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CHAPTER-4 

 
Characterization and LCW mineralization potential of 

vermitechnology using selected earthworm species (Eisenia fetida) 

 

 
4.1 Introduction 

 

Nearly 50% of the solid waste generated in the world is biogenic and contains 

lignocellulosic substances [1]. According to a recent report, the annual global generation 

of lignocellulosic biomass is more than 200 billion tons, with paddy straw and food waste 

as the dominant components [2]. It has been estimated that more than 700 million tons of 

paddy straw are wasted annually worldwide [3]. Similarly, approximately 1052 million 

tons of foods were reported to be wasted in 2022, for an average per capita generation of 

132 kg [4]. Apart from food scarcity and economic problems, food waste contributes 

approximately 8-10% of global greenhouse gas emissions, including from both loss and 

waste [4]. Paddy straw is chiefly composed of cellulose, hemicelluloses, and lignin, with 

the proportion of cellulosic substances being the highest [5]. The food waste generated 

worldwide has a similar predominance of lignocellulosic substances [6], which are integral 

components of plant cell walls, complex in structure, and inherently hydrophobic [7]. 

Complex networks of these polymeric compounds not only resist microbial intervention 

but also deactivate some vital enzymes [8]. The recalcitrance of lignocellulosic materials 

thus limits their efficient utilization, and appropriate treatment is required to successfully 

recover nutrients from these substances [9]. 

 

Composting and vermicomposting are key technologies for converting numerous types 

of solid waste into valuable organic fertilizers [10]. Composting technologies activate 

inherent microorganisms that can eventually drive the decay of organic substances. 

Vermicomposting takes advantage of synergy among earthworm activity, earthworm gut 

microorganisms, and microbial communities inherent in feedstocks [11,12]. Thus, both 

processes are tightly affected by the composition of the microbial communities driving 

decay. 

 

The performance of vermicomposting systems is primarily governed by the nature and 

composition of feedstocks, earthworm compatibility, and microbial growth and activity 
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[13]. Lignocellulosic waste–based vermireactors often encounter high C/N ratios and 

crystalline polymeric structures that largely restrict microbial activity [14]. However, 

combining lignocellulosic biomass with readily decomposable substances such as 

municipal biosolids [15], cattle manure [16], or cow dung [14] can effectively facilitate 

earthworm–microbe interactions that can speed the mineralization of the biomass. 

 

Previous 16S rRNA gene-based studies of bacterial and fungal communities provided 

only partial knowledge because numerous eukaryotic and prokaryotic organisms can arise 

during bio-composting [17,18]. A next-generation sequencing (NGS)-based whole 

metagenomic approach can properly and comprehensively assess the organismal diversity 

and functionality found in vermicomposting systems. Overall, the literature review 

identified the following research gaps. First, the Illumina NGS technique has not yet been 

used to assess the microbial diversity of a lignocellulosic (paddy straw and wasted food)-

based vermicomposting system. Second, the influence of earthworms on the taxonomic 

and functional diversity of microbial communities during vermicomposting has yet to be 

compared with the conditions during aerobic composting. Third, little effort has been made 

to isolate beneficial microbial species from Illumina NGS–derived whole metagenomic 

information and thereby target specific vermicomposting feedstock. 

 

Considering those research gaps, the present study was designed to investigate 

variations in microbial diversity during aerobic composting and vermicomposting of 

lignocellulosic waste (LCW, paddy straw and food waste) and identify how earthworms 

(Eisenia fetida) regulate microbial community structures in the end product. Temporal 

changes in various physicochemical and microbial attributes were assessed for two 

months. Eventually, one of the most enriched feedstocks from each condition (composting 

and vermicomposting) was selected for whole metagenome analyses on the Illumina NGS 

platform. To date, metagenomic approaches have been used to amass vast knowledge 

about microbial diversity in different environmental compartments. However, the practical 

utility of those big data has been explored rather scantily. 
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4.2 Materials and methods 

 

Two experiments were conducted for assessing the microbial diversity in different types 

of lignocellulosic waste: 

 

Table 4.1: Details of feedstock preparation and treatment names 

 
Order Vermicomposting with E. fetida  Aerobic composting  

1 CDv - Cow dung (CD) V1 CDc - Cow dung (CD) C1 
 

PS+FW+CD(2:2:1)v: 2:2:1 mixture of paddy 
2 

straw (PS), food waste (FW), & CD 

PS+FW+CD(3:3:2)v: 3:3:2 mixture of PS, FW, & 
3 

CD 

PS+FW+CD(2:2:1)c: 2:2:1 mixture of paddy 
V2 C2 

straw (PS), food waste (FW), & CD 

PS+FW+CD(3:3:2)c: 3:3:2 mixture of PS, FW, & 
V3 C3 

CD 

 

4 PS+FW(1:1)v: 1:1 mixture of PS & FW V4 PS+FW(1:1)c: 1:1 mixture of PS & FW C4 

 

4.2.1. Experiment-1: Bio-composting experiment and sampling 

 

Food waste (FW) samples were collected from the waste disposal yard of Tezpur 

University, Assam, India, hostel kitchen (26.7008°N, 92.8303°E) in April 2022.At the 

same time, paddy straw (PS) and cow dung (CD) samples were collected from the 

agricultural field of a local farmer in Tezpur. The FW and PS samples were chopped into 

pieces of about 1×1 cm and spread under a shed in the vermiculture unit of the Department 

of Environmental Science at Tezpur University for seven days of pre- composting. The 

FW and PS biomasses were kept moist (~50-60% moisture content) by intermittent 

sprinkling of water. After precomposting all substrates were turned and stabilized at about 

60±5% moisture content. Pre-composting is method of short period composting that helps 

to attain stable temperature within mesophilic range thereby accelerating the 

vermicomposting process [18,19]. The aerobic composting reactors and vermireactors 

were perforated truncated-cone-shaped earthen vessels (0.45m (width) × 0.45m (length) × 

0.30m (width)) installed in the shaded portion of a yard. The vermibeds and composting 

beds (5 kg each) were prepared with various mixtures of FW, PS, and CD. Adult 

earthworms (Eisenia fetida) @ 10 worm kg-1 were added to each vermicomposting 

feedstock. The use of adult (i.e., clitellated) earthworm specimens expedite the earthworm-

mediated decomposition process and previous studies reported that a stocking density of 

10 adult worm is sufficient to obtain high quality vermicompost [20,21]. Identical sets of 

treatment combinations (i.e., feedstocks) were placed  in  similar  perforated  truncated-

cone-shaped  earthen  vessels  for  aerobic 



57  

composting, conducted without the presence of earthworms and under identical 

maintenance practices (e.g., watering and mixing). The composting and vermicomposting 

feedstocks were intermittently sprinkled with water to maintain optimum moisture content 

(50–60%), and they were regularly churned and turned to ensure adequate aeration. Daily 

records of moisture content were collected using a volumetric water content (VWC)-based 

soil moisture sensor, specifically the MODBUS- RTU RS485 (S-Soil MT-02A) model. 

This sensor reliably provides moisture content data in percentage with a high level of 

accuracy (±3%). Accordingly, water was sprinkled while simultaneously recording the 

moisture content using the VWC sensor. The experiment was conducted for two months 

(60 d) from May to June 2019. Watering was stopped on the 55th day, and on the 60th day, 

the earthworms were separated from the completed vermicompost by sieving and re-

introduced to the vermiculture unit. Feedstock samples were drawn from all the feedstocks 

at 0, 30, 45, and 60 days for use in various analyses. The details of the different feedstocks 

are shown in Table 4.1. 

 

4.2.2. Physicochemical and microbial assessments during composting and vermicomposting 

 

The periodically collected vermicompost and compost samples were prepared for the 

analysis of various physical, chemical, and microbial attributes. In short, the feedstock 

samples were air dried in a dry platform under shed, chopped if needed, sieved (mesh size: 

BSS 30) to obtain homogeneous powdery particles, which were used for all 

physicochemical analyses. The physical variations in the samples were assessed based on 

bulk density (BD) [22,23], the x-ray diffraction (XRD)-derived crystallinity index (CI) 

[24], and scanning electron microscopy (SEM) [14]. The BD of the prepared feedstock 

samples was estimated with the help of pycnometer or specific gravity bottle. The 

feedstock samples (~100 mg) were subjected to glass sample holder of the X-ray 

diffractometer (Make/Model: Brucker D8) and analyzed in plateau conditions. The 

samples were fixed in dry acetone and embedded in PELCO flat embedding molds (Ted 

Pella, Redding, CA) followed by coating with dry ice in ethanol before capturing images 

in a scanning electron microscope (Make: JEOL; Model: JSM 6390LV). 

 

The chemical attributes were analyzed by following standard methods (pH [23], 

electrical conductivity (EC) [22], total organic C (TOC) [25], total N (TN), available P 

[22], and available K [22]. For pH and EC estimation, samples were suspended in water 

(MilliQ) and 1:25 (w/v) and 1:5 (w/v) ratios, respectively and measurements were taken 
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in a digital pH meter and a conductivity meter, respectively. The TOC was estimated by 

potassium dichromate-sulfuric acid oxidation followed by heating till bubble appears and 

titration of the excess-dichromate with ferrous ammonium sulfate solution. The TN 

contents of samples was estimated by digesting the samples in presence of catalysts 

(sulfuric acid, copper sulfate, and potassium sulfate) at 420oC and subsequent distillation 

in a Kjletec digestion-distillation system (FOSS, Denmark) followed by collection of 

distillates in acid (0.1 N H2SO4) and titrating with alkali (0.1 n NaOH). For estimation 

available P concentrations, samples were extracted either with NaHCO3 (Olsen extraction: 

for sample pH > 6.0) or with NH4F (Bry’s extraction: for sample pH < 6.0) and analyzed 

in an UV-Vis spectrophotometer using ammonium molybdate-based reagents (Cary 60, 

Agilent, USA). On the other hand, CH3CO3NH4 extraction technique was followed 

estimation of the available K concentrations in a flame photometer (Systronics, India). 

Changes in microbial activity were evaluated based on microbial respiration (MR), 

microbial biomass C (MBC), and total bacterial and fungal counts. The phenolphthalein 

titration method for assessing microbe-respired carbon dioxide evolution was adopted to 

measure MR kinetics in the samples [26]. The chloroform fumigation-based assay was 

undertaken to evaluate MBC in the samples [27]. The total bacterial and fungal populations 

in the compost and vermicompost samples were enumerated after Parmer and Schmidt 

(1964) [28]. In short, the microbial colonies developed on specific media (nutrient agar for 

bacteria and potato dextrose agar for fungus) were counted by a colony counter to compute 

the number of colony-forming units ml-1. 

The methodologies adopted for the studied attributes are discussed in detail as below: 

 

4.2.2.1. Physical properties [29] 

 

A. Measurement of bulk density (BD) 

Procedure: 

The bulk density was determined by using the disturbed method. This method is used when 

it is not possible to take a consolidated sample, as in sandy soils and soils of greenhouses 

and nurseries, because they are loose and very friable. At the beginning the weight of the 

core sampler (W1 g) was taken. It was then placed into the surface of the 
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sample and taken back. This was done to collect sample having same volume as that of the 

core sampler (V ml), the mouth of the sampler was cleaned. The sample inside the core 

sampler was taken out and dried at 105 0C in a hot air oven till a constant weight was 

obtained. After that, the oven dry sample was weighed along with the core sampler (W2 g). 

 

Calculation: 

 

                   Bulk density of sample, BD =
(𝑊2−𝑊1)

𝑉
g cc-1 

Where, 

 

V: Volume of the core sampler bottle 

 

B. Measurement of Crystallinity index (CI) 

Procedure: 

The homogeneous powdery feedstock samples (~100 mg) were subjected to glass sample 

holder of the X-ray diffractometer (Make/Model: Brucker D8) and analyzed in plateau 

conditions. Correspondingly, the CI was computed based on the intensity of crystalline 

plane (002) and amorphous plane using the below calculation. 

 

 

Calculation: 

                                            

CI =
((𝐼002 − 𝐼𝑎𝑚𝑜𝑟)))

1002
× 100 

                      Where, 

 

CI = crystallinity index 

 

I002 (crystalline)= intensity at 22.80 

Iamor= intensity at 180 

4.2.2.2. Chemical properties [29] 

 

A. Measurement of samples pH: 
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Procedure: 

 

About 10 g of sample was weighed in a beaker and 25 ml distilled water was added to it 

to prepare a suspension of 1::2:5. The solution was stirred intermittently with a glass rod 

about 1 hour. The pH of the suspension was recorded with the help of EuTech pH meter. 

B. Estimation of Total Organic Carbon (%) 

 

1g of experimental sample was taken in a conical flask and to it 10 mL potassium 

dichromate and 20 mL of concentrated sulphuric acid was added. The samples were heated 

for a while till bubbles occurred. It was then kept some time for cooling and then 200 mL 

of distilled water was added. Afterwards, 1.5 mL of diphenylamine indicator was added 

following the addition of 10 mL of orthophosphoric acid. It was then titrated with ferrous 

ammonium sulphate solution till the occurrence of dark green colour. 

Calculation: 

                                                                

Total Organic carbon (%) =
𝑉𝑘 × (1 −

𝑣𝑠
𝑣𝑏

)

𝑊
× 𝑆𝑘 × 0.3 

  
Where, 

 

Vk: Volume of K2Cr2O7 Solution 

Vs: Titrant reading 

Vb: Blank reading 

 

Sk: Strength of K2Cr2O7 Solution 

W: Weight of soil sample 

For example, 

 

Weight of the sample= ‘W’ g 

Volume of K2Cr2O7 solution= X mL 

Titrant reading of the sample= A mL 

Titrant reading of the sample= B mL 
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Strength of K2Cr2O7 Solution= C 

 
𝑋 × (1 − 

𝐴
) 

Total organic carbon(%) =  𝐵  × 𝐶 × 0.003 × 100 
𝑊 

 
Where, 0.003= 1 ml of N Potassium dichromate will be equal to 0.003 gm carbon. 

 

C. Determination of Total nitrogen (%) 

 

The soil is digested in concentrated H2SO4 with a catalyst mixture to raise the boiling 

temperature and to promote the conversion from organic-N to NH4-N. The NH4-N from 

the digest is obtained by steam distillation, using excess NaOH to raise the pH. The 

distillate is collected in saturated H3BO3, and then titrated with dilute H2SO4 to pH 5.0. 

The method determines ammonium-N, most of the organic-N forms, and a variable 

fraction of nitrate-N in soil 

Procedure: 

 

Take 1 g soil sample, add 0.8 g CuSO4 and7 g K2SO4. Then add 12- 15 mL conc. H2SO4. 

Digest the contents at 420 0 C for 1 hr, keep it to cool and transfer the contents to distillation 

flask and add 80 mL distilled water followed by 50 ml 40% NaOH until the appearance of 

black colour. Then, start distillation and the distillate is collected in a conical flask 

containing 20 ml 0.1 N H2SO4 and 3-4 drops of mixed indicator. Finally titrated with 0.1 

N NaOH. 

Calculation: 

 

Total Nitrogen (%) = (Volume of H2SO4× strength – Volume of NaOH consumed 

×strength) ×0.014×100) ÷ Weight of soil 

 

D. Estimation of Available P (mg kg-1) 

 

The estimation of available P was done by Olsen extraction method when pH of the sample 

was more than 6, whereas for pH less than 6 the concentration was measured following 

Bray-Kurt’s method. 

I. Estimation of available P by Olsen extraction method 

 

Preparation of standard curve: 1,2.5,5.0,7.5,10.0,12.5,15.0 and 20.0 ml of 2 ppm standard 

P solution were pipetted in individual 50 mL Volumetric flasks. 3 drops of 
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dinitrophenol were added to each flask. To each solution, drop wise 4N NH4OH was added 

till yellow color appears. Then 4 N HCl was added drop by drop until yellow color 

disappears and thus, pH of each solution was adjusted to 3. To each flask, 10 mL of 

(NH4)6Mo7O.4H2O solution and 2,3 drops of SnCl2 solution was added. The volume was 

made up to the mark and the reading was recorded against blank solution at 660 nm in UV- 

Visible spectrophotometer. Optical density reading was then plotted against standard 

concentration and a curve was drawn (Annexure A). 

Procedure: 

 

2.5 g sample was weighed in a 250 mL conical flask and 50 mL of extractant [0.5M 

NaHCO3 (pH 8.5)] solution was added. The flasks were loaded on a mechanical shaker 

and vigorously shaken for 30 minutes. After 30 minutes, the soil emulsion was filtered 

through Whatman (no.42) filter paper. If yellow colored aliquot was observed then a spoon 

of P-free charcoal was added and filtered again. 5 ml of filtrate was transferred to a 50 mL 

Volumetric flask and 4 to 5 drops of dinitrophenol 4N NH4OH and 4N HCl were added 

sequentially. Subsequently, 5 mL of ammonium molybdate was added to each flask 

followed by 2-3 drops of (5%) stannous chloride and then, volume was made up to 50 mL 

with distilled water. The solution was then mixed well and its absorbance was read at 660 

nm. 

Calculation: 

 

Available P (mg kg-1) = Absorbance × Slope × dilution factor 

 

II. Estimation of available P by Bray-Kurt’s method 

 

Procedure: 

 

2.5 g sample was weighed in a 250 mL conical flask and 25 ml of extractant 0.03 N NH4F 

solution was added. The flasks were loaded on a mechanical shaker and vigorously shaken 

for 30 minutes. After 30 minutes, the soil emulsion was filtered through Whatman (no.42) 

filter paper. If yellow colored aliquot was observed then a spoon of P-free charcoal was 

added and filtered again. 5 mL of filtrate was transferred to a 50 mL volumetric flask and 

4 to 5 drops of dinitrophenol, 4N NH4OH and 4 N HCl were added sequentially. 

Subsequently, 5 mL of ammonium molybdate was added to each flask followed by 2-3 

drops of (5%) stannous chloride and then, volume was made 



63  

up to 50 mL with distilled water. The solution was then mixed well and its absorbance 

was read at 660 nm. 

Calculation: 

 

Available P (mg kg-1) = Absorbance × Slope × dilution factor 

 

Estimation of exchangeable K 

 

Available K (mg kg-1) = K concentration × dilution factor 

For example, 

Weight of the sample = ‘W’ g 

Volume of extractant = ‘A’ mL 

Dilution factor = B/W 

Reading of flame photometer = ‘X’ 

 

ppm K obtained from standard curve corresponding to X= R 

Available K (mg kg-1) = R × B/W 

E. Estimation of Available potassium (mg kg-1) 

 

This fraction of soil K is the sum of water-soluble and exchangeable K. The method uses 

a neutral ammonium acetate solution (1 N) to replace the cations present on the soil 

exchange complex. This is considered as plant available K in the soils, and is commonly 

measured by the flame photometer. However, the cation concentrations determined by this 

method are referred to as “exchangeable” for non-calcareous soils. For calcareous soils, 

the cations are referred to as “exchangeable plus soluble”. 

Procedure: 

 

1. Take 2g of sample in a 250ml conical flask. 

 

2. Add 20 ml of 1N CH3COONH4 to it and shake for 30 minutes on a mechanical 

shaker. 
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3. Now filter the content and measure the available K in the filtrate by flame 

photometer 

Calculation: 

 

Total K= K concentration × 10(dilution factor) 

 

F. Urease activity (µg g-1 h-1) 

 

Calibration curve: 0, 0.5,1,1.5 and 2.0 µg mL-1 NH4-N standards were taken in 5 different 

volumetric flasks. Then, 750 µL of urea solution was added and incubated at 37ºC for 2 

hrs and subsequently, the incubated solution was centrifuged (3000 rpm) for 2 minutes. 

2.5 mL of NaOH-Na salicylate mixture solution was added along with 1 mL Na iso 

cyanurate solution. Afterwards, the optical density was recorded in 690 nm (see Annexure 

A). 

Calculation: 
                                

                                                         Urease activity (µg g-1 h-1) = 
𝑂𝐷 𝑆𝑎𝑚𝑝𝑙𝑒−𝑂𝐷 𝐵𝑙𝑎𝑛𝑘

𝑆𝑙𝑜𝑝𝑒 ×𝑇×𝑊
 

  
Where, 

 

OD = Optical density  

T = Time for incubation 

W = Weight of the sample 

 

G. Phosphatase activity (µg g-1 h-1) 

 

Calibration curve: 1 mL of standard p-nitrophenol solution was diluted to 100 mL in a 

volumetric flask. Then, 0,1,2,3,4 and 5 mL aliquot of this standard solution was pipetted 

in 50 mL Erlenmeyer flasks. The volume was adjusted to 5 mL by addition of distilled 

water. Then, 5 mL of 0.5 M CaCl2 solution, 1 mL of PNPP Solution were added in to each 

flask. The contents were shaken vigorously and filtered. Absorbance was measured at 400 

nm. (See Annexure A). 

Procedure: 
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2g of soil sample was taken in a test tube and 5 mL of 0.5 M CaCl2 solution was added 

and mixed vigorously. 1 mL of PNPP solution was pipetted into each test tubes. 1 mL of 

phosphate buffer was added to the tubes and incubated at 37ºC for 1 h. The contents were 

centrifuged at 4000 r = rpm for 5 minutes. 3 mL of this clear supernatant was transferred 

to clean test tubes. A sample blank was prepared similarly taking only phosphate buffer in 

place of sample. Absorbance was recorded at 440 nm in a spectrophotometer. 

Calculation: 

 
                                                         Phosphatase activity (µg g-1 h-1) = 

𝑂𝐷 𝑆𝑎𝑚𝑝𝑙𝑒−𝑂𝐷 𝐵𝑙𝑎𝑛𝑘

𝑆𝑙𝑜𝑝𝑒 ×𝑇×𝑊
 

 

 

Where, 

 

OD = Optical density  

T = Time for incubation 

W = Weight of the sample 

 

H. Compost respiration 

 

Principle: Microbial respiration in sample is a measure of cumulative respiration of both 

the aerobic and anaerobic microbe present in the sample, that evolves due to microbial 

metabolism during the decomposition of organic matter present in the sample, Microbial 

respiration is measured by evaluation of CO2 due to microbial metabolism. CO2 evolved 

is absorbed in NaOH or KOH solution and then the solution is titrated with HCl in presence 

of phenolphthalein indicator. 

Procedure: 

 

10 g of moist soil sample was taken in a 500 mL corked conical flask. In a 10 mL test tube, 

1 ml of distilled water and 5 mL of 0.1 N NaOH was taken and placed inside the flask. The 

mouth of the conical flask was corked and incubated at 25ºC for 24 hours. After 24 hours, 

the test tubes were taken out from the flask and the solution was transferred to a 100 mL 

conical flask with the addition of 5 mL distilled water. Then 5 mL of BaCl2 was added in 

the solution followed by 3 drops of phenolphthalein indicator. 
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The solution was titrated with 0.05 N HCl till it turned colourless from pink and the 

burette reading was noted. 

Calculation: 

 

                            Compost respiration (µg g-1 h-1) = 
(𝑉0−𝑉𝑡) ×100 ×𝛿

(𝑀𝑤−𝑀𝑑)× 𝑡
 

 
V0 = Blank titrated value  

Vt = Sample titrated value  

δ = Strength of HCl 

Mw = Weight of the moist soil  

Md = Weight of the oven dry soil  

t = Time of incubation 

I. Obstinate C fractions (humic acid C and fulvic acid C) 

 

Procedure: 

 

5g sample was extracted in 100 mL of sodium pyrophosphate solution, shaken for 30 

minutes and kept overnight. Next day the solution was filtered. 5 mL of the filtrate was 

taken and analyzed for total organic C following modified Walkley and Black. The 

remaining filtrate was acidified with 10 mL of concentrated H2SO4 (pH at 2-3) and kept 

overnight. This is done because the addition of concentrated acid precipitates the humic 

substances. The resultant precipitate was filtered and FAC was enumerated by taking 5 

mL of the filtrate as mentioned for the estimation of TOC. The precipitate adhered on the 

surface of the filter paper was washed with 20 mL of 0.1 N NaoH and 5 ml of this 

suspension was used for determining the HAC content as mentioned in page no… 

Calculation:

 

Total organic C (%) =
𝑉𝑘 × (1 − 𝑣𝑠/𝑣𝑏)

𝑊
× 𝑆𝑘 × 0.3 

                                                  

                                                  Fulvic acid C (%) =
𝑉𝑘 ×(1−𝑣𝑠/𝑣𝑏)

𝑊
× 𝑆𝑘 × 0.3 

                                                  Humic acid C (%) =
𝑉𝑘 ×(1−𝑣𝑠/𝑣𝑏)

𝑊
× 𝑆𝑘 × 0.3 
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Where, 

 

Vk: Volume of K2Cr2O7 solution 

Vs: Titrant reading 

Vb: Blank reading 

 

Sk: Strength of K2Cr2O7 solution 

W: Weight of soil sample 

For example, 

 

Weight of the sample= ‘W’ g 

Volume of K2Cr2O7 solution = X mL 

Titrant reading of the sample= A mL 

Titrant reading of the blank= B mL 

Strength of K2Cr2O7 solution = C 

Total organic carbon (%) =
𝑋 × (1 − 𝐴/𝐵)

𝑊
× 𝐶 × 0.003 × 100 

Where, 0.003 = 1 mL of N Potassium dichromate will be equal to 0.003 g carbon. 

 

4.2.3. SEM 

 

Scanning electron microscope (SEM) (Make: JEOL, JSM-6390 Japan) derived images 

were obtained to study the physical microstructural composition of LCW samples. The 

samples were fixed in dry acetone and embedded in PELCO flat embedding molds (Ted 

Pella, Redding, CA) followed by coating with dry ice in ethanol before capturing images 

in a scanning electron microscope (Make: JEOL; Model: JSM 6390LV). Sample 

preparation was done following the standard protocol [30], and image was taken at 300- 

500 X. 
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4.2.4. Microbial analyses 

 

To quantify the bacterial load, 1 g of air-dried samples dried sample was mixed with 10 

ml of deionized water and allowed to vortex for 15 minutes. The samples were then serial 

diluted from 10-1 to 10-6 respectively. Desired amount of aliquot (0.1mL) was suspended 

in the petriplates containing nutrient agar (NA) (for total count), Pikovskaya agar (PA) (for 

P-solubilizing colonies), and burk’s medium (B) (for N-fixing colonies) [11]. This work 

was performed in the laminar air flow chamber to prevent external contamination. Then, 

the inoculated petriplates were kept in incubators for microbial proliferation (NA plates 

for total bacterial count were incubated at 37oC for 24 h; PA and B plates for P-solubilizing 

and N-fixing microbial count were incubated at 28 oC for 48h). The colonies grown in the 

petriplates after incubation were counted with the help of colony counter and the colony 

forming unit (CFU) was calculated by the formula given below [11]. 

𝑁𝑜. 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚 𝑚 𝐿−1 =  
𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑝𝑙𝑎𝑡𝑒𝑑
 

 

The isolated NFB and PSB colonies were repeatedly streaked on Burk’s and Pikovskaya 

agar medium respectively to obtain pure cultures. 

 

4.2.5. Next generation sequencing and metagenomic analysis 

 

The feedstocks most optimally degraded by vermicomposting and composting, 

according to the results of the physicochemical and microbial analyses during the bio- 

composting experiment, were selected for detailed microbial community assessment via 

NGS. The Illumina platform was used to efficiently characterize the metagenomic 

diversity of both culturable and non-culturable microbial groups. The DNA in all the given 

samples was isolated with an Xcel Gen soil DNA isolation kit (Xcelris Labs Limited, 

Gujarat, India). The DNA quality was verified on a 0.8% agarose gel to ensure the 

achievement of a single intact band on gel electrophoresis (110 V for 30 min). 

 

A satisfactory amount of DNA (200 ng) was used to initiate the library preparation 

process. The DNA samples were mechanically split into smaller fractions, and the end- 

repair step was conducted continuously. Subsequently, platform-specific adapters were 

tied to both ends of the DNA fragments. The adapters are loaded with essential 
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sequences to promote the binding of dual bar-coded libraries to a flow cell for sequencing. 

This facilitated both polymerase chain reaction (PCR) amplification of the tied-up DNA 

fragments and binding with the standard Illumina sequencing primers. Moreover, a high-

fidelity amplification step was performed in a HiFi PCR master mix to maximize the yield 

of microbial DNA. The quality of the amplified library was assessed in a Bioanalyzer 2100 

(Agilent Technologies) using a high-sensitivity DNA chip. Afterward, the libraries were 

loaded onto the Illumina platform for cluster generation and sequencing [31]. The next 

generation sequencing for all the samples was performed in Illumina Platform with a 

chemistry of 2 × 150 basepair (bp). 

 

4.2.5.1. Metagenome assembly 

 

De novo assembly of high quality paired-end (PE) reads was accomplished using CLC 

genomic Workbench 6.0 software at default parameters (minimum contig length: 200; 

automatic word size: Yes; perform scaffolding: Yes; Mismatch cost: 2, Insertion cost: 3, 

Deletion cost: 3, Length fraction: 0.5, Similarity fraction: 0.8). The statistical elements of 

the assemblies were calculated by in-house scripts and the results are given in Table 4.2. 

The gene prediction of the assembled scaffolds for all samples was performed using 

Prodigal (v2.6.3). Statistics for genes prediction are provided in Table 4.3. 

 

 

Table 4.2: Statistical elements of the assemblies of two different treatment 

combination. 

Assembly Scaffolds 
Total  

Scaffold 

length(bp) 

Average  

Scaffold  

length(bp) 

Scaffold  

N50 (bp) 

Max 

Scaffold 

size(bp) 

LCWv 85346 89220879 1045.4 1423 122139 

LCWc 81835 87644849 1070.9 1274 50791 

 

Table 4.3: Statistics for genes prediction in two different treatment combination. 
 

Treatments 
No. of 

genes 

Total genes size 

(bp) 

Average genes size 

(bp) 

Max gene size 

(bp) 

LCWv 84348 51583905 611 16725 

LCWc 88324 50712813 574 9435 

 

4.2.5.2. Taxonomic and functional annotation 
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Taxonomic metagenomic annotation was conducted using Kaiju. Kaiju is a fast, free, 

sensitive, and standalone metagenome classifier which finds maximum exact matches on 

the protein-level using the Burrows Wheeler transform algorithm [32]. Kaiju classifies 

individual metagenomic reads using a reference database comprising the annotated 

protein-coding genes of a set of microbial genomes. By default, Kaiju uses either the 

available complete genomes from NCBI Ref Seq or the microbial subset of the non- 

redundant protein database nr used by NCBI BLAST, optionally also including fungi and 

microbial eukaryotes. Kaiju translates metagenomic sequencing reads into the six possible 

reading frames and searches for maximum exact matches (MEMs) of amino acid 

sequences in each database of annotated proteins from microbial reference genomes and 

optionally perform searches using GREEDY algorithm. In this study, the GREEDY run 

mode was used with a minimum match length of 11, minimum match score of 75, and 5 

permitted mismatches. The functional capacity of the microbial communities was 

evaluated using COGNIZER (v0.9b) at default parameters. COGNIZER is a 

comprehensive stand-alone framework, enabled to simultaneously provide COG, KEGG, 

P fam, GO, and FIG fams annotations to individual sequences constituting metagenomic 

datasets. 

 

4.2.6. Experiment-2: Vermicomposting and composting with lignocellulosic biomass 

 

Vermicomposting was conducted with lignocellulosic waste (vegetable peels, sugarcane 

bagasse, and rice straw) materials to stimulate cellulose-degrading and ethanologenic 

microorganisms. The lignocellulosic waste materials were homogenized with urine-free 

cow dung at a ratio of 3:1. The vermibeds and composting beds were prepared in truncated 

cone-shaped earthen reactors of 3L capacity [0.45m (height)×0.15m (base radius)×0.30m 

(top radius)]. The feedstocks were pre-composted for five days prior introduction of 

earthworms in the vermireactors for the thermo-stabilization [33]. Eventually, non-

clitellated juvenile E. fetida specimens (10 earthworm kg-1) were employed in the 

vermireactors. The incubation was carried out for 60 days by maintaining 40-50% moisture 

within a temperature range of 27-30°C, and aeration was maintained by intermittent 

mixing of the feedstocks throughout the incubation period. The whole set of 

vermicomposting and composting reactors was replicated thrice. Feedstock samples were 

periodically drawn at 0, 30, and 60 days to assess the physicochemical and microbial 

changes during biomass degradation. 
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4.2.7. Analysis of physicochemical and microbial properties in feedstocks 

 

The periodically obtained vermicompost and compost samples were analyzed for pH, total 

N, available P, and exchangeable K by following standard protocols [22]. The microbial 

activity in the compost and vermicompost feedstocks was assessed based on microbial 

respiration and microbial biomass C (MBC). Microbial respiration was measured by 

estimating the CO2 emitted from the samples on incubation with glucose in a closed system 

at 25°C for 24 hours. The MBC was estimated by the fumigation extraction technique as 

detailed by Jenkinson (1988) [27]. In short, compost and vermicompost samples were 

fumigated in the presence of chloroform. After that, fumigated and un-fumigated samples 

were extracted in 2M KCl, and the ninhydrin-N level in the filtrates was 

spectrophotometrically assessed at 570 nm. All analyses were performed in clean 

glassware rinsed with deionized water. Analytical grade reagents and deionized water were 

used for preparing all the solutions [34]. In addition, the total bacterial and fungal counts 

in the compost and vermicompost samples were analyzed by pour plate technique using 

nutrient agar (NA) and potato dextrose agar (PDA), respectively [11]. The colony forming 

units (CFU) mL-1were calculated with the help of the formula given below: 

 

𝑁𝑜. 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚 𝑚 𝐿−1 =  
𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑
 

 
4.2.8. Waste to wealth conversion efficiency and economic evaluation 

 

Waste-to-wealth conversion efficiency (WCE) of vermicomposting and aerobic 

composting systems was computed by modifying the formula given by Lalander et al. 

(2015) [35] to ascertain their environmental compatibility, as shown below. 

 

𝑊𝑎𝑠𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑊𝐶𝐸) =
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 − 𝐸𝑛𝑟𝑖𝑐ℎ𝑒𝑑 𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
× 100 

 

Moreover, the economic feasibility of both systems was evaluated on a large-scale basis 

(100 kg capacity) followed by computing the benefit-cost ratio (BCR) according to the 

formula given by Dilon and Hardaker, 1993 [36]. 
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𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑐𝑜𝑠𝑡 𝑟𝑎𝑡𝑖𝑜 (𝐵𝐶𝑅) =  
𝐺𝑟𝑜𝑠𝑠 𝑟𝑒𝑡𝑢𝑟𝑛 (𝑅𝑢𝑝𝑒𝑒𝑠)

𝑇𝑜𝑡𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 (𝑅𝑢𝑝𝑒𝑒𝑠)
 

Where, 

𝐺𝑟𝑜𝑠𝑠 𝑟𝑒𝑡𝑢𝑟𝑛 

= 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑖. 𝑒. , 𝑣𝑒𝑟𝑚𝑖𝑐𝑜𝑚𝑝𝑜𝑠𝑡 𝑜𝑟 𝐶𝑜𝑚𝑝𝑜𝑠𝑡) 

× T𝑜𝑡𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔) 

The details of the variables considered for the above calculations are provided in the 

below Table 4.4 

Table 4.4: Variable/Item details for computation of waste recovery efficiency 

(WCE) and benefit-cost ratio (BCR) for vermicompost and compost. 

 

For Vermicompost 

Particulars Variable Cost (Rs./kg) for 100 kg total biomass 

Cow dung price 5 

Lignocellulosic waste collection 5 

Earthworm price 50 

Transportation cost 440 

Labor charges 2500 

Total Variable Cost (Rs/kg) 3000 

 

 

For Compost 

Particulars Variable Cost (Rs/kg) for 100 kg total biomass 

Cowdung 5 

Lignocellulose 5 

Transport 440 

Labours 2500 

Total Variable Cost (Rs/kg) 2950 

 

 

4.2.9. Statistical analyses 

 

The temporal data from the bio-composting experiment were analyzed in SPSS using 

two-way ANOVA followed by the least significant difference (LSD) test to differentiate 

the efficiency of the various treatments at a significance level of p < 0.05. 
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4.3. Results and Discussion 

 

Two experiments are detailed in the materials and method section (Section no. 4.2) have 

been conducted for evaluating the dynamics of microbial activities and their interaction 

with the changes in physico-chemical properties of the feedstocks in presence and absence 

of earthworms. Hence, the dynamics of physico-chemical and microbial attributes 

pertaining to each experiment have been discussed separately. 

 

4.3.1. Chemical and microbial changes of composting and vermicomposting beds – 

determining the source viability for potential ethanol producers 

 

Composting and vermicomposting were primarily conducted to create a microbe- enriched 

substrate, which could be used as a ready source for ethanol-producing microorganisms. 

The changes in the chemical and microbial properties of the vermibeds and composting 

beds are presented in Table 4.5. The pH sharply reduced under composting and 

vermicomposting, strongly indicating the microbe-induced organic matter decomposition 

process [19]. However, the increment in NPK bioavailability was significantly greater 

under vermicompost than under composting. This suggests that the presence of 

earthworms augmented the nutrient levels by accelerating the microbial activity [37]. 

Correspondingly, the microbial biomass carbon and microbial respiration were remarkably 

enhanced by about 3.35 folds and 2.31 folds in the vermibeds compared to the composting 

beds (P for treatment<0.01; LSD = 15.94). These results indicate that microbial 

proliferation and activity were considerably more remarkable in the vermibeds than in 

composting beds. The results of the total bacterial and fungal count (Table 4.5) also 

strongly substantiated that microbial growth was significantly promoted under 

vermicomposting. Earthworms enrich the microbial diversity in vermibeds by contributing 

through their intestinal microflora [11]. Hence, we postulated that the vermibeds would be 

better substrates for searching for potential ethanol-producing organisms than the 

composting beds. 
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Table 4.5: Temporal changes in pH, available P (Av P), total Nitrogen (TN), exchangeable K (Av K), Compost respiration (Comp. 

Res), Microbial biomass carbon (MBC), bacterial and fungal count during the bioconversion experiment (mean±standard deviation) 

 

Parameters Compost Vermicompost P values 
 

 0D 30D 60D 0D 30D 60D Ptreatment Ptime Ptreatment×time LSDtreatment 

pH 8.49±0.18 8.38±0.29 6.44±0.34 8.15±0.12 8.33±0.18 6.36±0.25 NS <0.01 NS - 

Av P (mg kg-1) 26.41±0.28 40.22±0.18 63.34±0.42 27.56±0.4 51.42±0.36 78.37±0.26 <0.01 <0.01 <0.01 10.65 

Total N(%) 0.34±0.12 0.61±0.1 0.64±0.12 0.55±0.12 0.70±0.14 0.85±0.10 NS <0.01 NS 0.06 

Av K (mg kg-1) 34.33±0.20 54.48±2.87 62.45±0.38 32.47±0.40 60.53±0.27 76.38±0.2 <0.01 <0.01 <0.01 8.69 

Comp. Res (mg 

kg-1) 

 

5.29±0.35 

 

7.53±0.35 

 

10.44±0.43 

 

7.42±0.2 

 

10.4±0.36 

 

17.32±0.29 

 

<0.01 

 

<0.01 

 

<0.01 

7.84 

MBC (mg kg-1) 85.60±0.44 185.30±3.3 215.94±6.81 85.8±14.04 248±34.3 259.08±37.25 <0.01 <0.01 <0.01 15.91 

Bacterial count          - 

[log(CFU)] 7.06±0.03 - 7.64±0.005 8.16±0.02 - 8.21±0.02 <0.01 <0.01 <0.01  

Fungal          - 

count[log(CFU)] 6.03±0.08 - 6.2±0.08 6.5±0.02 - 6.94±0.01 <0.01 <0.01 <0.01  
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4.3.2. Physical changes in feedstocks under composting and vermicomposting 

 

The effects of earthworms and microbial activity on the physical characteristics of the 

feedstocks were studied based on temporal changes in BD, CI, and a SEM-based structural 

analysis. In general, the BD decreased sharply in all feedstocks, and the rate of BD 

reduction was significantly high in V4 and V1 (Fig. 4.1a; P<0.01; LSD=0.019). 

 

Figure 4.1: Changes in the physical properties of lignocellulosic feedstocks during 

composting and vermicomposting. a. Bulk density. Values represent the 

mean±standard deviation (n=3); b. Crystallinity index. Values represent the 

mean±standard deviation (n=3); and c. Scanning electron microscopy–based 

structural analysis of different feedstocks during incubation. 

 

 

Earthworms are prolific grinders because of their efficient gizzards [38]. Such a 

significant reduction in the BD of the PS+FW(1:1)v feedstock under vermicomposting 
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might have been due to breakdown of the crystalline framework of the lignocellulosic 

substances. The crystallinity of lignocellulosic materials has been reported to greatly 

resist microbial-induced decomposition [24]. To assess the functional role of the 

earthworm-mediated biomass decomposition process, the XRD-based CI for the 

feedstocks was calculated (Fig. 4.1b). Interestingly, the CI value of V4 exhibited a nearly 

nine-fold decrease relative to that in the C4 sample. The temporal decline in CI implies 

the breakdown of the crystalline framework of the biomass [24]. Moreover, differences 

in the SEM images of V4 and C4 further confirm that the earthworms facilitated the 

microbial decay of the LCW-feedstocks (Fig. 4.1c). The SEM images show that 

crystallinity was initially high in both treatments, and after 60 days, it had a clear 

appearance of porous structures. The porosity was more prominent in the vermicompost 

than the compost. 

 

4.3.3. Changes in the chemical characteristics of different lignocellulosic feedstocks 

 

The data on changes in EC, pH, TOC, TN, and available P and K are presented in Fig 

4.2. EC, pH, and TOC decreased over time under composting and vermicomposting, 

however, the extent of reduction was significantly greater in the vermibeds than in the 

composting beds (14–46%) (Ptreatment< 0.01; Fig. 4.2a–c). The EC steadily reduced in all 

treatments, and it was lowest in V2 followed by V3 and V4 vermibeds at 60 d (LSD= 0.013; 

Fig. 4.2a). In contrast, a rapid decline in pH (9–24%) towards acidic range was recorded 

during the first 45 days of vermicomposting and composting with subsequent rise in the 

pH toward neutrality in LCW-based feedstocks (Fig. 4.2b). Interestingly, the pH increment 

after 45 d was more significant in V2 (~45%) and V3 (~34%) than the other treatments 

(LSD = 0.09). In contrast, reduction in EC and TOC was constant and significant 

throughout the whole period of the study in all treatments (Fig. 4.2c). In the end, the lowest 

TOC was recorded in V3 [(PS+FW+CD(3:3:2)v] followed by V2 [(PS+FW+CD(2:2:1)v], 

V4 [PS+FW(1:1)v], and V1 (CDv) vermibeds (Ptreatment< 0.01; LSD = 0.19). Eventually, 

more remarkable increase in TN was evident in the vermibeds than the composting beds 

(Fig. 4.2d). The final TN level in different feedstocks was in the order: V3 = V4 ≥ 

V1>C1>V2 = C4>C3 (P< 0.01; LSD = 0.03; Fig. 4.2d). 
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Figure 4.2: Dynamics of electrical conductivity (EC), pH, total organic carbon 

(TOC), total N (TN), and the availability of P and K in different lignocellulosic 

feedstocks. Values represent the mean±standard deviation (n = 3) for all the 

attributes. a. EC; b. pH; c. TOC; d. TN; e. Available phosphorus; and f. Available 

potassium 

 

Correspondingly, the bioavailability of P and K after 60 days of incubation increased 

remarkably under vermicomposting compared with composting (Fig. 4.2e–f). At 60 days,  

the  K-availability  among  the  LCW  (PS  and  FW)-based  feedstocks  was 



78  

significantly higher in V4 than in any of the others (Ptreatment<0.01; LSD= 2.79). Therefore, 

earthworms enhanced the population of K-solubilizing microorganisms in the vermibeds 

[20]. Correspondingly, the P availability was higher in V4 than in any other PS/FW-based 

feedstock under composting or vermicomposting (LSD=2.14). Earthworms significantly 

contributed to P-enrichment by modifying the pH and elevating the growth of P-

solubilizing microorganisms [11] 

 

4.3.4. Dynamics of microbial biomass carbon, microbial respiration, and bacterial and 

fungal counts 

 

The temporal variations in MBC, MR, and populations of bacteria and fungi during 

composting and vermicomposting are presented in Fig 4.3. MBC increased significantly 

in all composting and vermicomposting reactors until 45 days. However, the final MBC 

was highest in V4 [PS+FW(1:1)v], followed by V3 [(PS+FW+CD(3:3:2)v] and V2 

[(PS+FW+CD(2:2:1)v] (Ptreatment<0.01; LSD=22.39). Augmentation of microbial 

populations and their metabolic activity is a crucial feature of earthworm-mediated 

systems [12]. Thus, it can be postulated that the earthworms confronted the decay 

resistance of lignocellulosic macromolecules in the PS- and FW-dominated feedstocks by 

enhancing microbial loading in this study. MR increased substantially over time in the PS- 

and FW-based feedstocks that were vermicomposted and at 60 d highest MR was recorded 

in V3 followed by V4, V1, and V2 (Ptreatment<0.01; LSD = 0.84; Fig. 4.3b). 
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Figure 4.3: Variations in microbial attributes of feedstocks during composting and 

vermicomposting. Values represent the mean±standard deviation (n = 3) for all the 

attributes. a. Microbial biomass carbon (MBC); b. Compost respiration; c. Total 

bacterial count; and d. Total fungal count. 

 

The treatment (i.e., feedstock) × time interaction was also significant (P<0.01) for 

MR and MBC, signifying a feedstock-induced effect on microbial growth. Interestingly, 

MR was significantly higher in the V4 and V3 vermibeds than in the other treatment beds 

at 60 days. The MR increase in the vermibeds is explained by the growth of beneficial 

zygomonas microflora [39]. Therefore, earthworm-induced aeration and microbial 

augmentation intensely activated zygomonas microflora in the PS+FW(1:1)v feedstock, 

promoting biomass mineralization. Correspondingly, the bacterial count increased 

significantly over time (Ptime<0.01) and at the end, it became the highest in PS+FW(1:1)v 

(i.e., V4) (Fig. 4.3c; Ptreatment<0.01;LSD=0.005). Similarly, the fungal population in 

various feedstocks at 60 d was in the order: V3=V4>=V2>C4>C2>V1=C1>C3 (Fig. 4.3d; 

Ptreatment<0.01; LSD=0.03). These results clarify that microbial enrichment via earthworm 

interventions was the primary cause of the significantly greater nutrient mobilization in 

recalcitrant lignocellulosic waste found 
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in the vermicomposting system over the aerobic composting system [11]. Therefore, we 

applied advanced metagenomic analyses to reveal the actual value of earthworms in waste 

valorization. 

 

4.3.5. Taxonomic and functional diversity in compost and vermicompost: Next 

generation sequencing–based analyses 

 

The results of the NGS-based taxonomic analyses are presented in Fig. 4.4 and 4.5. 

Signatures of about 343.54 and 285.76 million DNA (i.e., reads) were primarily detected 

in LCWv and LCWc, respectively, and the total number of N50 scaffolds was greater in 

the vermicompost (LCWv) samples than in the compost (LCWc) samples. This finding 

implies that the number of overlapping DNA segments (i.e., contigs) was greater in the 

vermibeds (in the presence of earthworms) than in the composting beds [40]. The 

Illumina-based NGS results show that the abundance of the microbial communities 

differed noticeably between compost and vermicompost. Although Proteobacteria were 

the most dominant phyla (~60% of all genes) in both compost (LCWc) and vermicompost 

(LCWv) samples, members of Actinobacteria, Acidobacteria, and Bacteroidetes were 

much higher in the LCWv samples than the LCWc samples (Fig. 4.4a). The predominance 

of Actinobacteria and Acidobacteria was also greater under vermicomposting (LCWv) 

than composting (LCWc) at the phylum level (Fig. 4.4a). In contrast, Proteobacteria, 

Verrucomicrobia, and Armatimonadetes phyla were more prevalent in LCWc feedstock 

than LCWv feedstock. In other words, the microbial community profiles in the feedstocks 

were significantly altered by the presence of earthworms. However, Beta-proteobacteria 

was dominant in the vermicompost (LCWv); while the Alpha-proteobacteria were more 

prevalent in the compost (LCWc) than the vermicompost (LCWv) at the class level (Fig. 

4.4b). 
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Figure 4.4: Taxonomic and functional diversity of microbial communities in 

compost and vermicompost at various taxa: a. Phyla; b. Class; c. Order; d. Family; 

e. Distribution of functional genes based on COG-derived databases; and f. 

Distribution of functional genes based on KEGG-derived databases. 
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Figure 4.5: Variation in abundance of microbial genes in V4 and C4 feedstocks 

during the incubation period at various taxa: a. Genus; b. Species 

Overall, the diversity of microbial orders (Xanthomonadales, Burkholderiales, 

Rhizobiales, and Acidobacteriales) was greater in the vermicompost (LCWv) than the 

compost (LCWc) (Fig. 4.4c). On the other hand, at the family level, Acidobacteriaceae, 

Rhizobiaceae, Alcaligenaceae, Chitinophagaceae, Streptomycetaceae, and 

Mycobacteriaceae were significantly more dominant in LCWv than LCWc (Fig. 4.4d). The 

variations in microbial taxa between the composted and vermicomposted feedstocks were 

also more spectacular at the genus and species levels (fig. 4.5 a and b). Interestingly, 

several members of the Rhizobiaceae and Chitinophagaceae families exhibit plant-growth-

promoting traits [41]. The variations in microbial taxa between the composted and 

vermicomposted feedstocks were more spectacular at the genus and species levels (fig. 4.5 

a and b). Fascinatingly, genes of a few species, such as Beijerinckiaceae, and 

Propionibacteriaceae were exclusively found in LCWv, among which Beijerinckia spp. are 

well-known, free-living, N-fixing bacteria [42]. 

The distribution of functional genes in the composted (LCWc) and vermicomposted 

(LCWv) samples was characterized based on the Clusters of Orthologous Groups of 

Proteins (COG) (Fig. 4.4e) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

(Fig. 4.4f–i) databases. The COG database focuses on the phylogenetic classification of 

functional proteins encoded in the genomes of bacteria, eukaryotes, and archaea, making 

it an effective tool for identifying microbial groups that possess multi-domain proteins 

[43]. KEGG, on the other hand, is a widely used molecular function database capable of 

performing functional annotation for all types of microorganisms [44]. Like the 

taxonomic profiles, significant variations in functional genes were observed between the 

groups. Six KEGG and 23 COG approaches were detected in LCWv and LCWc. The 
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genes linked to amino acid transport and metabolism, signal transduction mechanism, and 

RNA processing were greater in LCWv than in LCWc. Moreover, genes associated with 

nuclear structure development were found only in LCWv. In contrast, genes related to 

carbohydrate transport, defense mechanisms, and biogenesis of cell walls and membranes 

were higher in LCWc than LCWv. It was reported that the community compositions and 

metabolic functions of microbiomes differ significantly depending on the presence or 

absence of earthworms in composting beds [12,18]. Therefore, the changes are induced 

by earthworm gut microbiota. Dominguez et al. (2021) [45] found that earthworms’ guts 

eliminate more than 90% of their microbiome via their profuse excretion system. In this 

study, the growth of specific microbial communities containing biomass-degrading 

functional proteins and their associated genes were found to be augmented in the 

vermicomposting system. Therefore, we postulate that earthworm proliferation and 

activity in the vermireactors promoted the growth of specific microbial groups that 

ultimately accelerated LCW-mineralization processes during vermicomposting. 

4.3.6. Waste conversion efficacy and economic evaluations 

 

The industrial feasibility and environmental sustainability of vermicomposting could only 

be appreciated by evaluating the studied systems' waste-to-wealth conversion efficiency 

and economic potential. Our previous studies demonstrated that toxic metals and odorous 

volatiles in waste materials are significantly neutralized through vermicomposting [21,46]. 

Accordingly, the possibilities of emissions of obnoxious gases and migration of toxic 

metals from the end product (i.e., vermicompost) were negligible. Therefore, we have 

computed waste conversion (Table 4.6). WCE for vermicomposting was significantly 

higher than composting. These results indicate that vermicomposting is a better waste 

conversion route than aerobic composting. Still, the overall efficiency of these waste 

conversion treatments can only be assessed through the economic evaluation [47]. The 

enumerated benefit-cost ratio (BCR) for different processes is presented in Table 4.6 
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Table 4.6: Waste-to-wealth conversion efficiency (WCE) and benefit-cost ratio 

(BCR) for bio-composting systems and vermicomposting systems. 

Treatments WCE % Benefit cost ratio (BCR) 

Compost 61.8±1.33 0.651±0.003 

Vermicompost 70.93±3.91 1.898±0.008 

P-Value <0.01 <0.01 

 

 

The vermicompost production rate was assumed for 100 kg initial feedstock. However, 

the productivity and the cost of production were computed based on the real- time data 

acquired during the experiments (Table 4.4). Interestingly, the BCR was highest for the 

vermicomposting systems then the aerobic mediated composting system (1.898±0.008; P 

< 0.05). 

 

4.4. Conclusion 

 

A distinctive benefit of Eisenia-mediated vermicomposting of recalcitrant biomass over 

simple aerobic composting has been manifested in this research. The NGS-derived 

information revealed that earthworms improved bacterial communities (Beijerinckiaceae 

and Propionibacteriaceae) and greatly enhanced soil quality. Moreover, the predominance 

of functional genes (RNA processing, amino acid/lipid transport, and nuclear structure 

development) was higher in vermicompost (LCWv) than in compost (LCWc). These results 

allowed us to target a suitable feedstock that harbors potent plant- growth-promoting 

microbial communities. Conventionally, microbial metagenomic analyses are used to 

interpret microbial diversity and community shifts in response to change in the immediate 

environment. Such knowledge is rarely applied to generate microbial resources. Hence this 

study is the first proof-of-concept for using metagenomic approaches to locate ideal 

habitats from which to isolate economically viable microorganisms in line with 

researchers’ interests. 
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