1988 ; Arancon et al. 2004 b), vegetable plants (Edwards and Burrows 1988 ; Wilson and Carlile 1989 ;Subler et al. 1998 ; Atiyeh et al. 2000 b), ornamental and flowering plants (Edwards and Burrows 1988 ; Atiyeh et al. 2000 c) under greenhouse and field conditions have been documented. Vermicomposts are used as alternative potting media due to their low-cost, excellent nutrient status and physiochemical characters. Considerable improvements in plant growth recorded after amending soils with vermicomposts have been attributed to the physico-chemical and biological properties of vermicomposts.
Vermicompost addition favorably affects soil pH, microbial population and soil enzyme activities (Maheswarappa et al. 1999 ) and also reduces the proportion of water-soluble chemical, which cause possible environmental contamination (Mitchell and Edwards 1997 ). Vermicompost addition increases the macropore space ranging from 50–500 μm, resulting in improved air-water relationship in the soil, favourably affecting plant growth (Marinari et al. 2000 ). Evaluation of various organic and inorganic amendments on growth of raspberry proves that vermicompost has beneficial buffering capability and ameliorate the damage caused by excess of nutrients which may otherwise cause phytotoxicity (Subler et al. 1998 ). Thus, vermicompost acts a soil conditioner (Albanell et al. 1988 ) and a slow-release fertilizer (Atiyeh et al. 2000 a). During vermicomposting the heavy metals forms complex, aggregates with humic acids and other polymerized organic fractions resulting in lower availability of heavy metals to the plant, which are otherwise phytotoxic (Dominguez and Edwards 2004 ). Soil amended with vermicompost produced better quality fruits and vegetables with less content of heavy metals or nitrate, than soil fertilized with mineral fertilizers (Kolodziej and Kostecka 1994 ).
Role of vermicompost bacteria in biomedical waste management
The importance of sewage sludge, biosolids and biomedical waste management by safe, cheap and easy methods need no further emphasis. All these wastes are infectious and have to be disinfected before being disposed into the environment. Biosolids also contain an array of pathogenic microorganisms (Hassen et al. 2001 ). Biocomposting of wastes bring about biological transformation and stabilization of organic matter and effectively reduces potential risks of pathogens (Burge et al. 1987 ; Gliotti et al. 1997 ; Masciandaro et al. 2000 ). Vermicomposting does not involves a thermophilic phase which might increase the risk of using this technology for management of infectious wastes, but surprisingly vermicomposting resulted into a noticeable reduction in the pathogen indicators such as fecal coliform, Salmonella sp., enteric virus and helminth ova in the biosolids (Eastman 1999 ; Sidhu et al. 2001 ). Vermicomposting of biosolids resulted in reduction of faecal coliforms and Salmonella sp. from 39,000 MPN/g to 0 MPN/g and < 3 MPN to < 1MPN/g respectively (Dominguez and Edwards 2004 ). Vermicomposting of municipal sewage sludge with L. mauritii eliminated Salmonella and Escherichia sp., and the earthworm gut analysis also proved that Salmonella sp. ranging 15–17 × 10 3 CFU/g and Escherichia sp. ranging 10–14 × 10 2 CFU/g were completely eliminated in the gut after 70 days of vermicomposting period (Ganesh Kumar and Sekaran 2005 ). Activities by earthworms on sludge reduced levels of pathogens and odors of putrefaction and accelerated sludge stabilization (Mitchell 1978 ; Brown and Mitchell 1981 ; Hartenstein 1983 ). The reduction or removal of these enteric bacterial populations at the end of vermicomposting period, correlates with the findings that earthworm’s diet include microorganisms and earthworms ability to selectively digest them (Bohlen and Edwards 1995 ; Edwards and Bohlen 1996 ). Apart from solid waste management, earthworms are also used in sewage water treatment. Earthworms promote the growth of ‘beneficial decomposer bacteria’ in wastewater and acts as aerators, grinders, crushers, chemical degraders, and biological stimulators (Dash 1978 ; Sinha et al. 2002 ). Earthworms also granulate the clay particles and increase the hydraulic conductivity and natural aeration and further grind the silt and sand particles and increase the total specific surface area and thereby enhance adsorption of the organic and inorganic matter from the wastewater. In addition, earthworms body acts as a ‘biofilter’ and remove the biological oxygen demand (BOD), chemical oxygen demand (COD), total dissolved solids (TDS) and total suspended solids (TSS) from wastewater by 90%, 80–90%, 90–92% and 90–95% respectively by ‘ingestion’ and biodegradation of organic wastes, heavy metals, and solids from wastewater and by their ‘absorption’ through body walls (Sinha et al. 2008 ).
Reports reveal that vermicomposting converts the infected biomedical waste containing various pathogens viz., Staphylococcus aureus , Proteus vulgaris , Pseudomonas pyocyaneae and Escherichia coli to an innocuous waste containing commensals like Citrobactor freundii and aerobic spore bearing microorganism usually found in the soil and alimentary canal of earthworms (Umesh et al. 2006 ). Vermicomposting plays a vital role for safe management of biomedical wastes and solid wastes generated from wastewater treatment plants and its bioconversion into valuable composts free from enteric bacterial populations. Depending on the earthworm species, vermicomposting was known to reduce the level of different pathogens such as Salmonella enteriditis, Escherichia coli, total and faecal coliforms, helminth ova and human viruses in different types of waste. Direct means of reduction in these microbial numbers during gut passage might be due to the digestive enzymes and mechanical grinding, while indirect means of pathogen removal might be due to promotion of aerobic conditions which could bring down the load of coliforms (Monroy et al. 2009 ; Edwards 2011 ; Aira et al. 2011 ).
Role of vermicompost in plant growth promotion
Use of vermicomposts as biofertilizers has been increasing recently due to its extraordinary nutrient status, and enhanced microbial and antagonistic activity. Vermicompost produced from different parent material such as food waste, cattle manure, pig manure, etc., when used as a media supplement, enhanced seedling growth and development, and increased productivity of a wide variety of crops (Edwards and Burrows 1988 ; Wilson and Carlile 1989 ; Buckerfield and Webster 1998 ; Edwards 1998 ; Subler et al. 1998 ; Atiyeh et al. 2000 c). Vermicompost addition to soil-less bedding plant media enhanced germination, growth, flowering and fruiting of a wide range of green house vegetables and ornamentals (Atiyeh et al. 2000 a, b , c ), marigolds (Atiyeh et al. 2001 ), pepper (Arancon et al. 2003 a), strawberries (Arancon et al. 2004 b) and petunias (Chamani et al. 2008 ). Vermicompost application in the ratio of 20:1 resulted in a significant and consistent increase in plant growth in both field and greenhouse conditions (Edwards et al. 2004 ), thus providing a substantial evidence that biological growth promoting factors play a key role in seed germination and plant growth (Edwards and Burrows 1988 ; Edwards 1998 ). Investigations revealed that plant hormones and plant-growth regulating substances (PGRs) such as auxins, gibberellins, cytokinins, ethylene and abscisic acid are produced by microorganisms (Barea et al. 1976 ; Arshad and Frankenberger 1993 ).
Several researchers have documented the presence of plant growth regulators such as auxins, gibberellins, cytokinins of microbial origin (Krishnamoorthy and Vajranabhiah 1986 ; Grappelli et al. 1987 ; Tomati et al. 1988 ; Muscolo et al. 1999 ) and humic acids (Senesi et al. X 1992 ; Masciandaro et al. 1997 ; Atiyeh et al. 2002 ) in vermicompost in appreciable quantities. Cytokinins produced by Bacillus and Arthrobacter spp. in soils increase the vigour of seedlings (Inbal and Feldman 1982 ; Jagnow 1987 ). Microbially produced gibberellins influence plant growth and development (Mahmoud et al. 1984 ; Arshad and Frankenberger 1993 ) and auxins produced by Azospirillum brasilense affects the growth of plants belonging to paoceae (Barbieri et al. 1988 ). Extensive investigations on the biological activities of humic substances showed that they also posses plant growth stimulating property (Chen and Aviad 1990 ). Humic substances increased the dry matter yields of corn and oat seedlings (Lee and Bartlett 1976 ; Albuzio et al. 1994 ); number and length of tobacco roots (Mylonas and Mccants 1980 ); dry weights of roots, shoots and number of nodules of groundnut, soyabean and clover plants (Tan and Tantiwiramanond 1983 ) and vegetative growth of chicory plants (Valdrighi et al. 1996 ) and induced root and shoot formation in plant tissue culture (Goenadi and Sudharama 1995 ). High levels of humus have been reported from vermicomposts originating from food wastes, animal manure, sewage and paper mill sludges (Atiyeh et al. 2002 ; Canellas et al. 2002 ; Arancon et al. 2003 c). The humic and fulvic acid in the humus dissolves insoluble minerals in the organic matter and makes them readily available to plants and in addition they also help plants to overcome stress and stimulates plant growth (Sinha et al. 2010 ). Studies on biological activities of vermicompost derived humic substances, revealed that they had similar growth-promoting hormonal effect (Dell'Agnola and Nardi 1987 ; Nardi et al. 1988 ; Muscolo et al. 1993 ). The humic materials extracted from vermicomposts have been reported to produce auxin-like cell growth and nitrate metabolism in carrots ( Daucus carota ) (Muscolo et al. 1996 ). Humates obtained from pig manure vermicompost increased growth of tomato (Atiyeh et al. 2002 ) and those obtained from cattle, food and paper waste vermicompost increased the growth of strawberries and peppers (Arancon et al. 2003 a).
Earthworms produce plant growth regulators (Gavrilov 1963 ). Since earthworms increase the microbial activity by several folds they are considered as important agents which enhance the production of plant growth regulators (Nielson 1965 ; Graff and Makeschin 1980 ; Dell'Agnola and Nardi 1987 ; Grappelli et al. 1987 ; Tomati et al. 1987 , 1988 ; Edwards and Burrows 1988 ; Nardi et al. 1988 ; Edwards 1998 ). Plant growth stimulating substances of microbial origin were isolated from tissues of Aporrectodea longa, L. terrestris and Dendrobaena rubidus and indole like substances were detected from the tissue extracts of A. caliginosa, L. rubellus and E. foetida which increased the growth of peas (Nielson 1965 ) and dry matter production of rye grass (Graff and Makeschin 1980 ). A. trapezoids aided in the dispersal of Rhizobium through soil resulting in increased root colonization and nodulation of leguminous plants (Bernard et al. 1994 ). Use of earthworm casts in plant propagation promoted root initiation, increased root numbers and biomass. The hormone-like effect produced by earthworm casts on plant metabolism, growth and development causing dwarfing, stimulation of rooting, internode elongation and precociousness of flowering was attributed to the fact of presence of microbial metabolites (Tomati et al. 1987 ; Edwards 1998 ). Earthworm casts stimulated growth of ornamental plants and carpophore formation in Agaricus bisporus when used as casing layer in mushroom cultivation (Tomati et al. 1987 ). Aqueous extracts of vermicompost produced growth comparable to the use of hormones such as auxins, gibberellins and cytokinins on Petunia, Begonia and Coleus, providing solid evidence that vermicompost is a rich source of plant growth regulating substances (Grappelli et al. 1987 ; Tomati et al. 1987 , 1988 ). Addition of vermicompost at very low levels to the growth media dramatically increased the growth of hardy ornamentals Chamaecyparis lawsonian, Elaeagnus pungens, Pyracantha spp., Viburnum bodnantense, Cotoneaster conspicus and Cupressocyparis leylandi . Cucumber (Hahn and Bopp 1968 ), dwarf maize (Sembdner et al. 1976 ) and coleus bioassays (Edwards et al. 2004 ) evidenced that vermicompost contained appreciable amounts of cytokinins, gibberellins and auxins respectively. Maize seedlings dipped in vermicompost water showed marked difference in plumule length compared to normal water indicating that plant growth promoting hormones are present in vermicompost (Nagavallemma et al. 2004 ). Comparative studies on the impact of vermiwash and urea solution on seed germination, root and shoot length in Cyamopsis tertagonoloba proved that vermiwash contained hormone like substances (Suthar 2010 ). High performance liquid chromatography (HPLC) and gas chromatography-mass spectroscopy (GC-MS) analyses of aqueous extracts of cattle waste derived vermicompost showed presence of significant amounts indole-acetic-acid (IAA), gibberellins and cytokinins (Edwards et al. 2004 ).
Earthworm gut associated microbes enrich vermicomposts with highly water-soluble and light-sensitive plant growth hormones, which gets absorbed on humic acid substances in vermicompost making them extremely stable and helps them persist longer in soils thereby influencing plant growth (Atiyeh et al. 2002 ; Arancon et al. 2003 c). This is confirmed by presence of exchangeable auxin group in the macrostructure of humic acid extract from vermicompost (Canellas et al. 2002 ). Apart from the rich nutritional status and ready nutrient availability, presence of humic acids and plant growth regulating substances makes vermicompost a biofertilizer which increases germination, growth, flowering and fruiting in a wide range of crops. Vermicompost substitution in a relatively small proportion (10–20%) to the potting mixture increased dry matter production and tomato growth significantly (Subler et al. 1998 ). Soil amended with 20% vermicompost was more suitable for tomato seedling production (Valenzuela et al. 1997 ). Similarly vermicompost addition upto 50% in the medium resulted in enhanced growth of Chamaecyparis lawsoniana (Lawson's Cypress), Juniperus communis (Juniper) and Elaeagnus pungens (Silverberry) rooted liners (Bachman and Edgar Davice 2000 ).
Vermicompost application increased plant spread (10.7%), leaf area (23.1%), dry matter (20.7%) and increased total strawberry fruit yield (32.7%) (Singh et al. 2008 ). Substitution of vermicompost drastically reduced the incidence of physiological disorders like albinism (16.1–4.5%), fruit malformation (11.5–4.0%) and occurrence of grey mould (10.4–2.1%) in strawberry indicating its significance in reducing nutrient-related disorders and Botrytis rot, thereby increasing the marketable fruit yield upto 58.6% with better quality parameters. Fruit harvested from plant receiving vermicompost were firmer, had higher total soluble solids (TSS), ascorbic acid content and attractive colour. All these parameters appeared to be dose dependent and best results were achieved at 7.5 t ha _1 (Singh et al. 2008 ). Vermicompost application showed significant increase in germination percent (93%), growth and yield of mung bean ( Vigna radiata ) compared to the control (Karmegam et al. 1999 ). Similarly, the fresh and dry matter yields of cowpea ( Vigna unguiculata ) were higher in soil amended with vermicompost than with biodigested slurry, (Karmegam and Daniel 2000 ). Combined application of vermicompost with N fertilizer gave higher dry matter (16.2 g plant -1 ) and grain yield (3.6 t ha -1 ) of wheat ( Triticum aestivum ) and higher dry matter yield (0.66 g plant -1 ) of the following coriander ( Coriandrum sativum ) crop in wheat-coriander cropping system (Desai et al. 1999 ). Vermicompost application produced herbage yields of coriander cultivars comparable to those obtained with chemical fertilizers (Vadiraj et al. 1998 ). Yield of pea ( Pisum sativum ) increased with the application of vermicompost (10 t ha -1 ) along with recommended NPK (Meena et al. 2007 ). Vermicompost application to sorghum ( Sorghum bicolor ) (Patil and Sheelavantar 2000 ), sunflower ( Helianthus annuus ) (Devi et al. 1998 ), tomato ( Lycopersicon esculentum ) (Nagavallemma et al. 2004 ), eggplant ( Solanum melangona ) (Guerrero and Guerrero, 2006 ), okra ( Abelmoschus esculentus ) (Gupta et al. 2008 ), hyacinth bean ( Lablab purpureas ) (Karmegam and Daniel 2008 ), grapes (Buckerfield and Webster 1998 ) and cherry (Webster 2005 ) showed a positive result. Vermicompost amendment at the rate of 10 t ha -1 along with 50% of recommended dose of NPK fertilizer increased the number and fresh weight of flowers per plant, flower diameter and yield, while at the rate of 15 t ha -1 along with 50% of recommended dose of NPK increased vase life of Chrysanthemum chinensis (Nethra et al. 1999 ). Red Clover and cucumber grown in soil amended with vermicompost showed an increase in mineral contents viz., Ca, Mg, Cu, Mn and Zn in their shoot tissues (Sainz et al. 1998 ). Vermicomposted cow manure stimulated the growth of lettuce and tomato plants while the unprocessed parent material did not (Atiyeh et al. 2000 b). Similarly, vermicomposted duck wastes resulted in better growth of tomatoes, lettuce, and peppers than the unprocessed wastes (Wilson and Carlile 1989 ). Theenhancement in plant growth might be attributed to the fact that processed waste had improved physicochemical characteristics and nutrients, in forms readily available to the plant as well as the presence of plant growth promoting and antagonistic disease suppressing beneficial bacteria.
Role of vermicompost in plant disease management
Plant pathogen control.
Soils with low organic matter and microbial activity are conducive to plant root diseases (Stone et al. 2004 ) and addition of organic amendments can effectively suppress plant disease (Raguchander et al. 1998 ; Blok et al. 2000 ; Lazarovits et al. 2000 ). Several researchers reported the disease suppressive properties of thermophilic compost (Hoitink et al. 1997 ; Goldstein 1998 ; Pitt et al. 1998 ) on a wide range of phytopathogens viz., Rhizoctonia (Kuter et al. 1983 ), Phytopthora (Hoitink and Kuter 1986 ; Pitt et al. 1998 ), Plasmidiophora brassicae and Gaeumannomyces graminis (Pitt et al. 1998 ) and Fusarium (Kannangowa et al. 2000 ; Cotxarrera et al. 2002 ). Microbial antagonism might be one of the possible reasons for disease suppression as organic amendments enhances the microbial population and diversity. Traditional thermophilic composts promote only selected microbes while non-thermophilic vermicomposts are rich sources of microbial diversity and activity and harbour a wide variety of antagonistic bacteria thus acts as effective biocontrol agents aiding in suppression of diseases caused by soil-borne phytopathogenic fungi (Chaoui et al. 2002 ; Scheuerell et al. 2005 ; Singh et al. 2008 ).
Earthworm feeding reduces the survival of plant pathogens such as Fusarium sp. and Verticillium dahliae (Yeates 1981 ; Moody et al. 1996 ) and increases the densities of antagonistic fluorescent pseudomonads and filamentous actinomycetes while population densities of Bacilli and Trichoderma spp. remains unaltered (Elmer 2009 ). Earthworm activities reduce root diseases of cereals caused by Rhizoctonia (Doube et al. 1994 ). It has been proved that earthworms decreased the incidence of field diseases of clover, grains, and grapes incited by Rhizoctonia spp. (Stephens et al. 1994 a; Stephens and Davoren 1997 ) and Gaeumannomyces spp. (Clapperton et al. 2001 ). Earthworms Aporrectodea trapezoides and Aporrectodea rosea act as vectors of Pseudomonas corrugata 2 14OR, a biocontrol agent for wheat take-all caused by G. graminis var. tritd (Doube et al. 1994 ). Greenhouse studies on augmentation of pathogen infested soils with L. terrestris showed a significant reduction of disease caused by Fusarium oxysporum f. sp. asparagi and F. proliferatum on susceptible cultivars of asparagus ( Asparagus officinalis ), Verticillium dahliae on eggplant ( Solanum melongena ) and F. oxysporum f. sp . lycopersici race 1 on tomato. Plant weights increased by 60-80% and disease severity reduced by 50-70% when soils were augmented with earthworms. Incorporation of soil with vermicompost effectively suppressed R. solani in wheat (Stephens et al. 1993 ), Phytophthora nicotianae (Nakamura 1996 ; Szczech 1999 ; Szczech and Smolinska 2001 ) and Fusarium in tomatoes (Nakamura 1996 ; Szczech 1999 ), Plasmodiophora brassicae in tomatoes and cabbage (Nakamura 1996 ), Pythium and Rhizoctonia (root rot) in cucumber and radish (Simsek Ersahin et al. 2009 ), Botrytis cineria (Singh et al. 2008 ) and Verticillium (Chaoui et al. 2002 ) in strawberry and Sphaerotheca fulginae in grapes (Edwards et al. 2004 ). Vermicompost application drastically reduced the incidence of ‘Powdery Mildew’, ‘Color Rot’ and ‘Yellow Vein Mosaic’ in Lady’s finger ( Abelmoschus esculentus ) (Agarwal et al. 2010 ). Substitution of vermicompost in the growth media reduced the fungal diseases caused by R. solani, P. drechsleri and F. oxysporum in gerbera (Rodriguez et al. 2000 ). Amendment of vermicompost at low rates (10-30%) in horticulture bedding media resulted in significant suppression of Pythium and Rhizoctonia under green house conditions (Edwards et al. 2004 ). Research findings proved that vermicompost when added to container media significantly reduced the infection of tomato plants by P. nicotianae var. nicotianae and F. oxysporum sp. lycopersici (Szcech et al. 1993 ; Szczech 1999 ). Club-rot of cabbage caused by P. brassicae was inhibited by dipping cabbage roots into a mixture of clay and vermicompost (Szcech et al. 1993 ). Potato plants treated with vermicompost were less susceptible to P. infestans than plants treated with inorganic fertilizers (Kostecka et al. 1996 a). Aqueous extracts of vermicompost inhibited mycelial growth of B. cineria , Sclerotinia sclerotiorum, Corticium rolfsii , R. solani and F. oxysporum (Nakasone et al. 1999 ), effectively controlled powdery mildew of barley (Weltzien 1989 ) and affected the development of powdery mildews on balsam ( Impatiens balsamina ) and pea ( Pisum sativum ) caused by Erysiphe cichoracearum and E. pisi, respectively in field conditions (Singh et al. 2003 ).
Mechanisms that mediate pathogen suppression
Two possible mechanisms of pathogen suppression have been described, one depends on systemic plant resistance and the other is mediated by microbial competition, antibiosis and hyperparasitism (Hoitink and Grebus 1997 ). The microbially mediated suppression is again classified into two mechanisms viz., ‘general suppression’ where a wide range of microbes suppress the pathogens such as Pythium and Phytopthora (Chen et al. 1987 ) and ‘specific suppression’ where a narrow range of organisms facilitates suppression, for instance disease caused by Rhizoctonia (Hoitink et al. 1997 ). The disease suppressive effect of vermicompost against fusarium wilt of tomato clearly depicted that fungus inhibition was purely biotic and no chemical factors played any role, since the experiments with heat-sterilized vermicompost failed to control the disease (Szczech 1999 ). Experiments on suppression of damping-off caused by R. solani, in vermicompost amended nurseries of white pumpkin proved that vermicompost suppressed the disease in a dosage and temperature dependent manner (Rivera et al. 2004 ). Earthworm castings are rich in nutrients (Lunt and Jacobson 1944 ; Parle 1963 ) and calcium humate, a binding agent (Edwards 1998 ) that reduces desiccation of individual castings and favors the incubation and proliferation of beneficial microbes, such as Trichoderma spp. (Tiunov and Scheu 2000 ), Pseudomonas spp. (Schmidt et al. 1997 ), and mycorrhizal spores (Gange 1993 ; Doube et al. 1995 ). Earthworm activity increased the communities of Gram-negative bacteria (Clapperton et al. 2001 ; Elmer 2009 ). Vermicompost associated chitinolytic bacterial communities viz., Nocardioides oleivorans , several species of Streptomyces and Staphylococcus epidermidis showed inhibitory effects against plant phytopathogens such as, R. solani, Colletotrichum coccodes, Pythium ultimum, P. capsici and Fusarium moniliforme (Yasir et al. 2009 a).
Role of vermicompost in arthropod pest control
Addition of organic amendments helped in suppression of various insect pests such as European corn borer (Phelan et al. 1996 ), other corn insect pests (Biradar et al. 1998 ), aphids and scale insects (Culliney and Pimentel 1986 ; Costello and Altiei 1995 ; Huelsman et al. 2000 ) and brinjal shoot and fruit borer (Sudhakar et al. 1998 ). Several reports also evidenced that vermicompost addition decreased the incidence of Spodoptera litura, Helicoverpa armigera , leaf miner ( Apoaerema modicella) , jassids ( Empoasca kerri ), aphids ( Aphis craccivora) and spider mites on groundnuts (Rao et al. 2001 ; Rao 2002 , 2003 ) and psyllids ( Heteropsylla cubana ) on a tropical leguminous tree ( Leucaena leucocephala ) (Biradar et al. 1998 ). Vermicompost amendment decreased the incidence of sucking pests under field conditions (Ramesh 2000 ) and suppressed the damage caused by of two-spotted spider mite ( Tetranychus spp.), aphid ( Myzus persicae ) (Edwards et al. 2007 ) and mealy bug ( Pseudococcus spp.) under green house conditions (Arancon et al. 2007 ). Vermicompost substitution to soil less plant growth medium MetroMix 360 (MM360) at a rate less then 50% reduced the damage caused by infestation of pepper seedlings by M. persicae and Pseudococcus spp. and tomato seedlings by Pseudococcus spp., cabbage seedlings by M. persicae and cabbage white caterpillars ( Pieris brassicae L.) (Arancon et al. 2005 ). Greenhouse cage experiments conducted on tomatoes and cucumber seedlings infested with M. persicae , citrus mealybug ( Planococcus citri ), two spotted spider mite ( Tetranychus urticae ); striped cucumber beetles ( Acalymna vittatum ) attacking cucumbers and tobacco hornworms ( Manduca sexta ) attacking tomatoes proved that treatment of infested plants with aqueous extracts of vermicompost suppressed pest establishment, and their rates of reproduction. Vermicompost teas at higher dose also brought about pest mortality (Edwards et al. 2010 b). Suppression of aphid population gains importance since they are key vectors in transmission of plant viruses. Addition of solid vermicompost reduced damage by A. vittatum and spotted cucumber beetles ( Diabotrica undecimpunctata ) on cucumbers and larval hornworms ( Manduca quinquemaculata) on tomatoes in both greenhouse and field experiments (Yardim et al. 2006 ). Combined application of vermicompost and vermiwash spray to chilli ( Capiscum annum ) significantly reduced the incidence of ‘Thrips’ ( Scirtothrips dorsalis ) and ‘Mites’ ( Polyphagotarsonemus latus ) (Saumaya et al. 2007 ).
Mechanisms that mediate pest control
Plants grown in inorganic fertilizers are more prone to pest attack than those grown on organic fertilizers (Culliney and Pimentel 1986 ; Yardim and Edwards 2003 ; Phelan 2004 ). Inorganic nitrogen fertilization improves the nutritional quality and palatability of the host plants, inhibits the raise of secondary metabolite concentrations (Fragoyiannis et al. 2001 ; Herms 2002 ), enhances the fecundity of insects dieting on them, attracts more individuals for oviposition (Bentz et al. 1995 ) and increases the population growth rates of insects (Culliney and Pimentel 1986 ; Jannsson and Smilowitz 1986 ). Though organic fertilizer has an enhanced nutritional composition they release nutrients at a slower rate (Patriquin et al. 1995 ) hence plants grown with organic fertilizers possess decreased N levels (Steffen et al. 1995 ) and have higher phenol content (Asami et al. 2003 ) resulting in resistance of these plants to pest attack. Similarly vermicomposts exhibit a slow, balanced nutritional release pattern, particularly in release of plant available N, soluble K, exchangeable Ca, Mg and P (Edwards and Fletcher 1988 ; Edwards 1998 ). Vermicomposts are rich in humic acid and phenolic compounds. Phenolic compounds act as feeding deterrents and hence significantly affect pest attacks (Kurowska et al. 1990 ; Summers and Felton 1994 ; QiTian 2004 ; Hawida et al. 2007 ; Koul 2008 ; Mahanil et al. 2008 ; Bhonwong et al. 2009 ). Soil containing earthworms contained polychlorinated phenols and their metabolites (Knuutinen et al. 1990 ). An endogenous phenoloxidase present in L. rubellus bioactivate compounds to form toxic phenols viz., p -nitrophenol (Park et al. 1996 ). Monomeric phenols could be absorbed by humic acids in the gut of earthworms (Vinken et al. 2005 ). Uptake of soluble phenolic compounds from vermicompost, by the plant tissues makes them unpalatable thereby affecting pest rates of reproduction and survival (Edwards et al. 2010 a; Edwards et al. 2010 b).
Role of vermicompost in nematode control
It has been well documented that addition of organic amendments decreases the populations of plant parasitic nematodes (Addabdo 1995 ; Sipes et al. 1999 ; Akhtar and Malik 2000 ). Vermicompost amendments appreciably suppress plant parasitic nematodes under field conditions (Arancon et al. 2003 b). Vermicomposts also suppressed the attack of Meloidogyne incognita on tobacco, pepper, strawberry and tomato (Swathi et al. 1998 ; Edwards et al. 2007 ; Arancon et al. 2002 ; Morra et al. 1998 ) and decreased the numbers of galls and egg masses of Meloidogyne javanica (Ribeiro et al. 1998 ).
Mechanisms that mediate nematode control
There are several feasible mechanisms that attribute to the suppression of plant parasitic nematodes by vermicompost application and it involves both biotic and abiotic factors. Organic matter addition to the soil stimulates the population of bacterial and fungal antagonists of nematodes ( e.g ., Pasteuria penetrans , Pseudomonas spp. and chitinolytic bacteria, Trichoderma spp.), and other typical nematode predators including nematophagous mites viz., Hypoaspis calcuttaensis (Bilgrami 1996 ), Collembola and other arthropods which selectively feeds on plant parasitic nematodes. (Thoden et al. 2011 ). Vermicompost amendment promoted fungi capable of trapping nematode and destroying nematode cysts (Kerry 1988 ) and increased the population of plant growth-promoting rhizobacteria which produce enzymes toxic to plant parasitic nematodes (Siddiqui and Mahmood 1999 ). Vermicompost addition to soils planted with tomatoes, peppers, strawberry and grapes showed a significant reduction of plant parasitic nematodes and increased the population of fungivorous and bacterivorous nematodes compared to inorganic fertilizer treated plots (Arancon et al. 2002 ). In addition, few abiotic factors viz., nematicidal compounds such as hydrogen sulphide, ammonia, nitrates, and organic acids released during vermicomposting, as well as low C/N ratios of the compost cause direct adverse effects while changes in soil physiochemical characterists viz., bulk density, porosity, water holding capacity, pH, EC, CEC and nutrition posses indirect adverse effects on plant parasitic nematodes (Rodriguez-Kabana 1986 ; Thoden et al. 2011 ).
Vermicomposting is a cost-effective and eco-friendly waste management technology which takes the previlige of both earthworms and the associated microbes and has many advantages over traditional thermophilic composting. Vermicomposts are excellent sources of biofertilizers and their addition improves the physiochemical and biological properties of agricultural soil. Vermicomposting amplifies the diversity and population of beneficial microbial communities. Although there are some reports indicating that few harmful microbes such as spores of Pythium and Fusarium are dispersed by earthworms (Edwards and Fletcher 1988 ), the presence and amplification of antagonistic disease-suppressing and other plant growth-promoting beneficial bacteria during vermicomposting out weigh these harmful effects (Edwards and Fletcher 1988 ; Gammack et al. 1992 ; Brown 1995 ). Vermicomposts with excellent physio-chemical properties and buffering ability, fortified with all nutrients in plant available forms, antagonistic and plant growth-promoting bacteria are fantabulous organic amendments that act as a panacea for soil reclamation, enhancement of soil fertility, plant growth, and control of pathogens, pests and nematodes for sustainable agriculture.
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The present research was conducted with the objective of exploring the vermicomposting process, which involves different stages such as building of a vermicompost station; import of a compost earthworm ( Eisenia foetida ); and production of vermicompost using dry grass clippings, rice straw and cow manure. The vermicompost produced can be of significant value to the end users like farmers for replacement of chemical fertilizers and procuring better prices for the organic produce using such composting material locally available at much lower cost.
Vermicomposting was done using Eisenia foetida with three treatments [T1 (Rice straw), T2 (Rice straw + grass) and T3 (Grass)]. Temperature, humidity and pH were measured during the process. The population of earthworms, the production of vermicompost, and the chemical and microbial characteristics of the vermicompost were recorded after sixty (60) days and hundred twenty (120) days. The data were analyzed statistically using Sigma Plot 12.0.
Results indicated that for all the three treatments the temperature was in the range of 0–35 °C, the humidity was between 80 and 100% and the pH fluctuated in the range of 5.5–7.0 and stabilized to near neutral on the 60th day. The combination of rice straw and grass had the highest rate of vermicompost production of 105 kg/m 2 followed by grass and rice straw with 102.5 kg/m 2 and 87 kg/m 2, respectively, at the end of 120 days.
The harvested vermicompost had an excellent nutrient status, confirmed by the chemical analyses, and contained all the essential macro- and micronutrients.
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Introduction
Vermicomposting is the process of producing compost by utilizing earthworms to turn the organic waste into high-quality compost that consists mainly of worm cast in addition to decayed organic matter (Ismail 2005 ; Devi and Prakash 2015 ). Vermicomposting helps to convert the organic wastes (agro-wastes, animal manure and domestic refuse) into highly nutrient fertilizers for plant and soil (Gajalakshmi and Abassi 2004 ). Vermicompost is a finely divided peat-like material with excellent structure, porosity, aeration, drainage and moisture-holding capacity (Ismail 2005 ; Edwards et al. 2011 ). Vermicompost, an organic fertilizer rich in NPK, micronutrients and beneficial soil microbes (nitrogen fixing and phosphate solubilizing bacteria and actinomycetes), is a sustainable alternative to chemical fertilizers, which is an excellent growth promoter and protector for crop plants (Sinha et al. 2011 ; Chauhan and Singh 2015 ). Today vermicompost is an important component of organic farming systems, because it is easy to prepare, has excellent properties and is harmless to plants. Vermicompost improves the physical, chemical and biological properties of the soil as well contributes to organic enrichment (Ansari and Jaikishun 2011 ; Chauhan and Singh 2013 ). In 1996 the Ministry of Agriculture, Animal Husbandry and Fisheries (LVV) in Suriname made an attempt to investigate vermicomposting, but did not achieve significant results (Nanden and Dipotaroeno 1996 ). Since then, no research has been conducted in this area in Suriname. Investigations on vermicomposting and its impact on vegetable production are necessary, especially as it can be used as a bio-fertilizer. Research on vermicomposting will provide farmers with an environment-friendly fertilizer and assist in promoting the agriculture sector towards a greener future. The use of such technology will help in cost management in agriculture which is increased in the recent years and has added to the burden of farmers in terms of chemical fertilizers and chemical pesticides. Consequently, the cost of production has increased many folds. Use of organic source of fertilizers like vermicompost could be an effective solution to the problem where it could substitute the chemical inputs in crop productivity and reduce the economic cost and on the other hand may also lead to organic produce which fetches higher price in the market. The increase in living standards around the world has created a growing demand for such organic produce, or cultivation using only natural pesticides and fertilizers, which are perceived to be healthier for consumers and environment friendly (Kaplan 2016 ).
In Suriname, the agriculture sector depends mainly on imported agro-chemical inputs, i.e., chemical fertilizers and pesticides, with high costs (Kaplan 2016 ). Substituting these chemical fertilizers with the organic inputs, such as vermicompost, can provide an impulse for organic farming systems. Therefore, this research aimed at technology development and modifications for the production of quality vermicompost from locally available organic waste materials using composting earthworm.

Materials and method
This study, carried out at the Anton de Kom University of Suriname, Paramaribo (2015–2016), consisted of different stages, viz. building of a vermicompost station at the University compound; import of a composting epigeic earthworm, Eisenia foetida , from Guyana; and production of vermicompost using dry grass clippings, rice straw and cow manure.
Phase 1: field experiment
Construction of the vermicompost station.
A vermicompost station of 10 × 8 × 3 m 3 (l × w × h) was built in a shaded area, following Ismail ( 2005 ). The vermicomposting units were set up at the vermicompost station using the Vermitech Pattern reported by Ismail ( 2005 ). Concrete units of 150 × 100 × 60 cm 3 were built as containers for culturing the earthworms. The concrete units had the drainage holes (2 × 2 cm 2 ) to facilitate the effective water drainage. The roof of the station was made of zinc sheets with underneath isolation paper to ensure a cool environment. The walls of the vermicompost station were built of wired mesh to facilitate air flow.
Preparation of culture bed
The culture bed (Fig.  1 ) was prepared as described by Ismail ( 2005 ):

Set up of culture bed in a unit
1st layer: A basal layer of vermibed comprising broken bricks, then a layer of sand to the thickness of 6–7.5 cm was set up to ensure proper drainage.
2nd layer: Loamy soil up to the height of 15 cm, which was moistened. The earthworms, Eisenia foetida, were inoculated into this layer.
3rd layer: Lumps of fresh/dry cattle dung were scattered over the soil.
4th layer: The soil was then covered with dry grass clippings/rice straw up to 10 cm thickness.
The entire unit was covered with banana leaves to protect the earthworms from sunlight and birds. It was kept moist by sprinkling of water twice a week and turned once a week, up to the harvest of the vermicompost.
Phase 2: import of Eisenia foetida
In the second phase, two hundred (200) composting earthworms, Eisenia foetida (epigeic species), were imported from the University of Guyana (Guyana). The earthworms were cultured for 120 days in one unit and were used for the production of vermicompost from dry grass clippings and cow manure. The dry grass clippings were collected from the University garden after the lawn was mowed and stored in bags. The cow manure was procured from dairy farm units. The organic waste consisted of 5 kg cow manure and 2 kg dry grass clippings on a weekly basis. After a hundred and twenty (120) days, the following parameters of the vermicompost were analyzed:
The total population of earthworms by passive method (Edwards and Bohlen 1996 ): physically separating the earthworms from the vermicompost;
The total amount of the vermicompost produced (weight in kg);
Chemical analyses using the methods applied in the soil laboratory of the Anton de Kom University of Suriname: pH-H 2 O using a pH meter; electrical conductivity (EC in mS/cm) using a conductivity meter; total organic carbon (TOC in  %) by Titrimetry using the Walkley–Black method; total nitrogen (N in  %) using the Kjeldahl method; C:N ratio; total phosphorus (P in  %) determined by the colorimetric method using a spectrophotometer; total potassium (K in  %), total manganese (Mn in ppm), total copper (Cu in ppm), total zinc (Zn in ppm) and total iron (Fe in  %) by the absorption method using the Atomic Absorption Spectrophotometer (AAS).
Microbial analyses: To guarantee food safety, the cow manure and vermicompost were analyzed for the presence of Salmonella and E. coli bacteria in the Veterinary Diagnostic Laboratory of the Ministry of Agriculture. The presence of Salmonella in various matrices was detected using the modified semi-solid Rappaport-Vassiliadis medium (MRSV) method (draft Annex D of the ISO 6579:2002 (E); the presence of E. coli bacteria was determined by the plate count method (NEN-EN-ISO 4833-1:2013).
Phase 3: experimental design for Vermicomposting
Field design.
The vermicomposting experiment was conducted on a cemented earth surface. For the vermibed of each combination of the cow manure, dry grass clipping/rice straw wastes in 5:1 ratio, the size was 1.50 × 1.00 × 0.10 m 3 . In each unit, 25 Eisenia foetida earthworms were inoculated. The entire unit was moistened and covered with dry banana leaves. It was moistened twice a week and turned once a week, up to the seventh week. The first application of feed consisted of 10 kg of cow manure and 2 kg of rice straw (Treatment 1), 10 kg of cow manure and 2 kg of dry grass clippings (Treatment 2), 10 kg of cow manure and combination of 1 kg of rice straw and dry grass clippings (Treatment 3). Every 2 weeks, the earthworms were fed with 5 kg of cow manure and 1 kg of dry rice straw (Treatment 1), 5 kg of cow manure and 1 kg of rice straw (Treatment 2) and 5 kg of cow manure and combination of 5 kg of cow manure and combination of 1 kg rice straw and 1 kg dry grass clippings (Treatment 3). Three treatments were maintained with four replications each (Fig.  2 ):

Schematic overview of the experimental design for vermicomposting
Treatment 1: cow manure + rice straw
Treatment 2: cow manure + dry grass clipping
Treatment 3: cow manure + combination of rice straw and dry grass clipping (1:1 ratio)
On a weekly basis, during the process of vermicomposting the temperature, humidity and pH were determined in each vermicompost unit. The temperature was measured with a field compost thermometer (REOTEMP FG20P Backyard Compost Thermometer Fahrenheit with Basic Composting). The humidity was measured with a compost moisture meter (NRG MS810 Soil Moisture Sensor Indoor/Outdoor). The humidity ranges were as follows: 10–40% (dry); 40–80% (moist); 80–100% (wet). The pH was measured with a soil pH meter (Kelway Soil Acidity/Moisture Meter). After 60 and 120 days, the total earthworm population and the total production of vermicompost were determined and chemical analyses of the vermicompost were conducted. The total population of earthworms was estimated using a hand-sorting method according to Zicsi ( 1962 ). This was done using sample sizes of 20 × 20 cm for estimating the total population per square meter (Fig.  3 ) in 4 samples taken from each treatment. The earthworm population consisted of three age groups viz. juvenile, non-clitellate and clitellate earthworms (Fig.  4 ). The total amount of the vermicompost produced was collected in plastic waste bags and weighed in kilograms. Productivity of vermicompost was calculated in percentage using the formula:

Hand sorting method

Earthworms of different age groups
The chemical analysis of vermicompost and the feeding materials (dry grass clippings, rice straw and cow manure) was done to determine the levels of pH-H 2 O, EC, C, N, C/N ratio, P, K, Mn, Cu, Zn and Fe, using the methods already described.
For the statistical analyses of the data, the Sigma Plot 12.0 software was used. The data were processed using an Analysis of Variance of Simple Classification and differences between means (one-way ANOVA). Treatments which were significant different were analyzed with the Tukey’s hoc test. Significance was set at the 0.05 level.
Results and discussion
Analyses of vermicompost (after 60 and 120 days of composting period).
The temperature in the vermicompost unit was measured weekly and recorded was 27 °C (average), i.e., within the range of 0–35 °C as per the classification given by Domínguez and Edwards ( 2011 ). The results for humidity indicated that the unit was moist to wet (85%), which was in the range of 80–90% for rapid growth. The pH recorded between 6.50 and 7.50 was in the range of 5–9 for vermicomposting (Domínguez and Edwards 2011 ).
The total amount of vermicompost produced was 65 kg and the estimated total population of earthworms by the passive method was 300 (adult and juvenile). According to Fadaee ( 2012 ), the number of initial worms used in vermicompost was 5000 and after 90 days this number increased to 13,000. Sinha et al. ( 2010 ) and Edwards et al. ( 2011 ) described that 0.50 kg (1 lb) of earthworms can process about 0.50 kg (1 lb) of organic material (at 75–85% moisture) and produce approximately 0.25 kg of vermicompost per day (40–50% conversion rate). A satisfactory population of earthworms, as defined by Edwards and Arancon ( 2004 ), is at least 9–18 kg of earthworms per m 2 (2–4 lb ft −2 ).
The chemical analysis was conducted in one mixed sample of dry grass clippings, one mixed cow manure sample, and one mixed vermicompost sample. The results obtained are shown in Table  1 .
The pH was slightly acidic in the vermicompost, followed by the raw material and the cow manure, i.e., 6.50, 6.50 and 6.20, respectively. The soluble salt concentrations (measured as electric conductivity) in the resulting vermicompost, raw material and cow manure were 3.71 mS/cm, 3.00 mS/cm and 5.72 mS/cm, respectively, indicating a slight decrease in salinity in the vermicompost compared to the cow manure. The total organic carbon was 18.53%, 42.96% and 21.02% in the vermicompost, raw material and cow manure, respectively. The total nitrogen was 1.36% in the vermicompost and 1.88% in the raw material. The C/N ratio in the vermicompost, and cow manure was the same (13:1) but quite high (23:1) in the raw material. Total phosphorus was 0.58%, 0.26% and 0.78% in the vermicompost, raw material and cow manure, respectively. The total potassium was 0.56% in the vermicompost, 1.23% in raw material and 0.86% in cow manure, indicating a decrease in the vermicompost, compared to the cow manure and raw material. The total zinc, manganese, copper and iron concentrations are higher in the vermicompost than in the raw material, indicating an accumulation of these micro-elements in the vermicompost, but lower than in cow manure. Vermicompost contains essential micronutrients and the nutrient status is in line with that reported by earlier researchers (Ismail 1997 ; Ansari and Sukhraj 2010 ; Ansari et al. 2016 ).
Table  2 indicates that Salmonella was absent in 25 g of cow manure and vermicompost and the number of E. coli was less than 10 CFU per gram of cow manure and vermicompost, showing that the vermicompost was hygienic according to Domínguez and Edwards ( 2011 ).
The temperature observed during the process of vermicomposting in the twelve vermicomposting units during the first 8 weeks was recorded to be 27.45 °C in T1 (rice straw) followed by 27.08 °C in T3 (rice straw + grass) and 27.31 °C in T2 (Grass) as shown in Fig.  5 . The fluctuation of the temperature in °C was restricted to ± 0.25 (T1), ± 0.31 (T2) and ± 0.23 (T3). During the second 8 weeks, the temperature was recorded to be 27.65 °C in T1 (rice straw) followed by 27.62 °C in T3 (rice straw + grass) and 27.59 °C in T2 (grass) as shown in Fig.  6 . The fluctuation of the temperature in the second period was restricted to ± 0.51 (T1), ± 0.38 (T2) and ± 0.25 (T3) in °C. In both periods, the temperature was in the range of 0–35 °C, according to Domínguez and Edwards ( 2011 ).

Temperature (°C) changes during the first and second 8 weeks of vermicomposting

Humidity changes during the first and second 8 weeks of vermicomposting
The humidity recorded in the twelve vermicomposting units during the first 8 weeks was 91.30% in T1 (Rice straw), followed by 95.40% in T3 (rice straw + grass) and 98.60% in T2 (Grass) as displayed in Fig.  6 . During the second 8 weeks, the humidity was 92.50% in T1 (rice straw), followed by 92.80% in T3 (rice straw + grass) and 95.80% in T2 (grass). In both these periods, the humidity was 80–100%, which indicated a wet environment, slightly above the range (80–90%) given by Domínguez and Edwards ( 2011 ) for a rapid growth of Eisenia foetida during the process of vermicomposting.
The pH for all three treatments fluctuated from 5.5 to 7.0 (Fig.  7 ) until it was almost neutral on the 60th/120th day, when the compost was ready to harvest. This was in line with the findings of Domínguez and Edwards ( 2011 ), who reported a pH range of 5–9 during the process, the values reaching near neutrality, when the vermicompost was ready for the harvest. This may occur due to the production of CO 2 and the organic acids produced during the microbial metabolism. Several researchers have reported that most species of earthworms prefer a pH of about 7.0 (Singh 1997 ; Narayan 2000 ; Pagaria and Totwat 2007 ; Suthar 2008 ; Panday and Yadav 2009 ).

pH changes during the first and second 8 weeks of vermicomposting
The number of earthworms of the three age groups, juvenile, non-clitellate and clitellate, were counted using the hand count method (Zicsi 1962 ) in 4 samples of 20 cm × 20 cm for estimating the total population per square meter, as displayed in Table  3 . At the 60th day, the total number of earthworms per square meter was estimated to be 875, 1150 and 1025 in T1, T2 and T3, respectively, thus showing no significant difference between the treatments when analyzed by the Tukey’s multiple range test ( P  ≤ 0.05). At 120 days, the total number of earthworms per square meter was 900, 800 and 1050 in T1, T2 and T3, respectively, showing no significant difference between the treatments. A satisfactory population of earthworms has been defined by Edwards and Arancon ( 2004 ) as having at least 9–18 kg of earthworms per m 2 . On an average, 2000 adult worms weigh 1 kg and one million approximately 1 ton, according to Sinha et al. ( 2010 ).
The total amount of feed given to the earthworms in the first 60 days was 168 kg. The produced vermicompost was collected per unit and determined in kilograms. At the first harvest, the average weight per unit for the treatments T1, T2 and T3 was 10.90 kg, 9.80 kg and 13.80 kg, respectively. The total amount of feed given to the earthworms in the second 60 days was 96 kg. At the second harvest, the average weight per unit for the treatments T1, T2 and T3 was 10.90 kg, 15.90 kg and 12.50 kg, respectively. There was no significant difference among the treatments, as determined by the Tukey’s test ( P  ≤ 0.05).
The combination of rice straw and grass (T3) had the highest productivity of 32.70%, followed by rice straw (T1) with 25.90% and grass (T2) with 23.20% productivity for the first harvest. T2 had the highest productivity of 66.20%, followed by T3, 52.1% and T1, 45.30%, for the second harvest (Table  4 ), which was approximately 10 days earlier. According to Ansari and Jaikishun ( 2011 ), the increase in production of vermicompost and a shorter period of harvest could be possible due to the increase of worms in the units.
The vermicompost produced had a dark color, a mull-like soil odor and was homogeneous (Fig.  8 ), which was in line with the earlier results of Domínguez and Edwards ( 2011 ).

The three types of vermicompost
Table  5 presents the values of pH and soluble salt concentrations (electric conductivity) of rice straw, dry grass clippings, rice straw + dry grass clippings, cow manure and the different vermicompost obtained.
The pH recorded for the raw feedstock was the highest (7.80) for the combination of rice straw and dry grass (RS + DG), followed by rice straw (7.30) and dry grass clipping (6.50). The pH of the three feedstocks differed significantly, as shown by the Tukey’s test ( P  ≤ 0.05). Further, the pH of the cow manure (CM) was 6.00. For the first set of the harvested vermicompost, the pH was 6.60 for RSV60, 6.40 for RSGV60 and 6.20 for GV60. The pH of the three different treatments differed significantly. For the second set of the harvested vermicompost, the pH was 6.80 for RSV120, 6.60 for RSGV120 and 6.30 for GV120, showing a significant inter-treatment difference ( P  ≤ 0.05). In both sets of the vermicompost, the pH was 6–7. According to Edwards and Bohlen ( 1996 ), this range (6–7) of vermicompost promotes the availability of plant nutrients like NPK. The neutral pH of vermicompost was in line with some earlier findings (Guerrero et al. 1999 ; Chiluvuru et al. 2009 ; Nath et al. 2009 ; Mane and Raskar 2012 ; Okwor et al. 2012 . Microbial decomposition of organic matter during vermicomposting leads to production of organic acids which shifts the pH to near neutral (Garg and Kaushik 2004 ; Nath et al. 2009 ; Das et al. 2012 ). The electric conductivity (EC) for the raw feedstock was 3.98 mS/cm for RS + DG, 3.90 mS/cm for RS, and 3.00 mS/cm for DG. The EC of RS + DG and RS did not show significant difference mutually but differed significantly from that of DG ( P  ≤ 0.05). The EC of the cow manure (CM) was 8.37 mS/cm. For the first set of the harvested vermicompost, the EC was 5.45 mS/cm for GV60, 4.65 mS/cm for RSV60 and 4.55 mS/cm for RSGV60. The EC of GV60 differed from RSV60 and RSGV60 significantly but the EC of RSV60 and RSGV60 mutually did not differ significantly. For the second set of the harvested vermicompost, the EC was recorded to be 7.80 mS/cm for GV120, 7.20 mS/cm for RSGV120 and 6.90 mS/cm for RSV120. The EC of GV120 differed from RSV120 significantly but the EC of RSGV120 did not differ significantly from GV120 and RSV120, as depicted by the Tukey’s test ( P  ≤ 0.05). The EC of both sets of the vermicompost was above 2–3 mS/cm, which was considered by Edwards and Arancon ( 2004 ) as a range for established plants. Electrical conductivity is dependent on freely available minerals and ions generated during ingestion and excretion by the earthworms (Garg et al. 2006a ) and the raw materials used for vermicomposting (Atiyeh et al. 2002 ). The increase in EC in the vermicompost as shown in Table  5 could be due to the loss of weight of organic matter and the release of different mineral salts in available forms (Wong et al. 1997 ; Kaviraj and Sharma 2003 ; Nath et al. 2009 ). In Table  6 , the values of C/N ratio, total organic carbon and total nitrogen in rice straw, dry grass clippings, rice straw + dry grass clippings, cow manure and different obtained vermicompost are shown.
The total organic carbon (TOC) in the raw materials DG, RS and RS + DG was 42.96%, 41.23% and 37.70%, respectively. There was a significant difference between DG and RS + DG; RS and RS + DG, but no significant difference between DG and RS according to the Tukey’s test ( P  ≤ 0.05). The total organic carbon in CM was 17.69%. The TOC in the first harvest in GV60, RSGV60 and RSV60 was 20.70%, 18.37% and 16.67%, respectively. In the second harvest, it was 23.70%, 23.30% and 23.20% in RSV120, GV120 and RSGV120, respectively. For the first and second harvest, there were no significant differences among the different treatments, as revealed by the Tukey’s test ( P  ≤ 0.05). The variation in total organic carbon in the vermicompost ranged from 16.67 to 23.70%, which is similar to the results (18.5–23%) obtained by Mane and Raskar ( 2012 ). During the process of vermicomposting, the earthworms feed on the organic matter and microbial degradation takes place. As observed in Table  5 , the percentage of organic carbon is lower in the vermicompost than in the raw material, indicating that the earthworms accelerated the decomposition of the organic matter. Carbon is a major component of organic molecules, which are the building blocks of all organisms and, thus, are needed as the source of energy for the composting process (Ismail 2005 ; Ansari and Jaikishun 2011 ; Ansari and Rajpersaud 2012 ).
The total nitrogen (TN) in the raw material was the highest (1.88%) in DG, followed by RS + DG (1.34%), and RS (1.07%), showing a significant difference among the treatments. The TN in CM was 1.48%. The TN in the first harvested vermicompost in GV60, RSV60 and RSGV60 was 1.41%, 1.31% and 1.25%, respectively. For the first harvest, there was a significant difference between GV60 and RSGV60 but no significant difference among the other treatments ( P  ≤ 0.05). The TN in the second harvested vermicompost in GV120, RSGV120 and RSV120 was 1.80%, 1.60% and 1.50%. There was a significant difference between GV120 and RSGV120; GV120 and RSV120, but no significant difference between RSGV120 and RSV120 ( P  ≤ 0.05). The TN was relatively higher in the second than in the first harvest of vermicompost. Earlier studies have reported the value of N between 0.9 and 1.5% (Kale 1998 ; Chaudhuri et al. 2000 ; Kitturmath et al. 2007 ; Giraddi 2007 , 2011 ; Meenatchi 2008 ; Waseem et al. 2013 ). Suthar ( 2009 ) noted that the total N (range 2.49–3.17%) was higher in the end product. Suthar ( 2007 ) suggested that the earthworms enhance the N levels in the vermicomposting substrate by adding their excretory products, mucus, body fluid, enzymes and even through decaying tissues of dead worms in the vermicomposting subsystem. According to Suthar ( 2009 ), the final N content could be related to the quality of the substrate used for worm feeding and probably because of mineralization of the organic matter, as pointed out by Garg and Kaushik ( 2005 ).
The initial feedstock (RS, RS + DG and DG) had a high C:N ratio, 39:1, 28:1 and 23:1, respectively. The CM had a C:N ratio of 12:1. The final vermicompost of RS at 60 and 120 days had a C:N ratio of 13:1 and 16:1, respectively. The vermicompost combination of RS and DG had the same C:N ratio (15:1) at 60 and 120 days. The C:N ratio of the vermicompost of DG at 60 and 120 days was 15:1 and 13:1, respectively. It was observed that the C:N ratio, which is one of the most widely used indicators of the organic waste maturity, is decreased in the process of vermicomposting, which was acceptable according to Domínguez and Edwards ( 2011 ) and endorsed some earlier studies (Kale 1998 ; Gupta and Garg 2008 ; Suthar 2008 , 2009 ; Solis-Mejia et al. 2012 ). According to Kaushik and Garg ( 2003 ), the decrease of carbon/nitrogen ratio is due to a rapid decomposition of the organic waste, and the mineralization and stabilization during the process of vermicomposting. Senesi ( 1989 ) reported that a decline of C:N to less than 20 indicates an advanced degree of maturity in the organic waste. Solis-Mejia et al. ( 2012 ) noted that microbial respiration and nitrogenous excretion reduces the C/N ratio of the substrate (the source of carbon is dried plant material and cow manure provides nitrogen input during the process of vermicomposting) during the decomposition process.
As observed in Table  6 , the total phosphorus (TP) in the raw feedstock was 0.28%, 0.26% and 0.19% in RS + DG, DG and RS, respectively, showing a significant difference between RS + DG and RS, but no significant difference between the other treatments. The total phosphorus in CM was 0.98%. In the first set of the harvested vermicompost, the TP was 0.95% in GV60, 0.80% in RSV60, and 0.78% in RSGV60. In the second set of the harvested vermicompost, the TP was 0.87% in RSGV120, 0.82% in GV120 and 0.77% in RSV120. For both the sets, the difference among the treatments was not significant ( P  ≤ 0.05). Similar results (0.7–0.9%) were obtained by Mane and Raskar ( 2012 ). Marlin and Rajeshkumar ( 2012 ) recorded a high percentage of P (2.68–3.61%) in vermicompost obtained from the saw dust, city waste, sugarcane trash weed plant, pressed mud and slaughter house waste. During vermicomposting, the release of available P content from the organic waste occurs partly by the earthworm gut phosphatases, and further release of P might be attributed to the P-solubilizing microorganisms present in the worm casts, causing conversion of phosphorus (P) to forms that are more bio-available to plants (Suthar 2009 ; Goswami et al. 2013 ).
As seen in Table  6 , the total potassium (TK) in the raw feedstock was 1.36%, 1.23% and 0.57% in RS, DG and RS + DG, respectively, showing a significant difference between RS and RS + DG. However, there were no significant differences among the other treatments ( P  ≤ 0.05). The TK in CM was 0.83%. In the first set of the harvested vermicompost, the TK was 0.58% in RSGV60, 0.54%, in RSV60 and 0.53% in GV60. For the first harvest, there were no significant differences among the other treatments. In the second harvest, TK was 0.70% in RSGV120, 0.68% in RSV120, and 0.60 ± 0.01% in GV120. There was a significant difference between RSGV120 and GV120; RSV120 and GV120 ( P  ≤ 0.05). Differences among other treatments were not significant. Similar results (0.64–0.76%) were obtained by Nath et al. ( 2009 ) for the rice straw and other waste material vermicompost. In earlier studies, K values between 0.54% and 1.72% were reported (Kale 1998 ; Chaudhuri et al. 2000 ; Kitturmath et al. 2007 ; Giraddi 2007 , 2011 ; Meenatchi 2008 ; Waseem et al. 2013 ). Vermicompost contains most nutrients in plant available forms such as phosphates, exchangeable calcium and soluble potassium (Orozco et al. 1996 ). It contains a high concentration of exchangeable K due to enhanced microbial activity during the vermicomposting process, which consequently enhances the rate of mineralization rate (Suthar 2007 ). Table  7 displays that the total calcium (T-Ca) in the raw feedstock was 0.95%, 0.93% and 0.62% in DG, RS + DG and RS, respectively, showing a significant difference between DG and RS; RS + DG and RS. The T-Ca in CM was 4.05%. In the first set of vermicompost, the T-Ca was 2.50%, 2.07% and 1.75%, in RSV60, GV60 and RSGV60, showing a significant difference among all the treatments. In the second harvest, the T-Ca was 1.56%, 1.43% and 1.31% in RSGV120, GV120 and RSV120, respectively, showing no significant difference among the treatments ( P  ≤ 0.05).
The total magnesium (T-Mg) in the raw feedstock was 0.38%, 0.31% and 0.23% in RS + DG, RS and DG, respectively, showing a significant difference between RS + DG and DG (Table  6 ). There was no significant difference among the treatments ( P  ≤ 0.05). The T-Mg in CM was 1.43%. In the first set of vermicompost, the T-Mg was 0.75%, 0.69% and 0.65%, in GV60, RSV60 and RSGV60, respectively, showing a significant difference between GV60 and RSGV60. There were no significant differences among the treatments ( P  ≤ 0.05). In the second harvest, the T-Mg was 0.70%, 10.69% and 0.67% in RSV120, RSGV120 and GV120, respectively, showing no significant differences among the treatments (Table  6 ).
The T-Ca content in the different vermicompost treatments varied between 1.31% and 2.50%, which was higher than in the raw feedstock. Similar results (2.0–2.57%) for vermicompost were obtained by Suthar ( 2009 ). Elvira et al. ( 1996 ) reported no significant increase in T-Ca for vermicomposting of paper-mill sludge, although the gut processes associated with calcium metabolism are primarily responsible for the enhanced content of inorganic calcium in the vermicompost (Hartenstein and Hartenstein 1981 ; Garg et al. 2006b ; Suthar 2008 ). The T-Mg was higher in the harvested vermicompost than in the raw feedstock, which is in line with the investigation of Vennila et al. ( 2012 ) who also reported that the vermicompost prepared through a conventional method has a standard value of 0.46% Mg. The obtained T-Mg values in this study were higher than vale reported by Vennila et al. 2012 . According to Edwards et al. ( 2011 ), the content of T-Ca and T-Mg in the finished vermicompost is indicative of its nutrient value.
The total concentrations of the micronutrients, viz. manganese (T-Mn), copper (T-Cu), zinc (T-Zn) and iron (T-Fe) in rice straw, dry grass clippings, rice straw + dry grass clippings, cow manure and different obtained vermicompost are shown in Table  6 . The T-Cu in the raw feedstock exhibited a significant difference among the different treatments with the highest (12 ppm) being in RS + DG, followed by DG (6.80 ppm), and RS (1.80 ppm). The T-Mn, T-Zn and T-Fe in the feedstock did not differ significantly among the treatments ( P  ≤ 0.05). In the first harvested vermicompost, the T-Mn in RSV60 was the highest (807 ppm), followed by RSGV60 (648 ppm) and GV60 (609 ppm). The difference between RSV60 and RSVG60 and between RSV60 and GV60 was found to be significant. For the total concentrations of Cu, Zn and Fe, there was no significant difference among the treatments. Concentrations ranged between 38.30 ppm and 47.60 ppm for Cu, between 771 ppm and 808 ppm for Zn and between 1.77% and 1.86% for Fe. In the second harvested vermicompost, the T-Mn was 570 ppm, 539 ppm and 462 ppm, in RSV120, RSGV120 and GV120, respectively, showing a significant difference between RSV120 and GV120 and between RSGV120 and GV120. For T-Zn, the values were 424 ppm in RSGV120, 423 ppm in GV120 and 335 ppm in RSV120. For T-Zn, there was a significant difference between RSGV120 and RSV120 and between GV120 and RSV120 ( P  ≤ 0.05). For T-Cu and T-Fe, there was no significant difference among the treatments. The Cu concentrations varied from 27.60 to 37.10 ppm, whereas Fe concentrations varied from 0.69 to 0.98%.
Earlier studies reported values 2.00–37.70 ppm for Cu, 5.70–120.00 ppm for Zn and 10.00–105.00 ppm for Mn (Kale 1998 ; Chaudhuri et al. 2000 ; Kitturmath et al. 2007 ; Giraddi 2007 , 2011 ; Meenatchi 2008 ; Waseem et al. 2013 ). According to Edwards et al. ( 2011 ), vermicompost typically contains adequate amounts of micronutrients, which have been substantiated by our results for T-Mn, T-Cu, T-Zn and T-Fe in the first and second harvest of vermicompost. The vermicompost has been shown to have high levels of total and available nitrogen, phosphorous, potassium (NPK) and micronutrients, the microbial and enzyme activities and the growth regulators (Karmegam and Daniel 2009 ; Prakash and Karmegam 2010 ). In India also, earthworms have been successfully utilized for vermicomposting of leaf litters (Karmegam and Daniel 2000 ), rice straw (Reddy and Ohkura 2004 ), municipal solid waste (MSW) (Kaviraj and Sharma 2003 ), paper waste (Prakash et al. 2008 ), silkworm litter (Sekar and Karmegam 2009 ) and beverage industry sludge (Singh et al. 2010 ).
Economic analyses
Table  7 presents the cost–benefit analysis of vermicomposting. The total cost of setting a vermicompost station of 12 units is USD 8059.70, whereas the total fixed and variable costs are USD 2758.21. With an annual production of 4800 kg and sale revenue of SRD 5.00 per kg, the estimated profit will be SRD 14,760.00 or USD 4405.97. The payback period will be approximately 2 years and the cost of production of 1 kg vermicompost is SRD 2.00 or USD 0.60.
The vermicomposting of dry grass clippings, rice straw and cow manure using Eisenia foetida was successful. The produced vermicompost had a dark color, a mull-like soil odor and was homogeneous. It had all the essential macro- and micro-plant nutrients like N, P, K, Ca, Mg, Mn, Cu, Zn and Fe, indicating the achievement of getting an environment friendly nutrient-rich fertilizer for the agriculture sector. Possibilities of the production of vermicompost using other types of waste material and manure should also be explored in the future studies.
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Vermicomposting: A sustainable tool for environmental equilibria

Improperly managed organic waste constitutes a serious environment threat across the globe. This has led to a worldwide struggle to strike a balance between the rapid generation of such wastes and protection of the environment. With the unique advantages of lower operational and maintenance costs compared with other waste management technologies, the use of vermicom-posting to manage organic wastes has been increasing rapidly in recent years. Still, some factors (e.g., characteristics of substrate composition before and after treatment) are in need of additional , specific studies so that researchers can better understand the metabolism involved in the process. Vermicomposting provides employment opportunities as it protects the environment, augmenting crop productivity when it is used as a fertilizer supplement and helping to maintain ecological balance. Thus, vermicompost plays an important role in the circular economy. This article provides an overview of the research activities that have been conducted on the use of ver-micomposts to remove pollutants from the soil, in wastewater treatment, and in organic waste recycling throughout the world. Circular economic assessment has revealed that vermicompost-ing technology is usually feasible except in certain cases. Most other methods of waste disposal lead to soil deterioration, toxic effects, and increased pollution affecting land, air, water, and living beings, in addition to the sometimes considerable expense of their implementation. Thus, an eco-friendly method that removes waste in one step is needed. Determining the long-term performance and sustainable operation of vermicomposting systems still poses a challenge, however, as treatment performance is affected by design parameters, operational conditions, and environmental factors. This article summarizes the factors influencing pollutant removal through the ver-micomposting process. Finally, this article highlights additional research that should be conducted on these issues to improve the performance of vermicomposting.
Related Papers
Shlrene Quaik , M. Ibrahim
Vermicomposts are products derived from the accelerated biological degradation of organic wastes by interactions between earthworms and microorganisms as we have discussed in previous chapters. Earthworms consume and fragment the organic wastes into fi ner particles by passing them through a grinding gizzard, and they derive their nourishment from the microorganisms that grow on the organic matter. The process accelerates the rates of microbiological decomposition of the organic matter, increases microbial populations, and alters the physical and chemical properties of the material, leading to accelerated humifi cation, during which the unstable organic matter is fully oxidized and stabilized (Albanell

Global Science Books
Vermicomposting is a suitable means for waste remediation and organic manure (vermicompost) production. Earthworms occur in diverse habitats, vary greatly in size and feed upon a variety of organic materials. Most earthworms are terrestrial but may be estuarine. They are omnivorous but mostly feed on dead organic matter, living bacteria, rotifers, nematodes, fungi, and other microorganisms. Out of about 3000 species of earthworms found worldwide, in India about 500 species have been reported. Earthworms eject humus-rich castings and form water-stable aggregates, which improve soil physical and chemical properties. Casting also contains enzymes like protease, amylase, lipase, cellulase and chitinase to decompose organic matter. Vermiculture is feasible in suitable containers and can be done indoors or outdoors depending on local climatic conditions. A tremendous amount of work has been done worldwide on solid waste management employing different epigeic and anecic earthworm species. Use of earthworms as a source of human protein has also been advocated. They can also be utilized to feed fish, pigs and poultry. The action of earthworms in vermicomposting is by physical and biochemical processes. Physical processes include substrate aeration, mixing and grinding while biochemical processes involve decomposition of waste by various enzymes present in the gut of earthworms and is influenced by microbes present in their intestine. Earthworms have several medicinal properties and are also known to accumulate toxic residues from soil/substrates. The role of earthworms in sustainable farming is immense. The present paper reviews the information on various aspects of earthworms and vermitechnology.
Resources Conservation and Recycling
Norizan Esa
Inter J of recycling of organic waste in agriculture
Purpose Using different organic beds to produce vermicompost may influence on quality of vermicompost and its derived productions. Methods A greenhouse experiment was conducted to compare the properties of vermicompost, vermiwash and vermicom-post tea obtained from three types of organic beds consisted of cow manure, leaf meal and a combination of cow manure and leaf meal (1:1 w/w). Results Cow manure vermicompost had more desirable effect on many measured traits toward leaf meal and combination of leaf meal and cow manure vermicomposts. Vermicompost tea obtained from three vermicompost types was richer in terms of macro and micro nutrients, C/N, percent of organic matter and organic carbon toward the vermiwash produced from the same vermicompost. Vermiwash and vermicompost tea produced from cow manure vermicompost were at first order in majority of measured traits toward others. Conclusions Generally vermicompost which was richer in nutrient concentrations affected intensively quality of vermiwash and vermicompost tea produced from it.
Changes in the concentrations of major nutrients of vermicompost of Municipal Organic Solid Waste [MOSW] processed by three species of earthworms viz., Eudrilus eugeniae, Eisenia fetida, and Perionyx excavatus and its simple compost were assessed during different intervals. The bulk mass of MOSW was reduced up to 65, 55 and 40% by vermicomposting mediated by E. eugeniae, E. fetida and P. excavatus, respectively, and up to 20% in the compost. The pH, electrical conductivity (EC), and concentrations of major nutrients – nitrogen, phosphorus, potassium, calcium and magnesium in the vermicompost and compost gradually increased while the organic carbon, C/N and C/P ratios decreased as the composting process progressed from 0 to 60 days (P<0.05). The vermicompost of all the earthworm species possessed significantly higher concentrations of nutrients than the compost and substrate (P<0.05). Moreover, among them, vermicompost of E. eugeniae acquired higher nutrients than that of E. fetida, P. excavatus, and compost (P<0.05). Thus, E. eugeniae may be chosen for vermicomposting of MOSW over the other two species of earthworms.
Reviews in Environmental Science and Bio/technology
anoop yadav
Vermicomposting has been arising as an innovative ecotechnology for the conversion of various types of wastes into vermicompost. Vermicompost is humus like, finely granulated and stabilized material which can be used as a soil conditioner to reintegrate the organic matter to the agricultural soils. Industrial wastes remain largely unutilized and often cause environmental problems like ground and surface water pollution, foul odours, occupying vast land areas etc. Non-toxic and organic industrial wastes could be potential raw material for vermitechnology. In the last two decades, vermitechnology has been applied for the management of industrial wastes and sludges and to convert them into vermicompost for land restoration practices. The success of the process depends upon several process parameters like quality of raw material, pH, temperature, moisture, aeration etc., type of vermicomposting system and earthworm species used. The review discusses the vermitechnology and the present state of research in the vermicomposting industrial sludges and wastes.
Waste and Biomass Valorization
Natchimuthu Karmegam , J. Arockia John Paul , Pitchaimuthu Mariappan
Jean Ruiz Rojas
Vermicomposting is one of the effective ways of disposal and management of municipal organic solid waste (MOSW), and is a process of composting of organic waste by using either or both exotic and indigenous species of earthworms. These worms devour organic wastes rapidly and produce a good quality end-product called vermicompost that becomes enriched with various plant nutrients (available nitrogen, potassium, phosphorus, calcium and magnesium), has more organic matter, and is more porous than soil. This paper deals with the disposal of MOSW of millennium city, Cuttack through vermicomposting using the exotic species Eisenia fetida. However, MOSW vermicompost possessed reduced concentrations of organic carbon, but a higher concentration of P, and K. Moreover, a comparative analysis was made between the major nutrients of the MOSW vermicompost and agricultural waste (AW). Vermicompost from AW was shown to be better than vermicompost from MOSW.
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	PDF Review: Vermicompost, Its Importance and Benefit in Agriculture
The beneficial effects in using vermicompost based substrates in agriculture (Olle, 2016b): it accelerates growth; increases crop yields; creates a favorable environment for beneficial micro-organisms; perma-nently improves soil structure; increases plant secre-tion; in case of plants with longer growing season, additional fertilization with bio...




	Vermicompost significantly affects plant growth. A meta-analysis
Food production and waste management are two increasing issues ensuing from the growing world population. Recycling organic residues into amendment for food production seems to appear as an opportunity to partially solve this double challenge. Vermicomposting is a process whereby earthworms transform organic residues into compost that can be used as a substrate for plant growth. Many studies ...




	Vermicomposting: an eco-friendly approach for waste ...
Vermicomposting, which is described as bio-oxidation and stabilization of organic material involving the joint action of earthworms and mesophilic micro-organisms, is one of the most feasible and environment friendly technique for the bioconversion of industrial wastes/sludges into a useful and high quality vermicompost (Bhat et al. 2018; Olle 2...




	Vermicomposting—Facts, Benefits and Knowledge Gaps
Industrialization and urbanization have led to an increased accumulation of waste materials that are transformed into a nutrient-rich and high-quality product called vermicompost by the vermicomposting process. Vermicomposting is an ecofriendly and economically favorable biotechnological process that involves the interaction of earthworms and microorganisms. Due to the importance of this ...




	PDF Suitability of vermicomposting for different varieties of ...
where research was carried out, worm species used, types of waste used, and quality of vermicompost. Countries where vermicomposting research was conducted There are altogether 17 countries where research on vermicomposting for waste management was car-ried out (Table 4). The highest number of papers were found in India which covered 35%. During




	PDF Vermicomposting Facts, Benefits and Knowledge Gaps
Vermicomposting is an ecofriendly and economically favorable biotechnological process that involves the interaction of earthworms and microorganisms. Due to the importance of this process and its great potential in dealing with the consequences of waste accumulation, this review aims to provide key insights as well as highlight knowledge gaps.




	Recent trends and advances in composting and vermicomposting
Technology development based on research and innovation activities is going to play a crucial role in improving the role of composting and vermicomposting practices during the transition to a circular economy and to obtain high-quality natural fertilizers for sustainable agricultural practices (Awasthi et al., 2022c).




	(PDF) Vermicomposting and its uses in Sustainable Agriculture
Vermicomposting is the process of conversion of organic wastes into finely degraded peat like substances using earthworms, it is an alternative method for waste management through which...




	Vermicomposting: A management tool to mitigate solid waste
The present review paper focuses on understanding the role of vermicomposting as a management tool in mitigating solid organic wastes. It is noteworthy to mention that the microbes also play a pivotal role in the degradation process, wherein the enzymes secreted during the process aid in decomposition of complex molecules into simpler compounds.




	PDF Vermicompost Production Technology
Vermicompost is a method of making compost with the use of earthworm, which eats biomass and excreta in digested form. This compost is generally called Vermicompost.




	(PDF) Vermicomposting and its importance in improvement of soil
Vermicomposting is defined as a process where earthworms convert organic wastes into humus like materials. It has been investigated worldwide taking its practical significance into account. Vermicompost is found to be a good source of plant macro nutrients, micro nutrients and growth regulators, including humic acid, indole acetic acid and kinetin.




	Microbial diversity of vermicompost bacteria that exhibit useful
Vermicomposting of paper mill and dairy sludge resulted in 1.2-1.7 fold loss of organic carbon as CO 2 (Elvira et al. 1998). In contrast to the parent material used, vermicomposts contain higher humic acid substances (Albanell et al. 1988). Humic acid substances occur naturally in mature animal manure, sewage sludge or paper-mill sludge, but ...




	Vermicomposting of Organic Waste : Literature Review
Vermicomposting (VC) evolved as one of the promising and economic techniques to process different types of organic waste to a level that is easy to store, handle, and could be applied as a fertilizer to agricultural fields. ... The paper also gives an overview on the new trends in VC research trying to put a structure for the current and new ...




	Vermicomposting of different organic materials using the epigeic
The present research was conducted with the objective of exploring the vermicomposting process, which involves different stages such as building of a vermicompost station; import of a compost earthworm ( Eisenia foetida ); and production of vermicompost using dry grass clippings, rice straw and cow manure.




	Vermicomposting: A sustainable tool for environmental equilibria
Purpose Using different organic beds to produce vermicompost may influence on quality of vermicompost and its derived productions. Methods A greenhouse experiment was conducted to compare the properties of vermicompost, vermiwash and vermicom-post tea obtained from three types of organic beds consisted of cow manure, leaf meal and a combination of cow manure and leaf meal (1:1 w/w).
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Vermicomposting is a green technology that converts organic wastes into plant available nutrient rich organic fertilizer. It has also found to reduce heavy metal concentration in contaminated...
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3 The efficiency of vermicompost was evaluated in a field study by Desai et al. (1999). They stated that the application of vermicompost along with fertilizer N gave higher dry matter (16.2 g plant-1) and grain yield (3.6 t ha-1) of wheat (Triticum aestivum) and higher dry matter yield (0.66 g plant ) of the following coriander (Coriandrum sativum) crop in sequential cropping system.
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composting or vermicomposting. In vermicomposting, worms do the "dirty work." The organic materials decompose and are transformed into a nutrient-rich material that can be used-or, in this case, "reused"-as soil amendments and fertilizer. Your plants will thank you! By reducing, you decrease waste from the start.
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Download PDF Abstract: The development of artificial intelligence systems is transitioning from creating static, task-specific models to dynamic, agent-based systems capable of performing well in a wide range of applications. We propose an Interactive Agent Foundation Model that uses a novel multi-task agent training paradigm for training AI agents across a wide range of domains, datasets, and ...
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Research in the field of vermicomposting grew continuously from 2017. Furthermore, Eisenia fetida is a commonly used species for vermicomposting. The majority of vermicomposting experiments...




	[2402.06196] Large Language Models: A Survey
Download PDF HTML (experimental) Abstract: Large Language Models (LLMs) have drawn a lot of attention due to their strong performance on a wide range of natural language tasks, since the release of ChatGPT in November 2022. LLMs' ability of general-purpose language understanding and generation is acquired by training billions of model's parameters on massive amounts of text data, as predicted ...
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