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I 

ABSTRACT 

Fruit and vegetable wastes (FVW) contain relatively higher content of highly 

biodegradable materials and can get easily rotted under natural condition, which results 

in the pollution of air, water and soil. FVW are especially suitable for treatment with a 

recycling method to convert FVW to products of high values, such as methane and 

compost. Vermicomposting, which uses earthworms, is a sustainable cost-effective 

ecological approach for effective treatment and management of biodegradable organic 

solid wastes. The final product of vermicomposting is also considered as an 

environment-friendly organic fertilizer for a variety of agricultural applications. 

Vermicomposting is a biochemical decomposition process that involves the interactions 

of earthworms and microorganisms. Earthworms, working as a driver in the system, 

affect the microbial profiles and enzymatic activities, thus affecting the decomposition 

process for organic substances. Previous studies mainly focused on the feasibility of 

vermicomposting to convert FVW into value-added products. Detailed studies for 

clarifying the effect of earthworms on the decomposition efficiency and microbial 

community during vermicomposting of FVW are very limited.  

Accordingly, this study was conducted for systematic investigation of (1) the effect 

of earthworm’ ages on the quality of vermicomposts, (2) the changes of bacterial and 

fungal communities during vermicomposting of dry FVW, (3) the vermistabilization of 

fresh FVW, and (4) the dynamic changes of chemical properties and microbial 

communities during vermicomposting of fresh FVW. For these purposes, earthworm 

species of Eisenia foetida cultured in the laboratory were used in this study. The 

polymer chain reaction (PCR), the denaturing gradient gel electrophoresis (DGGE) and 

sequencing were applied for analyses of the microbial population and communities.  
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The investigation regarding the effect of earthworms’ ages on the quality of 

vermicomposts from the dry mixed FVW was performed using the hatchling, juvenile 

and adult Eisenia foetida. Vermicomposts showed the lowest TOC content, weakest 

microbial activity and smallest population with the hatchlings, the largest increasing 

extent for nitrogen with the adults and the largest enrichment for inorganic ions with the 

juveniles. However, PCR-DGGE analysis revealed the vermicomposts had analogous 

microbial community structures, indicating that the ages of E. foetida did not 

significantly affect the microbial community profiles in the vermicomposts.  

Investigation of the changes of bacterial and fungal community during 

vermicomposting revealed significantly smaller values for indices reflecting the 

microbial activity and densities in the products of composting with earthworms than in 

the control (same treatment without earthworms) after 60 days of composting of the dry 

FVW. The images of PCR-DGGE showed vermicomposting significantly enhanced the 

diversities of bacterial and fungal communities. However, for their structures, 

sequencing results demonstrated that, compared to the control where the bacterial 

Firmicutes were predominant, in the composts with earthworms, the bacterial 

Bacteroidetes and Actinomycetes, and the fungal Sordariomycetes were found dominant. 

In addition, some beneficial bacterial and fungal species against pathogens were also 

found in the end products of vermicomposting.  

To explore the potential and feasibility of vermicomposting for treating fresh FVW, 

a fate test of earthworms and a vermicomposting test were set up separately. Results 

obtained from the fate test showed that the mulching system by covering fresh FVW on 

the bedding materials was a suitable method for culture of earthworms, for which 0.6 kg 

fresh FVW/20 days was the optimal loading for earthworms’ growth. In addition, E. 

foetida exhibited a higher growth rate and a greater cocoon production in 

vermicomposting treatments of five types of fresh FVW except the treatment of banana. 

The followed vermicomposting test revealed lower content of total carbon and nitrogen, 



 

III 

and a weaker microbial activity in vermicomposts. Compared to control, 

vermicomposting increased bacterial density and broadened their community.  

The results of experiments for investigation of the changes of chemical properties 

and microbial communities during vermicomposting of fresh FVW showed that the 2nd 

week of composting was a demarcation time point that distinguished the treatment 

systems with and without earthworms. Compared to the control treatment, treatment 

with earthworms resulted in rapid decreases of electrical conductivity and losses of total 

carbon and nitrogen. Moreover, the presence of earthworms promoted the activity and 

population of microbes and modified their communities, hence altered the 

decomposition pathway for fresh FVW during composting. For bacteria, Bacteroides 

reticulotermitis, Sphingobacterium sp., Hydrogenophaga sp., Pectobacterium 

carotovorum, Aminobacter aminovorans and Actinobacterium were species populated 

only in systems with earthworms. For fungi, earthworms flourished the species of 

Citeromyces matritensis, Mortierella alpine and Arthrobotrys oligospora. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

IV 

TABLE OF CONTENTS 

Page 

ABSTRACT                                                I 

TABLE OF CONTENTS                                     IV 

Chapter 1  INTRODUCTION 

1.1 Background ........................................................................................................... 1 

1.2 Objectives of this study ........................................................................................ 4 

1.3 Outline of this dissertation .................................................................................... 5 

Chapter 2   REVIEW OF LITERATURE 

2.1 Introduction .......................................................................................................... 7 

2.2 Management of fruit and vegetable wastes (FVW) .............................................. 7 

2.2.1 Status of FVW ............................................................................................. 7 

2.2.2 Characteristics of FVW ............................................................................... 9 

2.2.3 Management of FVW ................................................................................. 11 

2.3 Vermicomposting ................................................................................................ 16 

2.3.1 Vermicomposting and its significance ....................................................... 16 

2.3.2 Earthworms’ species for vermicomposting ............................................... 18 

2.3.3 Function of earthworms in vermicomposting system ............................... 20 

2.3.4 Influence of environmental factors on vermicomposting .......................... 23 

Chapter 3  EFFECT OF EARTHWORMS’ AGE ON THE 

QUALITY OF VERMICOMPOSTS OF DRY FVW     

3.1 Introduction ........................................................................................................ 25 

3.2 Methods .............................................................................................................. 28 

3.2.1 Experimental set up ................................................................................... 28 



                                                              

V 

3.2.2 Physicochemical analysis and dehydrogenase activity ............................. 30 

3.2.3 DNA extraction and PCR-DGGE protocol ................................................ 31 

3.2.4 Real time qPCR assay................................................................................ 32 

3.2.5 Data analysis .............................................................................................. 32 

3.3 Results and discussion ........................................................................................ 33 

3.3.1 Appearance features of vermicomposts ..................................................... 33 

3.3.2 Chemical characteristics of vermicomposts .............................................. 34 

3.3.3 Microbial activity and population of vermicomposts ................................ 38 

3.3.4 Microbial community profiles of vermicomposts ..................................... 40 

3.4. Summary ............................................................................................................ 42 

Chapter 4 CHANGES OF BACTERIAL AND FUNGAL 

COMMUNITIES DURING VERMICOMPOSTING 

OF DRY FVW 

4.1 Introduction ........................................................................................................ 43 

4.2 Methods .............................................................................................................. 45 

4.2.1 Experimental setup .................................................................................... 45 

4.2.2 Chemical analysis and dehydrogenase activity ......................................... 49 

4.2.3 DNA extraction, PCR-DGGE and sequencing .......................................... 49 

4.2.4 Real time qPCR assay................................................................................ 51 

4.2.5 Data analysis .............................................................................................. 52 

4.3 Results and discussion ........................................................................................ 53 

4.3.1 Changes of microbial activity and population during vermicomposting .. 53 

4.3.2 Changes of microbial diversity during vermicomposting ......................... 56 

4.3.3 Changes of microbial composition during vermicomposting ................... 59 

4.4 Summary ............................................................................................................. 63 

Chapter 5  VERMISTABILIZATION OF FRESH FVW 

5.1 Introduction ........................................................................................................ 65 

5.2 Methods .............................................................................................................. 68 

5.2.1 Experimental set up ................................................................................... 68 

5.2.2 Analysis methods ....................................................................................... 72 

5.3 Results and discussion ........................................................................................ 72 



                                                              

VI 

5.3.1 Optimal conditions for earthworms’ growth ............................................. 72 

5.3.2 Effect of earthworms on physicochemical properties of FVW ................. 76 

5.3.3 Effect of earthworms on microbial profiles of FVW ................................ 80 

5.4 Summary ............................................................................................................. 85 

Chapter 6  CHANGES OF CHEMICAL PROPERTIES AND 

MICROBIAL PROFILES DURING VERMI- 

COMPOSTING OF FRESH FVW 

6.1 Introduction ........................................................................................................ 87 

6.2 Methods .............................................................................................................. 89 

6.2.1 Experimental set up ................................................................................... 89 

6.2.2 Analysis methods ....................................................................................... 90 

6.3 Results and discussion ........................................................................................ 91 

6.3.1 Appearance features of FVW during vermicomposting ............................ 91 

6.3.2 Changes of physicochemical properties during vermicomposting ............ 94 

6.3.3 Changes of microbial activity and populations during vermicomposting . 97 

6.3.4 Changes of microbial community during vermicomposting ................... 100 

6.4 Summary ........................................................................................................... 109 

Chapter 7  CONCLUSION                                 111 

REFERENCES                                            115 

ACKNOWLEDGEMENTS                                  131 



 

 

 



Chapter1                                                     Introduction 

 

1 

Chapter 1  INTRODUCTION 

 

1.1 Background 

In current society, the ‘3R’ concept, namely recovery, recycling and reuse, for 

sustainable treatment of large quantities of wastes has been widely accepted. This 

concept is particular important for the agriculture and food industry, because their 

production, preparation and consumption process easily generate large volumes of solid 

or liquid wastes (Laufenberg et al., 2003). Fruit and vegetable waste (FVW), as a major 

component of food and agriculture wastes, poses increasing disposal problems if we 

handle them improperly. There are several conventional methods for managing FVW 

such as landfill, incineration, disposer, animal feeding, composting and anaerobic 

digestion. At present, thermal composting, vermicomposting and anaerobic digestion 

are considered to be effective methods for recycling of FVW in the world. Compared to 

conventional thermal composting, vermicomposting is undoubtedly more competitive 

and useful for FVW treatment because it has many advantages, including high speed, 

ease of control, cost-effectiveness, energy savings and zero discharge (Eastman et al., 

2001). More importantly, it generates homogeneous products with better quality 

assessed in terms of desirable aesthetics, less phytotoxic substances and abundant plant 

nutrients, making this technology more suitable for generation of composts for plant 

growth and for use as soil improvement media (Fornes et al., 2012).  

Vermicomposting is a process of biochemical degradation of organic materials by 

the conjunct actions of earthworms and microorganisms. With earthworms as the key 

member in this system, their biological features may to some extent affect the properties 

of the vermicomposts and their potential for agricultural utilizations. Indeed, the quality 
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of end products differs with the species and the ecological groups of earthworms 

(Gajalakshmi et al., 2001; Tripathi and Bhardwaj, 2004). And, the density of 

earthworms, a feature of intraspecific relationship, also exerts certain effect on the 

chemical features of vermicomposts and their biomass (Ndegwa et al., 2000; Hait and 

Tare, 2011). Age is an important natural feature in biology. In general, the life cycle of 

earthworms is composed of cocoon, hatchling, juvenile and adult. However, the age 

effect is still obscure since data concerning earthworms’ age-related vermicomposting 

process are sparse. Moreover, to our best acknowledge, the selection of age group of 

earthworms was not uniformed in earlier vermicomposting trials. With the consideration 

that vermicomposts have a commercial potential of being used as soil conditioner, 

understanding the effect of the age stages of earthworms is also of greater commercial 

value. However, there have been few studies that compared the properties of 

vermicomposts processed by different age classes of earthworms.  

Vermicomposting is a biochemical process that involves the interaction of 

earthworms and microorganisms for regulating organic matter degradation and 

humification. Earthworms, as the driver of vermicomposting system, could modify the 

microbial activity and population, and thus stimulate the decomposition of organic 

matter further (Domínguez et al., 2010). Accordingly, better understanding of the effect 

of earthworm’s presence on microbial profiles in vermicomposting may enable deeper 

insight into the underlying mechanisms of vermicomposting. Although the rationale of 

the changes of microbial community during vermicomposting has been revealed by 

several authors, the mechanisms involved are still unclear, which requires deep 

investigations. For better understanding the vermicomposting process, it is also essential 

to address the bacterial and fungal communities simultaneously since previous studies 

have found that bacteria and fungi, as important decomposers of organic wastes in 

nature (Rousk et al., 2010), are abundant in vermicomposting system (Lazcano et al., 

2008). Most previous studies on vermicomposting focused solely on bacterial trait (Sen 
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and Chandra, 2009; Fernández-Gómez et al., 2012; Vivas et al., 2009; Yasir et al., 2009), 

studies on the fungal profiles during vermicomposting of vegetable wastes that 

generally contain high content of cellulose, which requires decomposition by fungi, are 

scarce. 

Previous studies have successfully conducted vermicomposting practices using 

FVW (Fernández-Gómez et al., 2010; Fornes et al.., 2012; Garg and Gupta, 2011; 

Suthar, 2009). It is reported in these studies that earthworms had the strong ability to 

convert FVW into products of high reuse values. However, an important fact should be 

noted that these studies often chose dry FVW or its mixture with bulking materials as 

the substrate for vermicomposting experiments. The method using dry FVW not only 

increases the whole time of vermicomposting but also requires energy. Hence, 

approaches directly using fresh FVW as the substrate are desired. Taking into account 

that many factors, such as the modes of operation, the loadings of substrates and the 

types of FVW, may affect the performance of vermicomposting of fresh FVW, 

searching for optimal operation conditions is important. Another point worthy of special 

mention is that most previous studies investigated the microorganisms in 

vermicomposting using conventional culture methods. However, such methods have 

limitations in quantifying all microorganisms. Recent studies have reported that real 

time quantitative PCR (qPCR) and denaturing gradient gel electrophoresis (DGGE) of 

PCR-amplified 16S rRNA gene fragments are fast and reliable techniques to precisely 

reveal the population and the genetic fingerprints of bacteria in environment
 
(Castillo et 

al., 2013). However, until now, the investigation of microbial population and 

community in the vermicomposting system with the PCR relevant techniques has not 

been explored completely, especially in vermicomposting system with the fresh FVW.  

According to Domínguez et al. (2010), vermicomposting process can be divided 

into two phases in terms of earthworms’ activity: (1) the direct effect phase, during 

which earthworms process the organic materials via ingestion, digestion and 
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assimilation, thereby modifying the physicochemical properties of FVW and microbial 

profiles, and (2) the indirect effect phase, during which microorganisms follow to 

decompose earthworm-processed materials. Therefore, earthworms as the driver of 

vermicomposting regime modify microbial activity and population, thus boosting the 

decomposition of organic matter further. In addition, the community structure of 

microbes in composting system is also strongly altered by earthworms (Gómez-Brandón 

et al., 2010; Sen and Chandra, 2009; Fernández-Gómez et al., 2010; Vivas et al., 2009; 

Gómez-Brandón et al., 2013). The presence of earthworms can promote some specific 

phyla of bacteria such as Bacteroidetes (Héry et al., 2008; Bernard et al., 2012; Huang 

et al., 2013), Proteobacteria (Vivas et al., 2009) and Actinobacteria (Yasir et al., 2009; 

Huang et al., 2013). Furthermore, recent literature by Pathma and Sakthivel (2013) 

advocated that Bacillus was the predominant bacteria followed by Pseudomonas and 

Microbacterium in the vermicompost produced from straw and goat manure. To date, 

previous investigations regarding the effect of earthworms on microbial community 

compositions have only highlighted the changes before and after vermicomposting, 

however, studies on the dynamic effect during the whole process of vermicomposting 

are still limited, which is significant because it may change with time and space. 

1.2 Objectives of this study 

The overall objective of this study was to investigate the effect of earthworms on 

the efficiency and microbial community during vermicomposting of FVW, which 

included the following specific aims: 

1) To select the optimal age classes of earthworms for vermicomposting industry 

through comparisons of the performance of vermicomposts processed by three different 

age classes of earthworms, namely hatchling, juvenile and adult.  

2) To evaluate the influences of earthworms on the microbial community by 

investigating the changes of bacterial and fungal microbial activity, density and 
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community before and after composting of dry FVW in a conventional 

vermicomposting system with and without the addition of earthworms.  

3) To investigate the feasibility of vermicomposting for fresh FVW and search for 

optimal operation conditions.  

4) To clarify the functions of earthworms in the decomposition process for fresh 

FVW through investigation of the dynamic changes of the chemical properties of fresh 

FVW and microbial profiles. 

1.3 Outline of this dissertation 

This dissertation presents the results gained from investigations of the effect of 

earthworms on the efficiency and microbial community during composting of FVW. 

Following Chapter 1 which describes the background and the objectives of this study, 

Chapter 2 shows the results of literature review concerning the management of FVW 

and vermicomposting. In Chapter 3, the results on effect of earthworm’ ages on the 

quality of vermicomposts are presented. In Chapter 4, the changes of bacterial and 

fungal community compositions during vermicomposting of dry FVW are presented and 

discussed. The vermistabilization of fresh FVW is discussed in Chapter 5 and the 

dynamic changes of chemical properties and microbial communities during 

vermicomposting of fresh FVW in Chapter 6. Finally, the conclusions of the whole 

study and some suggestions for future studies are given in chapter 7. 
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Chapter 2  REVIEW OF LITERATURE 

 

2.1 Introduction 

This chapter aims to provide the basic information relevant to the management of 

FVW and the vermicomposting technology. The literature review in section 2.2 

summarizes the pertinent knowledge concerning the current status of FVW in the world 

and the main treatment methods, with an emphasis on composting and anaerobic 

fermentation. The literature reviewed in section 2.3 focuses on the vermicomposting 

status, application of earthworms, vermicomposting mechanisms, and impact factors of 

vermicomposting. 

 

2.2 Management of fruit and vegetable wastes (FVW)  

2.2.1 Status of FVW 

The consumption of food has an affinity to human life. Fruit and vegetables are 

important components of a healthy diet that are able to help prevent major diseases, 

such as cardiovascular diseases and some cancers. A recently report published by 

WHO/FAO recommends a minimum of 400 g of fruit and vegetables per day (excluding 

potatoes and other starchy tubers) for the valid prevention of chronic diseases such as 

heart disease, cancer, diabetes and obesity, as well as for the prevention and alleviation 

of several micronutrient deficiencies, especially in developing countries. The 

consumptions of FVW in some countries in 2001 are given in Table 2.1. Japan needs to 

spend about 2.2 billion dollars and 2 billion dollars to import vegetables and fruits every 

year (Dyck and Ito, 2004).  
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Table 2.1 Consumptions of fruits and vegetables in 2001 in different countries. 

 Consumption (Metric tons) 

Country Vegetables Fruits 

European Union  55,146,913 68,623,413 

USA 37,952,307 36,533,349 

Japan 15,423,729 7,799,708 

Canada 3,964,376 4,012,878 

Brazil  7,173,752 26,114,300 

India 78,511,669 48,264,994 

Indonesia 7,594,124 8,096,804 

 

 

 

Fig. 2.1 Food waste productions in different regions per year. 
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Fig. 2.2 Food waste productions in Japan in 2008, 2009 and 2010. 
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fruits and vegetables consumption process. Because more than 50 % of fruits and 

vegetables are lost or wasted during the manufactured process, consumption, 

distribution process (FAO, 2011). Moreover, FAO (2011) also published the data 

regarding the amount of food waste production in the different regions, as shown in Fig. 

2.1. The average level of food waste production in each family can reach to 200 kg, 

which is a large quantity of food wastes. According to statistic data (Ministry of 
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insect attack, as well as marketable fruits usually discarded in order to control market 

prices. Table 2.2 displays the main physicochemical properties of FVW (Bouallagui et 

al., 2005; Huang et al., 2012; Huang et al., 2013).  

  

Table 2.2 Physicochemical properties of some fruit and vegetable wastes. 

Wastes  Potato 

peelings 

Salad wastes Green peas 

and carrots 

Mixture of  

FVW 

pH 6.18 5.31 -- 5.19 

Water content (%) 77.5 91.6 -- 91.5 

Volatile solids (g/kg) 105.5 72.1 171 82.9 

COD (g/kg) 126 97.8 185 104.5 

Cellulose (g/kg) 12.9 13.5 16.1 9.2 

Total Carbon (g/kg) 247.7 313.7 -- 377.6 

Total Nitrogen (g/kg) 9.97 21.6 -- 21.3 

Data of pH, water content, total carbon and total nitrogen are derived from the study of Huang et al. 

(2012, 2013). Values of volatile solids, COD and cellulose come from the literature of Bouallagui et 

al. (2005). 

 

As exhibited in Table 2.2, FVW is characterized by higher water content and 

higher biodegradation activity, and they are easily decayed in a short time. FVW 

not only facilitates the breeding for the disease vectors, e.g., flies, mosquitoes, 

cockroaches, rats, and other pests, but at the same time also creates the issues of 

environmental pollutions. Moreover, a recent study of Grizzettia et al. (2013) 

reported that globally 2.7 Tg N/yr was lost due to food wastage at consumption, 

and the virtual nitrogen associated with global food waste was 6.3 Tg N/yr. They 

also found that 35 % of the nitrogen emissions ended in the atmosphere and 65% in 

the water system. The nitrogen emissions in the atmosphere linked to food waste 
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were 0.4 Tg N/yr, of which approximately 20 % was in the form of greenhouse gases 

(N2O) (Grizzettia et al., 2013).  

On the other hands, it is worth noting that FVW with lots of valuable components 

can be used for many purposes. For examples (Wadhwa and Bakshi, 2013), fruits 

wastes such as mango, pineapple and banana peels can be fed for cows as fresh, dried or 

ensiled with wheat or rice straw, due to their high sugar content and highly palatable 

taste for animals. Peels, pomace and seeds are a rich source of bio-active compounds 

and can be extracted and utilized for food and pharmaceutical applications. The citrus 

peel is a potential source of essential oil and yields 0.5 to 3.0 kg oil per ton. The 

essential oil is used in alcoholic beverages, confectioneries, cosmetics, harmaceuticals 

and for improving the shelf-life and safety of foodstuffs. Pigments can also be isolated 

from FVW. The antioxidant compounds from waste products of the food industry could 

be used for protecting the oxidative damage in living systems by scavenging oxygen 

free radicals. FVW also acts as a source of dietary fiber for addition to refined foods. 

These compounds increase the bulk of the food, prevent constipation, and bind to toxins 

and bile salts. The FVW peels and pomaces or pulps have been used in the production 

of ethanol, methane, biodegradable plastic, single cell proteins and sweeteners. 

2.2.3 Management of FVW 

FVW containing high water content is easily rotted under the natural condition. 

The degraded materials can give a rise to the pollution of air, water and soil, and can 

induce the changes of climate and biological diversity (FAO, 2013). For these reasons, 

it is necessary to deal with the FVW with effective and safe approaches. There are 

several common methods used for managing FVW such as landfill, incineration, 

disposer, animal feed, composting and anaerobic digestion. Landfill was once the 

primary choice for handling these wastes, but it had some obvious shortcomings based 

on the following facts: (1) the exhaustion of existing landfill sites, (2) being difficult to 



Chapter 2                                              Review of literature 

12 

find new sites, and (3) the leachate generated by these materials requiring 

secondary wastewater treatment (Masaaki et al., 2008). Several countries have 

published related laws to ban the landfill of FVW without any effective treatment. 

The incineration is also an improper method because of the high water content of 

FVW and the possibility of dioxin generation (Wataru et al., 2004). Disposer can 

be handled easily but it also leads to the increase of loadings in solid waste or 

wastewater treatment. Hence, with consideration of high content of nutrients in 

FVW, it is preferable if FVW can be used as animal feeds or soil fertilizers. 

Currently, the concepts of ‘3R’, namely reuse, resource and recycling, have been 

widely accepted in the world. Therefore, for management of FVW, the recycling of 

FVW is deemed to be the best choice. The major conventional recycling method 

for FVW and related wastes is to use as the animal feed. This method has been 

practiced as an effective way for treating large amounts of FVW. However, we 

should be aware that feeding any materials that are not produced specifically for 

use as stock feed may cause unacceptable chemical residues in animal products 

(Byrne, 2007). The primary method for dealing with FVW in Japan is to use it as 

the animal feed, followed by using as fertilizer and others (Ministry of agriculture, 

forestry and fisheries, 2012b), as shown in Fig. 2.3.  
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Fig. 2.3 Percentages of recycling methods for food wastes in Japan in 2010. 

 

Therefore, it is imperative to overcome the relevant defects of the conventional 

recycling methods for FVW and simultaneously develop an environment friendly 

method that can convert FVW to high value products such as fuel ethanol, compost and 

vermicompost. Nowadays, composting and anaerobic digestion are considered to the 

alternative and completive methods for recycling of FVW in the world. Therefore, in 
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and Jones (2009), the composting product is also useful for erosion control, land and 
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stream reclamation, wetland construction, and as landfill cover in ecosystems.  

It is well documented that composting is a natural aerobic biochemical process, in 

which thermophilic microorganisms transform organic matter into a stable product 

(Insam, et al., 2009). Hence, maintaining the requirements for the growth of 

microorganisms is of the essence since microbes regulate and control the function of 

composting. Some environmental factors that may influence microbial activity like 

temperature, oxygen concentration, pH, moisture content, carbon to nitrogen ratio and 

particle size need to be adjusted before composting (Ceustermans et al., 2009; Bernal et 

al., 2009). Generally speaking, bacteria are better adapted to break down the easy 

decomposable materials, whereas fungi are considered to degrade the relatively difficult 

ones (Schaub and Leonard, 1996). In detail, mesophilic bacteria with an optimal 

temperature in the range 20-50°C are responsible for decomposition at the beginning of 

composting (Schaub and Leonard, 1996; Ryckeboer et al., 2003). As a result of 

microbial activity, temperatures continuously rise to exceed the mesophilic range, and 

then thermophilic bacteria start function at temperatures between 40°C and 70°C 

(Schaub and Leonard, 1996; Ryckeboer et al., 2003; Insam, et al., 2009). During the 

thermophilic stage, composting piles allow to be maintained at temperatures above 

55°C for 3-15 days in order to reduce pathogenic microorganisms (Schaub and Leonard, 

1996; Ryckeboer et al., 2003; Insam, et al., 2009). Temperatures then fall and 

mesophilic microorganisms continue the process at a slower rate. After subsequent 

decreases in temperature, the curing period or compost stabilization stage starts (Schaub 

and Leonard, 1996; Ryckeboer et al., 2003).  

Several FVW materials such as peelings, outer skins, pomace, cores leaves and 

twigs can be used for composting. In many cases, the initial waste materials need to be 

amended with bulking materials to meet the basic requirements of composting. The 

ultimate reason is attributed to the fact that many of the above FVW has higher moisture 

content and a lower acidic pH (Table 2.2). Since the moisture is a critical factor in 
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composting matrix that directly relates to oxygen supply and microbial activity, it 

affects many aspects of the composting process (Jolanun and Towparyoon, 2010). 

Therefore, careful management of the moisture content to increase oxygen availability 

and to dry up the waste must be ensured for effective stabilization of FVW. It has been 

reported that methods for controlling the effective aerobic composting include: (1) 

physical turning (mechanical or non-mechanical) of the mass, (2) natural convection, 

and (3) forced aeration (Chang and Chen, 2010). In addition, numerous bulking agents 

(including wood chips, wheat straw, sawdust, rice husk, rice bran, chopped hay, wood 

shavings and peanut shells) have been chosen to mix with waste materials for adjusting 

the moisture content, nitrogen content, C/N ratio and the void spaces between particles 

(Chang and Chen, 2010). 

2.2.3.2 Anaerobic digestion 

Anaerobic digestion is a biochemical process in the absence of oxygen. It is well 

known that a series of metabolic reactions such as hydrolysis, acidogenesis, 

acetogenesis and methanogenesis are involved in the process of anaerobic 

decomposition (Park et al., 2005). Anaerobic digestion can biologically transform 

almost any organic wastes including municipal, agricultural and industrial wastes, and 

plant residues with the diverse microbial populations into other forms of end products 

such as biogas and other energy-rich organic compounds (Lata et al., 2002). The main 

advantage of the anaerobic digestion technique is that it can generate biogas, which can 

be used for producing electricity. In addition, the stabilized solids after the reaction of 

anaerobic digestion could be utilized as soil conditioners (Bouallagui et al., 2005).  

So for, the feasibility of using FVW as a substrate for anaerobic digestion has been 

studied by many researchers. The easily biodegradable and highly moist organic matter 

content of FVW (75%) facilitates its biological treatment (Bouallagui et al., 2005). 

Forster-Carneiro et al. (2007) reported that the mass of biogas could reach to 850 L/kg 

VS using the mixed substrate of FVW and abattoir wastewater. According to 
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Mata-Alvarez et al. (1992), cellulose, hemicelluloses and lignins of FVW could be 

removed by 32%, 86% and 15%, respectively, under mesophilic digestion conditions,.  

Similar to composting, the reaction condition of anaerobic digestion is also serious 

because of involving the diverse microbial community. Many factors, like the type and 

concentration of substrate, temperature, moisture and pH, may affect the performance of 

the anaerobic digestion (Behera et al., 2010). For instance, a temperature range between 

35-37 ℃ is considered to be suitable for the production of methane and a change from 

mesophilic to thermophilic temperatures. A range of pH values suitable for anaerobic 

digestion has been reported by various researchers, but the optimal pH for 

methanogenesis is found to be around 7.0 (Khalid et al., 2011). In addition, 

Hernandez-Berriel et al. (2008) reported that the best moisture levels for 

methanogenesis process should be controlled at the range of 70% - 80%.  

The primary advantages of anaerobic digestion include two aspects: (a) many types 

of organic wastes with low nutrient content can be degraded in anaerobic bioreactors, 

and (b) the process simultaneously leads to low cost production of biogas, which is vital 

for meeting the requirement for energy in future. However, multiple influential factors, 

such as substrate and co-substrate composition and quality, environmental factors 

(including temperature, pH, and organic loading rate) and microbial dynamics make a 

contribution for the efficiency of the anaerobic digestion process, and they should be 

optimized to achieve the maximum benefit from this technology. 

2.3 Vermicomposting 

2.3.1 Vermicomposting and its significance  

The word vermicomposting is derived from the Latin word ‘Vermis’ meaning the 

‘worms’. Earthworms play a very vital role in soil biology through regulating the cycle 

of carbon and nitrogen pools and maintaining the stability of ecosystem in soil. The 
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major contributions of earthworms exist in breaking up of organic matter, combining it 

with soil particles, enhancing microbial activity and mixing the humified material into 

soil. Charles Darwin, an eminent naturalist, called earthworms as unheralded soldiers of 

mankind and farmer’s companion. Vermicomposting refers to the composting or natural 

conversion of biodegradable waste into high quality manure with the aid of earthworms. 

And the growth of earthworms during this process is defined as vermiculture. 

Vermicomposting is a biochemical decomposition process of organic materials, which 

involves the joint action of microbes and earthworms. According to Domínguez (2004), 

earthworms perform as mechanical blenders by comminuting organic matter. 

Earthworms can modify its physicochemical and biological status, gradually reduce its 

C/N ratio, increase the surface area exposed to microorganisms and make them more 

favorable for microbial activity and its further degradation.  

In vermicomposting technology, earthworms are functional in maintaining aerobic 

condition in the organic wastes, ingesting solids, converting some organics into biomass 

and respiration products, and expelling the remaining partially stabilized product known 

as the vermicompost (Benitez et al., 1999). Many studies have been carried out on the 

role of earthworms in the degradation of the organic materials and the practices of 

vermicomposting materials for improving the soil fertility (Atiyeh et al., 2002; 

Chaudhuri et al., 2003; Garg et al., 2006; Gupta et al., 2012; Suthar and Singh, 2008; 

Suthar, 2009; Suthar, 2010; Singh and Suthar, 2012; Gutiérrez-Miceli et al., 2007). 

According to Suthar (2009), vermicomposting system results in a product with a better 

quality than traditional composting system in terms of nutrient availability. Vermiculture 

technology is an environmentally sustainable method with numerous good features such 

as odor-less, cost-effective, pathogen and pollution free (Eastman et al., 2001). More 

importantly, this technology leads to a lower emission of greenhouse gases and a 

generation of valuable end product. Moreover, Eastman (2001) also reported that the 

process of vermicomposting could generate a product that has a lower pathogen level 
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than that of conventional composting processes.  

2.3.2 Earthworms’ species for vermicomposting 

Many species of earthworms have the potential to be used in waste management 

and stabilization systems. The proper choice of earthworm is a vital aspect because this 

may affect the efficacy of the systems. A suitable candidate for earthworms in 

vermicomposting should have specific abilities, such as colonizing organic waste, high 

rates of organic matter consumption, digestion and assimilation, being able to tolerate a 

wide range of environmental stresses, and high reproductive rates by producing large 

number of cocoons, short hatching time, rapid growth and maturation rate of hatchlings 

to adults (Domínguez and Edwards, 2004). Earthworm’s growth and reproductive rates 

are common indicators for assessment of their potentials. Here, the widely selected 

species of earthworms for vermicomposting use are given in Table 2.3.  

 

Table 2.3 Some species of earthworms used in vermicomposting. 

Parameters 

Species of earthworms 

Eisenia 

foetida 

Eisenia 

andrei 

Lumbricus 

rubellus 

Perionyx 

excavatus 

Color 
Brown and 

Red 
Red 

Reddish 

brown 

Reddish 

brown 

Optimum temperature (◦C) 18-25 15-20 -- 25-30 

Age for cocoon production (weeks) 5-9 -- -- 15-18 

Number of young’s/cocoon 2-4 2-4 1 1 

Life cycle (days) 45-51 45-51 120-170 40-50 

Incubation period (days) 18-26 18-26 35-40 18 

Average weight of adults (g) 0.55 0.55 0.80 0.50-0.60 

Time to maturity (days) 28-30 21-28 74-91 28-42 

Data are derived from Domínguez and Edwards (2004). 
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The relevant species of earthworms were pictured in the Fig.2.4. Earthworms 

commonly used for vermicomposting are banded worms (E. foetida), red worms and red 

wigglers (Lumbricus rubellus). They are often found in aged manure piles and have 

alternating red and buff-colored stripes. E. foetida has been reported as the best species 

for processing organic wastes (Garg et al., 2006; Vivas et al., 2009; Gómez-Brandón et 

al., 2013), due to its high rate of consumption, digestion and assimilation of organic 

matter, its tolerance to a wide range of environmental factors, short life cycle, high 

reproductive rate, and endurance and resistance to handling (Domínguez and Edwards, 

2010). Other epigeic earthworms such as E. andrei, P. excavatus and Eudrilus eugeniae 

have also been selected by several workers in converting organic waste into vermicast 

or the worm faeces, which can be used as soil conditioner as well as organic fertilizer 

(Gajalakshmi et al., 2001; Khwairakpam and Bhargava, 2009; Suthar and Singh, 2008). 

According to Ismail (1997), introduction of foreign earthworm species to local 

ones may create a complex chain of interaction among other soil organisms for effective 

decomposition of litters. Polyculture vermicomposting using combined species or 

ecological categories of earthworms are thought to be more efficient than conventional 

monoculture vermireactors for managing organic wastes (Khwairakpam and Bhargava, 

2009; Suthar and Singh, 2008). Also, the density of earthworms is a feature of 

intraspecific relationship, which exerts some effects on the chemical feature of 

vermicomposts and their biomass (Ndegwa et al., 2000; Hait and Tare, 2011). 
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Fig. 2.4 Earthworm species Eisenia andrei (1), Eisenia fetida (2), Eudrilus eugeniae (3) 

and Perionyx excavatus (4). These pictures come from the source of Domínguez and 

Gómez-Brandón (2012). 

 

2.3.3 Function of earthworms in vermicomposting system 

Since the time of Darwin, the role of earthworms in humification and breakdown 

of plant litter in natural soil has been well known, but their potentials for converting the 

organic materials into useful products are recognized only recently. Vermicomposting is 

an aerobic, bio-oxidation and stabilization, non-thermophilic process of the organic 

waste decomposition that depends upon the role of earthworms in fragmenting, and 

mixing the waste and promoting the microbial activity (Gunadi et al., 2002). 

Vermicomposting is a biochemical process of degradation of organic materials through 

1 

4 3 

2 
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the joint actions of earthworms and microorganisms. Although microbial organisms are 

ascribed to the decomposition of organic materials, earthworms, as the leader in 

vermicomposting system, play an important in commuting the organic materials, 

increasing the activated area of microbes, and promoting their activity as well as 

shifting their densities and communities, mainly through their feeding, burrowing and 

casting. Hence, for better understanding of vermicomposting, the function of 

earthworms in the system will be presented in the following part. 

 

 

 

Fig. 2.5 Earthworms affecting the decomposition of organic matter during 

vermicomposting through ingestion, digestion and assimilation in the gut and then 

casting, namely, gut associated processes (GAP), and cast associated processes (CAP). 

The source is from Domínguez and Gómez-Brandón (2012). 
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More specifically, the effect of earthworms on decomposition of organic wastes 

during vermicomposting process begins with the gut associated processes (GAPs) 

(Figure 2.5), i.e., via the impacts on ingestion, digestion and assimilation of the organic 

matter and microorganisms in the gut, and then terminates till the excretion of digested 

materials (Gómez-Brandón et al., 2011a). Different responses of specific microbial 

groups to the gut environment have been observed during the passage of organic 

materials through the gut of the earthworm species (Schönholzer et al., 1999). For 

instance, some bacteria are activated during the gut passage process, whereas others 

remain unaffected. Some bacteria are digested in the intestinal tract, thus decreased in 

their number (Drake & Horn, 2007). Such selective effects on microbial communities 

during gut transit may alter the decomposition pathways during vermicomposting, since 

the microbes from the gut are then released into the fecal material where they continue 

to decompose egested organic matter. Indeed, as mentioned above, earthworm castings 

also contain lots of different microbial populations, similar to those in their parent 

materials (Domínguez et al., 2010). However, consistent elaborations of the above 

mentioned are still needed by further experiments. 

After the completion of GAPs, the resultant earthworm castings undergo cast 

associated processes (CAPs; Figure 2.5), which are more closely related to the aging 

process. In this regard, decomposition of organic materials needs to continue for several 

weeks even several months. During this process, the effects of earthworms are mainly 

indirect through providing the aerobic condition and excreting the mucus that can 

attracts the microbes (Aira et al., 2007). In addition, during this aging process, the 

product of vermicomposting is expected to reach its optimum condition in terms of the 

biological properties that can be used for promoting plant growth and suppressing plant 

diseases (Domínguez et al., 2010). However, little is yet known about when the 

optimum condition is achieved, and how we can determine it in each case. 
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2.3.4 Influence of environmental factors on vermicomposting 

In fact, many environmental factors may have a pronouncedly effect on 

earthworms or vermicomposting, such as temperature, moisture, C/N ratio, pH value, 

ammonia content, dark condition, oxygen content and particle size of substrate. For 

these parameters, the most representative parameters during vermicomposting are 

temperature, moisture and C/N ratio.  

The moisture content of organic wastes used in vermicomposting is an important 

parameter influencing the growth of the surface-feeding (epigeic) earthworm species 

Eisenia foetida (Savigny) (Lumbricidae), since the earthworm’s body is formed by 

about 80% water. The growth of E. foetida in organic substrates with different moisture 

contents has been studied by several researchers in the laboratory. In general, the 

optimal moisture is at the range of 55 - 85 % during vermicomposting (Singh and Suthar, 

2012, Yadav and Garg, 2011, Fernández-Gómez et al., 2010a). However, the moisture 

content is dependent on the type of substrate and species of earthworms. The range of 

moisture should be studied further in the vermicomposting industry.  

The activity, metabolism, growth, respiration as well as reproduction of 

earthworms are strongly influenced by the changes of temperature. The production rate 

of cocoons per earthworm per week by E. eugeniae was reported to be 3.22 at 25 C 

(Reinecke et al., 1992); however, Rodriguez et al. (1986) estimated that 7 cocoons were 

produced per earthworm per week at 30 C. The optimum temperature for E. fetida was 

reported to be 25 C (Edwards, 1988; Hait and Tare, 2011). It has been known that E. 

fetida could tolerate a temperature as high as 42 ◦C and a low temperature below 5 C.  

For the optimal vermicomposting process, an appropriate carbon to nitrogen ratio 

is also necessary. Accordingly, C/N ratio and the concentration of polyphenol were 

found to be the most important factors determining litter palatability in detrivorous 

earthworm (Lumbricus sp.) (Hendriksen, 1990). It has been reported that for efficient 

vermicomposting the optimum C/N ratio was 21-30 (Ndegwa and Thompson, 2000). 
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Until now, most vermicomposting studies have utilized a qualitative approach rather 

than a quantitative one to deal with the issue of C/N ratio in the substrates. Elvira et al. 

(1998) reported that mixing substrates with rich N could regulate the C/N ratio on 

vermicomposting of sludge from paper mill and dairy industries using E. andrei. 

Albanell et al. (1988) successfully vermicomposted sheep manure through improving 

the C/N ratio with cotton industrial wastes. However, Butt (1993) reported that 

vermicomposting of paper mill sludge was improved after balancing the C/N ratio up to 

25, but noted that different earthworm species responded differently to the sources of N. 

Ndegwa and Thompson (2000) reported that the C/N ratio of 25 resulted in the highest 

stability for the product with the best fertilizer value.
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Chapter 3   EFFECT OF EARTHWORMS’ AGE ON 

THE QUALITY OF VERMICOMPOSTS OF DRY 

FRUIT AND VEGETABLE WASTES 

 

 

3.1 Introduction 

   It is well known that vermicomposting is a biochemical process for degradation of 

organic materials by means of the joint actions of earthworms and microorganisms. 

According to Domínguez et al., 2010), a direct function of earthworms and an indirect 

role of microorganisms are interdependent and their interactions regulate the 

humification and breakdown of organic waste during vermicomposting. Despite the 

microorganisms’ participation in the decomposition of organic materials, earthworms 

act as a critical driver of this process through comminuting the organic matter, 

increasing the area of aerobic microbial activity and triggering the enzymatic activity, 

thus in turn, stimulating the decomposition further (Domínguez et al., 2010). 

  Hence, for earthworms, their biological features appear to affect the properties of the 

vermicompost and its potential for agricultural utilization. Indeed, the quality of the end 

product differs with the species and ecological groups of earthworms (Gajalakshmi et 

al., 2001; Tripathi and Bhardwaj, 2004). Vermicomposting with miscellaneous species 

or ecological categories of earthworms are deemed to be more efficient than 

conventional monoculture vermin-reactors for managing organic wastes (Khwairakpam 

and Bhargava, 2009; Suthar and Singh, 2008). The density of earthworms is a feature of 
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intraspecific relationship that exerts some effect on the chemical feature of 

vermicomposts and their biomass (Ndegwa et al., 2000; Hait and Tare, 2011).  

Age is a natural feature in biology. In general, the life cycle of earthworms includes 

cocoon, hatchling, juvenile and adult. However, data concerning earthworm’s 

age-related vermicomposting process are scarce. Referring to the existing literature 

(Ranganathan and Vinotha, 1998; Sampedro and Domínguez, 2008; Whalen and Janzen, 

2002), a meaningful phenomenon was reported that the hatchling, juvenile and adult 

earthworms displayed significant differences in the intestinal enzymatic activities and 

the capacity of enrichment in carbon and nitrogen.  

 

 

 

Fig. 3.1 Principal component analysis plot of all biochemical parameters (pH, electricity 

conductivity, total carbon, total nitrogen, ions of ammonium, nitrate and phosphate, 

dehydrogenase activity and bacterial population) derived from control and Eisenia 

foetida castings of hatchling, juvenile and adult. 
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Moreover, in our previous study, it was also found that a significant difference of 

the gut digestion process of earthworms existed in three contrasting age group 

earthworms, as revealed in Fig. 3.1. Consequently, it can be reasonably hypothesized 

that the age of earthworms may, to some extent, affect the biochemical properties of 

vermicomposts. Besides, to our best acknowledge, the selection of the age group of 

earthworms was not identical in earlier vermicomposting trials (Table 3.1). Some 

studies preferred to choose the adult earthworms (Sangwan et al., 2008; Suthar, S., 

2010). Some studies used the juvenile or hatchling earthworms (Fernández-Gómez et al., 

2010a; Garg et al., 2012). Others often used the mixed earthworms (Hait and Tare 2011; 

Khwairakpam and Bhargava, 2009). However, the comparison investigation of 

vermicompost properties processed by the different age classes of earthworms is limited. 

Taking into account the commercial potential of vermicomposts as better soil 

conditioners, understanding the influence of the age stages of earthworms also involves 

the commercial value of vermicomposting products.  

 

Table 3.1 Summary of different age classes of earthworms used in previous 

vermicomposting experiments. 

Age groups Earthworms species Reference 

Non-clitellated 

earthworms 

(Hatchlings/Juveniles) 

Eisenia andrei Fernández-Gómez et al. (2010a)  

Eisenia foetida Garg et al. (2012) 

Clitellated earthworms 

(Adults) 

Eisenia foetida 
Sangwan et al. (2008); Suthar, S., 

2010 

Eudrilus eugeniae Mainoo et al. (2009) 

Both non-clitellated 

and clitellated 

earthworms 

Eisenia foetida 
Hait and Tare (2011); 

Gómez-Brandón et al. (2011a) 

Eisenia foetida, 

Eudrilus eugeniae, 

Perionyx excavatus 

Khwairakpam and Bhargava (2009) 
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In view of the above, the objective of this study was to seek the evidence on if and 

to what extent the ages of earthworms affect the properties of vermicompost. For this, 

Eisenia foetida, as one of the most widely used species in vermicomposting systems, 

was chosen for this experiment. Moreover, the physicochemical, biochemical properties 

and microbial profiles were determined to get an insight into the differences of 

vermicomposts resulted from the age-specific earthworms. 

3.2 Methods 

3.2.1 Experimental set up 

Fruit and vegetable wastes including cabbage, lettuces and potato peels were 

obtained from Kanesue, a supermarket in Gifu, Japan. The wastes were dried at 55°C in 

hot air oven and then chopped. For softening the waste, short composting admixed with 

old vermicompost at the rate of 1:2 (vegetable waste: vermicompost, dry basis) was 

carried out for 2 weeks. The chemical properties of vegetables, bulking materials and 

initial substrate for vermicomposting (after composting) are given in Table 3. 2.  

Stock earthworms were reared by FVW for 1 year at the room temperature in 

laboratory. E. foetida were collected and then divided into three groups, namely 

‘hatchlings’, ‘juveniles’ and ‘adults’, based on their development stages. The details of 

the classification of earthworms are shown in Table 3.3.  

Subsequently, 6 g individuals of hatchlings, juveniles and adults were allowed to 

settle in the separate perforated plastic bins filled with 100 g mixed substrate (dry basis). 

For each age group of earthworms, three reactors were run in parallel. All reactors were 

kept in dark with towels and the temperature was maintained at the constant 25 °C. 

Milli-Q water was sprinkled daily to regulate the moisture. The experimental scenes 

with respect to earthworms’ selection and reactors are given in the Fig. 3.2. After 

operation for 60 days, earthworms and their cocoons were picked out by hands and 
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cleaned immediately by wetted paper. The resulting vermicompost was homogenized 

and divided into two subsamples. One was dried and finely pulverized for chemical 

analysis and another one was stored at -20 °C for enzyme activity and DNA analysis. 

 

Table 3.2 Chemical properties of vegetable wastes, bulking materials and initial 

substrate. 

 Vegetable wastes Bulking materials Initial substrate 

pH 5.5 ± 0.02 7.6 ± 0.01 7.1 ± 0.02 

TOC (g/kg) 391.2 ± 4.41 279.9 ± 3.17 337.9 ± 5.36 

Total N (g/kg) 13.8 ± 0.32 13.0 ± 0.28 13.4 ± 0.05 

C/N ratio 28.5 ± 0.42 21.6 ± 0.23 25.2 ± 0.32 

Inorganic N (g/kg) 1.8 ± 0.04 0.5 ± 0.03 0.8 ± 0.06 

PO4
3 -

 (g/kg) 3.5 ± 0.12 4.0 ± 0.36 3.8 ± 0.29 

K
+
 (g/kg) 0.5 ± 0.02 1.5 ± 0.08 1.4 ± 0.01 

Mg
2+

 (g/kg) 1.1 ± 0.06 1.0 ± 0.06 1.0 ± 0.03 

Ca
2+

 (g/kg) 0.6 ± 0.01 0.5 ± 0.03 0.6 ± 0.02 

 

 

Table 3.3 Age classification of E. foetida based on their body lengths and weights (wet 

basis), and hatched period and stages of clitellum development. 

Group 
Mean 

weight (g) 

Body lengths 

(cm) 

Hatched 

period (day) 

Stages of clitellum 

development 

Hatchlings 0.1 1.5-2 10-15 Non-clitellated worms 

Juveniles 0.25 3-4 25-30 Pre-clitellated worms 

Adults 0.6 6-8 120-150 Clitellated worms 
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Fig. 3.2 Hatchling, juvenile and adult E. foetida used in this study. 

3.2.2 Physicochemical analysis and dehydrogenase activity 

The microstructure of dried samples (not ground) was observed by scanning 

electron microscope (Hitachi S-4300, Japan).  

The pH value was measured in a solution by mixing the sample with water (dry 

weight of sample/weight of water = 1/10). Total organic carbon (TOC) was measured by 

using the method provided by Nelson and Sommers (1982). Total nitrogen was 

determined by the method of oxidation with potassium persulfate after digestion with 

H2SO4-H2O2. The concentrations of inorganic nitrogen (nitrate and ammonia), 

phosphate, potassium, magnesium and calcium were measured by ion chromatography 

(SHIMADAZU, Japan). Total microbial activity was determined by measuring the 

dehydrogenase activity with the triphenyl-tetrazolium chloride (TTC) method. Briefly, 1 

Hatchlings Juveniles 

Adults 
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g of sample was incubated using TTC for 6 h and the amount of formazan formed was 

extracted with toluene and then measured by colorimetric method at 485 nm.  

3.2.3 DNA extraction and PCR-DGGE protocol 

250 mg of the subsample of each vermicomposting product was subjected to DNA 

extraction using the MoBio UltraClean Soil DNA Isolation kit (MO BIO Laboratories, 

Inc., Carlsbad, CA, USA), following the manufacturer’ s protocol.  

The primers GC341F (5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG 

GGG CAC GGG GGG CCT ACG GGA GGC AGC AG-3’) and 907R (5’-CCG TCA 

ATT CCT TTG AGT TT-3’) were used to amplify the fragments of genes in bacterial 

V3-V5 regions. PCR reactions were performed by adding 1 l of each DNA template to 

a total volume of 50 l containing 20 M of each primer (0.5 l), 10×Ex Taq buffer (5 

l), 2.5 mM dNTPs (4 l), 0.1 % bovine serum albumin (BSA) (1 l), 250 M Ex Taq 

enzyme (0.25 l) and sterilized pure water (37.75 l). A control, containing all PCR 

components except DNA extract, was also contrasted in parallel. The PCR program 

initiated by denaturation at 95 °C for 5 min, followed by 35 amplification cycles of 30 s 

at 95 °C, 30 s at 57 °C and 40 s at 72 °C, and finally by an extension step for 10 min at 

72 °C. The PCR products were tested by the electrophoresis in 1.2 % agarose gels 

stained with 0.5 g/ml ethidium bromide. 

DGGE was conducted by loading about 100 ng of each PCR product into 7 % (w/v) 

polyacrylamide gel with a denaturing gradient of 40-65 % (100 % denaturant contains 7 

M urea plus 40 % formamide in 1×TAE buffer (20 mM Tris, 10 mM acetate, 0.5 mM 

Na2EDTA)) and then running for 800 min at 100 V and a constant temperature of 60 °C 

in 1×TAE buffer using the BIO-RAD Dcode
TM

 system (Bio-Rad, USA). Subsequently, 

the gel was strained and stained for 20 min in 1×TAE buffer containing a 1:10,000 

dilution of SYBR
® 

Green Nucleic Acid Gel Stain (TAKARA) and visualized with the 

Gel Doc 2000 System (Bio-Rad, USA). 
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3.2.4 Real time qPCR assay 

The universal primers specific for V4-V5 hypervariable region of 16S rDNA, 

namely com1 (5’-CAGCAGCCGCGGTAATAC-3’) and com2 

(5’-CCGTCAATTCCTTTGAGTTT-3’), were used for quantifying the number of 16S 

rDNA copies. PCR reactions were performed in a 25 l solution containing 2 l of DNA 

extract, 12.5 l of SYBR Ex Taq (TAKARA), 0.5 l each primer (0.4 M) and 9.5 l of 

sterilized pure water. Three replicates for each extracted DNA were included. The 

real-time qPCR program consisted of initial denaturation at 95 °C for 5 min, followed 

by 35 three-step cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. Absolute 

quantification of DNA in qPCR was accomplished using the standard curves of known 

concentrations of DNA of Escherichia coli. In this study, the standard curves were 

generated using 1:10x serial dilutions of E. coli over seven orders of magnitude and 

plotted as the log of DNA concentration versus the threshold cycle (Ct) value. All 

experiments included the negative (without DNA) and the serial dilutions of the E. coli 

DNA standard. DNA amplification and quantification were performed with the real time 

PCR system (Thermal Cycler Dice, TP800, TAKARA). 

3.2.5 Data analysis 

Significant differences of the mean values of parameters between the control and 

vermicomposting treatments were tested based on one-way analysis of variance 

(ANOVA) with mean separation by Tukey’s significant difference (HSD) test at the 95 % 

confidence level using the software of STATISTIC 8.0. Digitalized DGGE fingerprints 

were analyzed using the Quantity One image analysis software v.4.2 (Bio-Rad 

Laboratories, Hercules, CA, USA) to compute the similarity matrix using the Dice’s 

coefficient. The Shannon index of the general diversity H was calculated from the 

following equations (Vivas et al., 2009):  
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𝐻 =∑{(
𝑁𝑖
𝑁
) ln (

𝑁𝑖
𝑁
)} 

where, Ni is the height of the peak of the band i and N is the sum of all peaks’ heights in 

the targeted lane of the obtained DGGE profile. 

 

3.3 Results and discussion 

3.3.1 Appearance features of vermicomposts 

Vermicomposts processed by E. foetida exhibited a distinct physical appearance in 

contrast to the substrate after gut transit process, as evidenced from more homogenous 

surface obtained (Fig. 3.3). This indicated that vermicomposting process resulted in a 

more compacted structure of organic materials if compared with the undigested 

substances. The observations are corresponded to the previous results that the 

appearance of humic acid fractions in substrate was shifted to more closed-grained and 

lumpy ones after vermicomposting (Li et al., 2011). 

The appearance structure of organic materials was probably altered by the viscous 

force generated from the mucus of digestive tract and the constraint force produced 

from musculus sphincter during the gut transit process. Unexpectedly, obvious 

divergence was not observed in vermicomposts of hatchling, juvenile and adult of E. 

foetida, suggesting that the appearance feature is not affected by the ages. But, it should 

be noted that such a result gained from the SEM is a compromised finding because 

SEM may have some shortcomings that it can only observe a partial area of samples, 

notably for large surface samples. In fact, we could observe a small different appearance 

structure among three vermicomposts from different age groups of earthworms. 

Consequently, this result should be re-evaluated in coming studies. 
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Fig. 3.3 Images of the end products of control without earthworms and 

vermicomposting by the hatchling, juvenile and adult earthworms with scanning 

electron microscope. 

 

3.3.2 Chemical characteristics of vermicomposts 

As shown in Fig. 3.4, vermicomposting significantly altered the chemical 

properties of the materials (displayed in Table 3.2). The pH values detected in 

vermin-reactors significantly increased as compared to the control treatment. The higher 

pH values could be ascribed to the decomposition of organic acid in FVW and the 

release of cations from vegetable tissue during the mineralization process. Similar 

findings were also reported in vermicomposting of other food wastes, such as tomato 

wastes and pineapple wastes (Fernández-Gómez et al., 2010a; Mainoo et al., 2009). 

  

Control Hatchlings 

Juveniles Adults 



Chapter 3               Effect of earthworms’ age on the quality of vermicomposts 

35 

TOC content was decreased by 12.6 % for control and 26.7-31.4 % for 

vermicomposts, as compared to the initial substrate. The significant decrease of TOC in 

worms’ treatments relative to control indicates that the presence of earthworms can 

accelerate the loss of carbon. The microbial respiration and earthworms feeding are two 

main reasons for the carbon loss from the substrate. Moreover, the content of TOC in 

vermicomposts was significantly affected by the ages of E. foetida, with the largest 

extent of reduction being found in the treatment with hatchlings. This finding can be 

explained by the obvious growth of the hatchlings since the faster growth of the age 

group of the earthworms resulted in a higher assimilation of carbon into their tissues 

than the adults that had already reached their final sizes (Whalen and Janzen, 2002).  

 

 

Fig. 3.4 Chemical properties of the end products of the control without earthworms and 

the vermicomposting by the hatchling, juvenile and adult earthworms.  
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Compared to control, a significant decrease of TN content was recorded in 

vermicompost of hatchlings; meanwhile, a significant increase was observed in 

vermicompost of adults. The disparity of TN content in vermicomposts of hatchlings 

and adults suggests that age-specific earthworms exert a significant effect on the TN 

content of the end products. The decrease of TN in hatchling treatment was mainly due 

to the reaction that a part of organic nitrogen in the substrate was converted into the 

protein of earthworms. In turn, this result also indicates that a comparatively larger 

consumption of the nitrogen source is required for hatchlings to construct their body 

cells than juveniles and adults. Indeed, the highest growth rate was found in hatchlings 

(7.2 mg/g worms /day), followed by juveniles (3.2 mg/g worms /day) and adults (1.1 

mg/g worms /day) in this study, as displayed in Fig. 3.5. This result well establishes the 

evidence for supporting our hypothesis that the requirement of assimilations of carbon 

and nitrogen contents was higher for hatchlings than for juveniles and adults.  

On the other hands, enrichment of nitrogen during vermicomposting process 

because of earthworms’ providing mucus, enzymes and nitrogenous excretory 

substances has been exemplified by many studies (Sangwan et al., 2008; Suthar, 2010; 

Garg et al., 2012). In this study, adult E. foetida showed higher total nitrogen content, 

which was probably related to the TN content of their excretion. Whalen et al. (2000) 

elucidated that the nitrogen excretion rates of juvenile Lumbricus terrestris were 

significantly lower than adults.  

The C/N ratio was widely used as an index of maturity and stability for composting 

and vermicomposting. As evidenced by Morais and Queda (2003), the C/N ratio below 

20 is an indicative of acceptable maturity. Hence, in present study, C/N ratio markedly 

dropped to the values below 20 in all worms worked treatments, which indicates a high 

degree of stabilization of organic materials was achieved in vermicomposts. In 

comparison with control, the C/N ratio decreased by 15.5-20 %, with the adult E. 

foetida showing the maximum decrease (Fig. 3.4). The loss of carbon as CO2 occurred 
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due to metabolisms of earthworms and microorganisms, in addition to adding TN 

excrements by inoculated earthworms, and thereby lowered the C/N ratio during 

vermicomposting.  

 

 

 
 

Fig. 3.5 Growth rates and cocoon productions of hatchling, juvenile and adult 

earthworms.  

 

Table 3.4 Nutrient characteristics of the end products of the control and 

vermicomposting by the hatchling, juvenile and adult earthworms. 

 
Inorganic N 

(g/kg) 

PO4
3 –

  

(g/kg) 

K
+
 

(g/kg) 

Mg
2+

  

(g/kg) 

Ca
2+

  

(g/kg) 

Control 1.2 ± 0.04 a 4.2 ± 0.12 a 1.5 ± 0.08 a 1.1 ± 0.04 a 0.6 ± 0.02 a 

Hatchlings 1.5 ± 0.05 a 5.0 ± 0.09 b 1.8 ± 0.01 a 1.5 ± 0.02 b 0.8 ± 0.01b 

Juveniles 2.6 ± 0.06 b 6.1 ± 0.11 c 2.7 ± 0.15 b 2.0 ± 0.09 c 1.0 ± 0.03 c 

Adults 1.7 ± 0.02 c 5.4 ± 0.21 bc 1.8 ± 0.08 a 1.4 ± 0.07 b 0.8 ± 0.04 b 

Different letters in same column show the observed difference is significant (p<0.05). 
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Table 3.4 presents the plant-available nutrient characteristics of the control and 

vermicomposts. Inorganic N content in the vermicomposted materials was relatively 

higher than the control treatment. And the treatment of juvenile E. foetida displayed the 

largest increase. Compared to control, the vermicomposted materials also showed 

increases in the contents of P, K, Mg and Ca, with the largest enhancement in the 

juveniles (Table 3.4). The enrichment of inorganic ions in the end products hence 

implies that the vermicomposts have an agronomic potential of being used as a plant 

growth medium or soil conditioner. This enrichment probably responds to the high 

mineralization of nutrients during vermicomposting process, which is partly performed 

by earthworms gut, and a furthered release of nutrients continuously processed by the 

microbial activities of deposited casts (Drake and Horn, 2007; Domínguez et al., 2010). 

The increase in the content of nutrients after vermicomposting corroborates the findings 

of others (Fernández-Gómez et al., 2010b; Singh and Suthar, 2012). The greatest 

enhancement of all nutrients recorded in juvenile treatment may be correlated with their 

strongest activity.  

3.3.3 Microbial activity and population of vermicomposts 

Dehydrogenase activity has been often used to estimate the microbial activity in 

composting process, which catalyzes metabolic reactions producing ATP through the 

oxidation of organic matter. As depicted in Fig. 3.6, the dehydrogenase activity showed 

the maximum values in the initial substrate, which indicates the preliminary treatment 

of short composting before vermicomposting led to a high biological activity. In 

contrast to the control, the significant lower dehydrogenase activity value presented in 

the vermicomposts. The results suggest the matured products were built up by 

earthworms. Besides, importantly, the dehydrogenase activities of vermicomposts did 

differ significantly with the age classes of earthworms. The hatchling of E. foetida 

displayed the lowest value as comparison with juveniles and adults.  
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Similarly, decreased bacterial population was dependent on the age of earthworms, 

since the lowest value was recorded in the hatchling E. foetida treatment, as revealed in 

Fig. 3.6. According to Ranganathan and Vinotha (1998), the enzyme activities in the 

intestinal tract of earthworms were correlated to their clitellated development stages, 

showing that the clitellated earthworm had the maximum enzymatic activities in their 

gut. As a result, it is speculated that the higher enzymatic activity in the adult 

vermicompost in the present study could be resulted by the gut digestive process. In 

addition, another aspect should not be overlooked is that the organic matter content 

possibly strongly affects the bacterial population and activity. 

 

 

 

Fig. 3.6 Bacterial population and dehydrogenase activity of the end products of the 

control without earthworms and vermicomposting by the hatchling, juvenile and adult 

earthworms.  
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3.3.4 Changes of microbial community profiles during 

vermicomposting 

The bacterial DGGE images of the 16S rDNA genes extracted from the initial 

substrate and the control and vermicomposting end products are illustrated in Fig. 3.7. It 

is apparent that, compared to the initial substrate, divergent profiles appeared in the 

treatments of control and vermicomposts, indicating the distinguished microbial 

succession arose in control and vermicomposts. Compared to control, vermicomposting 

treatments showed higher Shannon index values (Table 3.5), suggesting that a greater 

bacterial diversity existed in the worm-worked treatments. This finding is in accordance 

with the results of previous researchers (Sen and Chandra, 2009; Vivas, et al., 2009).  

They also noticed the diverse microbial community structure in composts and 

vermicomposts derived from the same materials, implying the contribution of 

earthworms to microbial diversity and their functions. The increased microbial diversity 

in the vermicomposts is explained by the indirect priming effect produced from mucus, 

undigested materials and fresh cast, and direct gut selective effect of earthworms 

(Bernand, et al., 2012). Furthermore, it is better evidenced that the food quality and 

earthworm species do affect the microbial community profiles after the gut associated 

process (Gómez-Brandón et al., 2011b; Gómez-Brandón et al., 2012). 

However, earthworms’ marking the contribution to microbial communities was not 

predominated by their age classes in present study, since the vermicomposts from three 

different age stages of earthworms exhibited the bacterial fingerprints with more than 

80 % similarity (Table 3.5). This finding could be partly ascribed to the same materials 

and earthworm species used for vermicomposting (Fernández-Gómez et al., 2012). As 

reported by Toyota and kimura (2000), the gut of E. foetida hosted indigenous 

specific-species of microflora that could contribute to the analogous microbial 

community in the vermicomposts.  
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Fig. 3.7 DGGE Image of 16S rDNA of the PCR products from the initial substrate, and 

the composting products of control without earthworms and vermicomposting by the 

hatchling, juvenile and adult earthworms. The letters of S, C, H, J and A coded in each 

lane represent substrate, control, hatchling, juvenile and adult, respectively. 

 

Table 3.5 Similarity matrix and Shannon index based on DGGE images. 

 Substrate Control Hatchlings Juveniles Adults 

Substrate 1     

Control 0.69 1    

Hatchlings 0.64 0.61 1   

Juveniles 0.68 0.58 0.87 1  

Adults 0.64 0.65 0.80 0.84 1 

 

Shannon index 

     

2.12 2.80 2.91 3.04 2.99 

S S H J A 
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3.4. Summary 

The age stages of E. foetida showed significant influences on the chemical 

properties and microbial densities and activities of vermicomposts, but they did not 

affect the microbial communities of vermicomposts. The vermicomposts treated by the 

hatchlings exhibited the lowest TOC, microbial activity and population, suggesting that 

they could be the best candidate for stabilization of organic materials. In addition, the 

products vermicomposted by the juveniles displayed the largest enhancement in plant 

available nutrients and thus indicated that they could be the optimal age class for the 

mineralization of organic matter. 
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Chapter 4   CHANGES OF BACTERIAL AND 

FUNGAL COMMUNITIES DURING VERMI- 

COMPOSTING OF DRY FRUIT AND VEGETABLE 

WASTES 

 

 

4.1 Introduction 

Vegetable wastes, as one of the major categories of agricultural wastes and food 

wastes, are apt to rot and produce odors and leachates, giving rise to various 

environmental problems. According to the statistic data (Ministry of Agriculture, 

Forestry and Fisheries, 2012), about 10 million tons of vegetable wastes were generated 

per year in Japanese households. Incineration and disposal with kitchen disposers are 

the main methods used in Japan for dealing with the vegetable wastes. These methods 

have many demerits. For instance, the former method generally requires energy to 

operate, and the latter can leads to losses of many nutrients in vegetable tissues and 

increases of the load of organic matter for wastewater and solid waste treatment. The 

concept of reuse, recycling and resource recovery is the best option for sustainable 

management of solid wastes. At present, aerobic composting and vermicomposting are 

perceived as alternative methods for recycling and reuse of vegetable wastes. Compared 

to composting, vermicomposting is undoubtedly the most competitive and useful 

technique for vegetable waste treatment because it has many advantages, including high 
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speed, ease of control, cost-effectiveness, energy savings and zero discharge (Eastman 

et al., 2001). More importantly, it generates homogeneous products with better quality 

assessed in terms of desirable aesthetics, lower phytotoxic substances and abundant 

plant nutrients, making this technology more suitable for generation of composts for 

plant growth or for uses as soil improvement media (Fornes et al., 2012). Previous 

studies have successfully conducted vermicomposting trials using vegetable wastes 

(Fernández-Gómez et al., 2010; Fornes et al., 2012; Garg and Gupta, 2011; Suthar, 

2009). It was reported in these studies that earthworms had the ability to convert 

vegetable wastes into products of high reuse values. However, few studies have 

provided data on the microbial profiles of vermicomposts derived from vegetable 

wastes. Vermicomposting products are rich in diverse microbial communities, such as 

free-living N2 fixers and phosphate solubilizers (Gopal et al., 2009), plant growth 

promoting bacteria (Pathma and Sakthivel, 2013), antifungal bacteria (Pathma and 

Sakthivel, 2013; Yasir et al., 2009) and enzyme-producing bacteria (Pathma and 

Sakthivel, 2013; Hong et al., 2011). All these may have the potential to help improve 

soil fertility, promote crop production and suppress soil borne pathogens. Therefore, 

better understanding the microbial profiles of the vermicomposts is important.  

Vermicomposting is a biochemical process that involves the interaction of 

earthworms and microorganisms for regulating organic matter degradation and 

humification. Earthworms, as the driver of vermicomposting system, could modify the 

microbial activity and population, and thus stimulate the decomposition of organic 

matter further (Domínguez et al., 2010). Consequently, better understanding of the 

effect of earthworm’s presence on microbial profiles in vermicomposting can provides 

further insights into the mechanisms of vermicomposting. Sen and Chandra (2009) and 

Vivas et al. (2009) advocated that the genetic structure of composting system was 

strongly altered by earthworms. Recent studies by Gómez-Brandón et al. (2011, 2013) 

showed that the microbial community was reduced throughout the vermicomposting of 
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rabbit manure and the authors ascribed the reduction to the bottleneck effect of the gut 

of earthworms. Although previous studies have revealed changes of microbial 

community during vermicomposting, the mechanisms involved are still unclear, which 

requires deep investigations. For better understanding the vermicomposting system 

process, it is also essential to address the bacterial and fungal communities 

simultaneously since previous studies have found that bacteria and fungi, as important 

decomposers of organic wastes in nature (Rousk et al., 2010), are abundant in 

vermicomposting system (Lazcano et al., 2008). Most previous studies on 

vermicomposting focused solely on bacterial trait (Sen and Chandra, 2009; 

Fernández-Gómez et al., 2012; Vivas et al., 2009; Yasir et al., 2009), studies on the 

fungal profiles during vermicomposting of vegetable wastes that generally contain high 

content of cellulose, which requires decomposition by fungi, are scarce. 

In view of the above, the main objective of this study was to simultaneously 

investigate the changes of bacterial and fungal profiles during vermicomposting of 

vegetable wastes. For this, quantitative PCR and PCR-DGGE were employed to analyze 

the microbial population and community structures, respectively.  

4.2 Methods 

4.2.1 Experimental setup 

Vegetable wastes investigated in this study included cabbage, lettuce and potato 

peels and were obtained from a supermarket in Gifu, Japan. The vegetable wastes were 

dried at 40 °C in an oven and then chopped. Dried vermicompost produced from food 

wastes and cow dung in laboratory was served as the bulking material as it can offer a 

suitable living condition for earthworms. Totally 4 kg substrate was processed by 

mixing the bulking material and the vegetable wastes at 1:1 (in dry weight). Thereafter, 

the substrate was moistened at 70-80 % by spraying water and then stored in a dark 
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room at 25 °C for one week. The main chemical properties of the vegetable wastes and 

the bulking material are given in Table 4. 1.  

 

Table 4. 1 Chemical properties of vegetable wastes and vermicomposts used as the 

initial substrate for this experiment. 

 Vegetable wastes Vermicomposts 

pH 5.5 ± 0.01 7.6 ± 0.01 

TOC (g/kg) 381.2 ± 8.4 309.9 ± 6.2 

Total N (g/kg) 16.5 ± 0.4 15.6 ± 0.3 

C/N ratio 23.1 ± 0.4 19.9 ± 0.8 

NH4
+
 (mg/kg) 161.1 ± 8.2 140.7 ± 6.2 

NO3
-
 (mg/kg) 183.6 ± 12.5 258.5 ± 36.2 

PO4
3 -

 (g/kg) 3.5 ± 0.1 4.0 ± 0.4 

K
+
 (g/kg) 0.5 ± 0.01 1.5 ± 0.1 

Data are mean and standard deviation of triplicates. 

 

E. foetida, one of the most effective species in vermicomposting industry, was 

selected for this study. In a previous study, Huang and Li (2012) found the 

vermicomposts by hatchlings, juveniles and adults of E. foetida exhibited marked 

differences in physicochemical properties. The differences were probably a result 

reflecting the differences in the bacterial and fungal communities formed during 

composting with the different age classes of the earthworms. To confirm this, in this 

study, E. foetida was grouped into hatchlings, juveniles and adults, and were used in this 

study for vermicomposting treatment.  

The stock earthworms were reared by food wastes and cow dung for 1 year in a 

dark room at 25 °C. E. foetida species were collected and then divided into three groups, 

namely hatchlings, juveniles and adults based on their body length, weight (wet basis) 
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and clitellum development. ‘Hatchlings’ were earthworms after getting hatched for 

10-15 days, which had a mean wet weight of 0.1 g and a body length of 1.5-2 cm. 

‘Juveniles’ referred to those that had grown for approximately 30 days after hatched but 

had not formed clitellum, with the mean wet weight being 0.25 g and the body length 

being 3-4 cm. ‘Adults’ were earthworms that had grown for 120 days after hatched and 

had developed clitellum, the mean wet weight of which was 0.5 g and the body length 

was 5-6 cm. Subsequently, 10 g of hatchlings, juveniles and adults were allowed to 

settle in separate perforated plastic bins containing 200 g substrate (dry basis). For each 

age group of earthworms, three reactors were run in parallel. For comparison, a control 

without earthworms that contained 200 g substrate (dry basis) was also prepared. All 

reactors were kept in dark by covering light tight towels at 25 °C with air conditioning 

and allowed to be turned over twice a day. To keep the reactors in dark is because 

earthworms can grow and conduct metabolic activities only under dark conditions. Due 

to this reason, most vermicomposting experiments and applications were done under 

dark conditions (Garg and Gupta, 2011; Suthar, 2009). Deionized water was sprinkled 

periodically to maintain the moisture at 70-80 %.  

After operation for 60 days, earthworms and their cocoons were separated by 

hands and cleaned immediately by wetted paper. The substrate, vermicomposts 

containing vermicasts and undigested materials, and control were homogenized 

separately and divided into two subsamples. One was dried and finely pulverized for 

chemical analysis and another was stored at -20 °C for enzyme activity and DNA 

analysis. The chemical properties of the initial substrate, control and vermicomposts are 

shown in Table 4.2. The appearance of the initial substrate and the products of 

composting and vermicomposting is given in Fig. 4.1. 
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Table 4.2 Chemical properties of the initial substrate, and the composting products of the control (without earthworms) and the 

vermicomposting (with earthworms) systems. 

 

 
Substrate 

Composting products 

Without earthworms  With earthworms of different ages 

 Control  Hatchlings Juveniles Adults 

pH 7.1 ± 0.02 a 8.23 ± 0.01 b  7.7 ± 0.02 c 7.6 ±0.01 c 7.5 ± 0.02 c 

TOC (g/kg) 337.9 ± 5.4 a 295.3 ± 10.9 b  261.7 ± 1.7 c 270.1 ± 2.5 d 278.6 ± 3.0 e 

Total N (g/kg) 16.1 ± 0.07 a 13.8 ± 0.3 b  14.5 ± 0.1 c 15.3 ± 0.4 c 16.6 ± 0.5 a 

C/N ratio 21.0 ± 0.3 a 21.4 ± 0.4 a  18.0 ± 0.1 b 17.7 ± 0.3 b 16.8 ± 0.5 c 

NH4
+
 (mg/kg) 149.8 ± 0.1 a 514.1 ± 57.9 b  109.9 ± 1.8 c 231.4 ± 14.6 d 153.6 ± 0.7 e 

NO3
-
 (mg/kg) 138.5 ± 3.5 a 32.3 ± 4.5 b  262.0 ± 8.8 c 1133.9 ± 35.3 d 494.1 ± 13.1 e 

PO4
3 -

 (g/kg) 3.8 ± 0.3 a 4.2 ± 0.4 a  5.0 ± 0.1 b 6.1 ± 0.2 c 5.4 ± 0.2 bc 

K
+
 (g/kg) 1.1 ± 0.03 a 1.3 ± 0.2 a  1.8 ± 0.04 b 2.7 ± 0.3 c 1.8 ± 0.1 b 

Data are mean and standard deviation of triplicates. Different letters (a, b, c, d and e) given behind the data show the differences between 

the groups in the same row are statistically significant (Tukey’s HSD test, p<0.05). The letter ‘bc’ in the row of PO4
3 -

 means the difference 

of the value with the letters of ‘b’ and ‘c’ is not statistically significant. 
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Fig. 4.1 Appearance characteristics of the initial substrate and the end products of 

vermicomposting with earthworms and composting without earthworms. 

4.2.2 Chemical analysis and dehydrogenase activity 

pH was measured using mixed slurry of the sample with water (dry weight of 

sample: weight of water = 1: 10). Total organic carbon (TOC) was assayed using the 

method of Nelson and Sommers (1982). Total nitrogen (TN) was determined by the 

method of oxidation with potassium persulfate after digestion by the mixture of H2SO4 

and H2O2. The concentrations of ammonia, nitrate, phosphate and potassium were 

quantified by the ion chromatograph (SHIMADAZU, Japan). Dehydrogenase activity 

(DHA) was determined with the triphenyl-tetrazolium chloride (TTC) method. For this, 

1 g of sample was incubated using TTC for 6 h and the amount of formazan formed was 

extracted with toluene and then quantified by the colorimetric method at 485 nm. 

Fluorescein di-acetate (FDA) hydrolysis activity was also measured following the 

method of Adam and Duncan (2001).  

4.2.3 DNA extraction, PCR-DGGE and sequencing 

250 mg of the subsample of each vermicomposting product was subjected to DNA 

extraction using the MoBio UltraClean Soil DNA Isolation kit (MO BIO Laboratories, 

Initial substrate Vermicompost Compost 
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Inc., Carlsbad, CA, USA) by following the manufacturer’s protocol.  

Two primers, 341F with GC clamp and 907R, were used to amplify the 16S rDNA 

gene of bacteria, as described in Table 4.3. The primers NS1 and Fung with GC clamp 

were used for amplify the 18S rDNA gene of Fungi (Table 4.3). For bacteria, the PCR 

program was initiated by denaturation at 95 °C for 5 min, followed by 35 amplification 

cycles (at 95 °C for 30 sec, 57 °C for 30 sec and 72 °C for 40 sec), and finally by an 

extension step at 72 °C for 10 min. For fungi, PCR was initiated by the denaturation at 

94 °C for 5 min, followed by 30 amplification cycles (at 94 °C for 30 sec, 50 °C for 30 

sec and then 68 °C for 60 sec), and finally by an extension step at 68 °C for 10 min. 

PCR amplification was performed with a real time PCR system (Thermal Cycler Dice, 

TP800, TAKARA, Japan). All PCR products were tested by electrophoresis in 1.2 % 

agarose gels stained with ethidium bromide. 

 

Table 4.3 Primers used in this study. 

Name  Gene sequence 

Bacteria   

 341 F 5’- CCT ACG GGA GGC AGC AG-3’ 

 Com1 5’-CAGCAGCCGCGGTAATAC-3’ 

 907R/Com2 5’-CCG TCA ATT CCT TTG AGT TT-3’ 

 GC clamp  5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG 

GGG CAC GGG GGG-3’ 

Fungi   

 NS1 5’-GTA GTC ATA TGC TTG TCT C-3’ 

 Fung 5’-AT TCC CCG TTA CCC GTT G-3’ 

 GC clamp 5’-CGC CCG CCG CGC CCC GCG CCC GGC CCG 

CCG CCC CCG CCC C-3’ 
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DGGE was conducted with 6 % (w/v) polyacrylamide gel using the BIO-RAD 

Dcode
TM

 system (Bio-Rad, USA). For bacteria, the denaturant gradient was 35-65 % 

and electrophoresis was run at 80 V for 16 h. As for fungi, a gradient of 20-40 % was 

used at 60 V for 20 h. After electrophoresis, the gels were strained and stained with the 

solution of SYBR
® 

Green Nucleic Acid Gel Stain (TAKARA) and then visualized with 

the Gel Doc 2000 System (Bio-Rad, USA).  

Clear and high intensity of representative bands were excised from DGGE gels. 

Then, the DNA was extracted by passive diffusion in microtube containing 80 l 

sterilized water overnight at 4 °C. Subsequently, the extracted DNA was used as the 

template for PCR amplification using the same primers to repeat DGGE for conforming 

the band site. This procedure of PCR-DGGE and excision was repeated until the single 

band was gained. The final DNA products isolated from DGGE gel were amplified with 

primers 341 F without GC and 907 R for bacteria and primers NS1 and Fung without 

GC for fungi, respectively (Table 4.3). The resulting PCR products were purified by the 

EXOSAP IT kit (Affymetrix) and then the bidirectional sequencing was performed with 

the aid of ABI 3100 Genetic Analyzer (Applied Biosystems, USA). Finally, sequence 

comparisons were conducted using the BLAST search option in the NCBI nucleotides 

sequence database (http://www.blast.ncbi.nlm.nih.gov/Blast.cgi). Moreover, the taxon 

of DNA sequences was gained from the Classifier and Sequence Match programs of the 

Ribosomal Database Project (RDP) II (http://www.rdp.cme.msu.edu). 

4.2.4 Real time qPCR assay 

The universal primers com1 and com2 for bacteria, and the primers NS1 and Fung 

for fungi were used for quantifying the number of 16S rDNA copies and 18S rDNA 

copies, respectively (Table 4.3). The real-time qPCR program consisted of initial 

denaturation at 95 °C for 5 min followed by 40 three-step cycles of 95 °C for 15 sec, 

50 °C for 30 sec and 72 °C for 30 sec. The standard curves were generated using a 

http://www.blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.rdp.cme.msu.edu/
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10-fold serial dilution of a DNA containing the full length copy of the Escherichia coli 

(NBRC, 13965) 16S rDNA gene and the Saccharomyces cerevisiae (NBRC, 1136) 18S 

rDNA gene (Rousk et al., 2010), respectively. The Luria-Bertani (LB) medium and 

extract-peptone-glucose (YPD) medium were formulated for the growths of Escherichia 

coli and Saccharomyces cerevisiae, respectively. The PCR reactions were conducted by 

a real time PCR system (Thermal Cycler Dice, TP800, TAKARA).   

4.2.5 Data analysis 

Significant differences in the mean values of parameters between the substrate, 

control and vermicomposting treatments were tested based on the one-way analysis of 

variance (ANOVA) with the mean separation by Tukey’s significant difference (HSD) 

test at the 95 % confidence level using the software of STATISTIC 8.0. The digitalized 

DGGE fingerprints were analyzed using the Quantity One image analysis software v.4.2 

(Bio-Rad Laboratories, Hercules, CA, USA) to compute the similarity matrix using the 

Dice’s coefficient. The Shannon index of the general diversity H was calculated using 

the method of Vivas et al. (2009). Canonical correspondence analysis (CCA) was used 

for determination of multivariate relationships between bacterial and fungal community 

compositions and physicochemical parameters by Canoco software (version 4.5, Centre 

for Biometry, Wageningen, Netherlands), based on the protocol of Zhang et al. (2010). 
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4.3 Results and discussion 

4.3.1 Changes of microbial activity and population during 

vermicomposting 

Dehydrogenase activity (DHA) and fluorescein diacetate (FDA) hydrolysis are 

considered to represent the microbial oxidative capability and microbial hydrolytic 

capability during organic matter decomposition process, respectively. Thus, they are 

frequently used for assessing the biological stability of composting and 

vermicomposting products (Echeverria et al., 2012).  

As depicted in Fig. 4.2, the highest DHA and FDA hydrolysis were observed at the 

beginning of the initial substrate, indicating higher biological activity at the initial stage 

of composting. After experiment, vermicomposting treatments showed significantly 

lower values of DHA and FDA hydrolysis than control. The higher microbial activity 

revealed in the control may indicate that treatment without earthworms was not 

sufficiently stabilized. Earthworms seemed to be able to accelerate the process of 

stabilization for organic matter during vermicomposting, which is consistent with the 

finding of Lazcano et al. (2008). In addition, both DHA and FDA hydrolysis of 

vermicomposts displayed significant differences in the treatment with different age 

classes of earthworms. The hatchlings of E. foetida showed the smallest values of DHA 

and FDA hydrolysis as compared to juveniles and adults. These results could be related 

to the content of organic matter in the end products because strong correlations were 

found existent between TOC and DHA, and between TOC and FDA hydrolysis. 

Likewise, microbial biomass reduced significantly after vermicomposting, which 

could be seen from the lower values of bacterial and fungal numbers shown in Fig. 4.3. 

The data of quantitative PCR showed 10
9.6

-10
10.1

 copies/gram (Day basis) of the 

bacterial 16S rDNA gene and 10
6.8

-10
7.0

 copies /gram (Day basis) of the fungal 18S 
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rDNA gene in the vermicomposts, respectively. The reduction of the microbial biomass 

was probably attributed to the depletion of degradable organic matter during the 

biochemical reaction process. 

 

 
 

Fig. 4.2 Dehydrogenase activity (DHA) and fluorescein diacetate (FDA) hydrolysis in 

initial substrate and the composting products of control (without earthworms) and 

vermicomposting systems. Data are mean and standard deviation of triplicates. Different 

letters (a, b, c, d and e) show the differences between the groups are statistically 

significant (Tukey’s HSD test, p<0.05). The letter ‘cd’ shows the difference of the group 

with the group of either ‘c’ or‘d’ is not statistically significant. 
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Fig. 4.3 Dehydrogenase activity (DHA) and fluorescein diacetate (FDA) hydrolysis in 

initial substrate and the composting products of control (without earthworms) and 

vermicomposting systems. Data are mean and standard deviation of triplicates. Different 

letters (a, b, c, d and e) show the differences between the groups are statistically 

significant (Tukey’s HSD test, p<0.05).  

 

Concurrent decreases in microbial activity and biomass in the vermicomposts 

suggested that they had close relations during vermicomposting. This observation 

corresponded to a previous report by Sen and Chandra
 
(2009), in which a significant 

correlation of total heterotrophic bacterial population and dehydrogenase activity during 

vermicomposting and composting process was described. In line with this, 

9.0

9.5

10.0

10.5

11.0

B
a
ct

er
ia

l 
p

o
p

u
la

ti
o
n

 

(L
o
g

1
0
 c

o
p

ie
s/

g
) 

 
cd 

c 

b 

a 

d 

6.5

7.5

8.5

9.5

F
u

n
g
a
l 

p
o
p

u
la

ti
o
n

  
  

 

  
(L

o
g

1
0
 c

o
p

ie
s/

g
) 

 

b 

a a 

b b 



Chapter 4     Changes of bacterial and fungal communities during vermicomposting  

56 

Gómez-Brandón et al. (2013) found that simultaneous reduction in microbial biomass 

and activity occurred throughout the process of vermicomposting. Besides, microbial 

biomass could be directly affected by the gut transit process, which is also a probable 

cause for the descent in the bacterial and fungal densities (Gómez-Brandón et al., 2011). 

Moreover, bacterial population exhibited marked differences in the vermicomposting 

products with hatchlings, juveniles and adults of E. foetida. However, for fungal 

population, distinct differences were not found. It should also be noted that the fungal 

population was recorded to be comparatively smaller than the bacterial population in the 

vermicomposts. This could be connected with the fact that earthworms preferred fungi 

as their feed rather than bacteria (Curry and Schmidt, 2007; Shan et al., 2013). 

4.3.2 Changes in microbial diversity during vermicomposting 

The bacterial and fungal DGGE images of the 16S rDNA and 18S rDNA genes 

extracted from substrate, control and vermicomposts are given in Fig. 4.4. Divergent 

profiles were revealed in control and vermicomposts, as compared to the initial 

materials, indicating that distinguishing microbial succession arose in the control and 

vermicomposts. In order to better understand the changes of microbial diversity, 

Shannon index was used to evaluate the scale of the microbial community diversity 

based on the obtained DGGE images. As shown in Fig. 4.5, the Shannon index of 

bacteria increased obviously in vermicomposting treatments; whereas only a tiny 

increase was found in the control, compared to the initial substrate. For fungi, 

vermicomposting resulted in an increase but the control showed a decrease in the 

Shannon index, compared to the initial materials. These results may suggest that the 

presence of earthworms enhanced the diversities of bacterial and fungal communities.  
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Fig. 4.4 DGGE images of the bacterial 16S rDNA gene fragments (a) and fungal 18S 

rDNA gene fragments (b) of PCR products from different samples. The letters of S, C, 

H, J and A coded in each lane represent substrate, control and vermicomposts by E. 

foetida of the age classes of hatchlings, juveniles and adults, respectively. DGGE bands 

labeled with arrows and numbers were excised for sequencing analysis. 
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Fig. 4.5 Shannon index values of bacteria and fungi determined based on the DGGE 

images. 

 

The increase of the microbial community diversity was possibly attributable to the 

fact that some special organisms in the digestive tract of earthworms could offer a 

microsite favorable for the development of some special microorganisms (Brown, 1995). 

The finding regarding a greater microbial diversity in worm-worked products is in 

accordance with the results of other authors
 
(Sen and Chandra, 2009; Vivas et al., 2009). 

Additionally, vermicomposts of three different aged earthworm classes showed 

analogous microbial communities whatever for bacteria or fungi, suggesting that the 

contribution of earthworms to the microbial communities was not affected by their ages. 

This could be partly ascribed to the same materials and earthworm species used for 

vermicomposting (Fernández-Gómez et al., 2012). Toyota and Kimura (2000) also 

reported the gut of E. foetida could host some specific species of microflora which may 

contribute to the formation of analogous microbial community in vermicomposts.  
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4.3.3 Changes in microbial composition during vermicomposting 

4.3.3.1 Changes in bacterial composition during vermicomposting 

Sequencing results of bacterial composition are shown in Table 4.4. The initial 

substrate was dominated by members of the phyla of Bacteroidetes and Proteobacteria, 

and the control (without earthworms) by the phyla of Bacteroidetes, Firmicutes and 

Actinomycetes. For the phylum of Firmicutes in the control, Bacillus was found to be 

the dominating genus. Compared to the initial substrate and the control, in the 

vermicomposts, six phyla, namely Bacteroidetes, Firmicutes, Actinomycetes, Chlorobi, 

Planctomycetes and Proteobacteria were identified, thus indicating that earthworms 

enhanced the bacterial diversity during composting of vegetable wastes. Of all these 

phyla, although the phylum of Bacteroidetes was identified in all samples, its presence 

was found more abundant in the vermicomposts. This could probably be linked to the 

gut digestion of earthworms, because the anoxic environment and enrichment of 

nutrients in the gut of earthworms favor the growth of anaerobic microorganisms, which 

accounted for the increase of Bacteroidetes (Karsten and Drake, 1995). Same species of 

Bacteroidetes found in the present study were also found in the digestive tract of 

endogenic earthworms
 
(Byzov et al., 2009). The finding related to the abundant 

presence of Bacteroidetes in the vermicomposts is also supported by others who found 

the members of the Bacteroidetes possessed higher densities and activity in soils 

inoculated with earthworms (Héry et al., 2008). The genus of Bacilli found in the 

phylum of Firmicutes in the sample of control was also detected in the vermicomposts; 

however, its presence was very limited. This differed with the result of Pathma and 

Sakthivel (2013), who found Bacilli was the dominating genus, followed by 

Pseudomonas and Microbacterium, in the vermicomposts of goat manure and straw. 

Although the reasons behind this difference is not clear, the difference in the substrates 

used in the studies could not be excluded, which needs further investigations.  
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Table 4.4 Sequencing analysis of the bacterial 16S rDNA from DGGE bands.   

 

Band 

number 
Closest relative 

Accession 

number 

Similarity 

(%) 
Taxon 

1 Uncultured Chlorobi bacterium DQ119100 88 Chlorobi 

2 Sphingobacterium sp. KC464780 92 Bacteroidetes 

3 Uncultured bacterium FQ769420 97 Bacteroidetes 

4 Paenibacillus sp. HE586333 85 Firmicutes 

5 Bacillus licheniformis JQ353819 92 Firmicutes 

6 Staphylococcus sciuri AB081287 96 Firmicutes 

7 Sphingobacteriaceae bacterium FN298316 99 Bacteroidetes 

8 Uncultured bacterium JN391690 86 Bacteroidetes 

9 Rhodococcus jostii CP000431 100 Actinobacteria 

10 Oxalobacter formigenes U49757 96 Proteobacteria 

11 Streptosporangium roseum CP001814 89 Actinobacteria 

12 Uncultured bacterium FJ982853 82 Bacteroidetes 

13 Anoxybacillus toebii AY466701 100 Firmicutes 

14 Bacillus sp. HQ013327 92 Firmicutes 

15 Ureibacillus sp. HM635223 100 Firmicutes 

16 Algoriphagus sp. EU677424 100 Bacteroidetes 

17 Rhodococcus jostii CP000431 100 Actinobacteria 

18 Bacillus amyloliquefaciens HM597236 89 Firmicutes 

19 Streptomyces rubrogriseus AB184681 100 Actinobacteria 

20 Uncultured compost bacterium FN667236 93 Firmicutes 

21 Uncultured bacterium JF980818 93 Planctomycetes 

22 Enterobacter sp.  FJ608243 100 Proteobacteria 

23 Uncultured bacterium GU003984 100 Bacteroidetes 

24 Uncultured Chloroflexi bacterium HQ183891 87 Chlorobi 

25 
Uncultured Rubrobacterales 

bacterium 
HM447751 100 Actinobacteria 

 



Chapter 4     Changes of bacterial and fungal communities during vermicomposting  

61 

In the phylum Actinomycetes of the vermicomposts, two bacterial genera, 

Streptomyces and Rhodococcus, were detected. Since these species have strong 

capability against several plant pathogens, it is thus conceivable that the final products 

of vermicomposting may be more suitable for application in agriculture. From 

vermicomposts of a mixture of fresh sludge, Yasir et al. (2009) isolated 22 strains of 

antifungal bacteria, and most of these strains were identified as Streptomyces. This 

supports the result of the present study. In regard of the species in the phylum of 

Proteobacteria in the vermicomposts, only the species of Enterobacter sp was isolated. 

This differed with the result of Yasir et al. (2009), who found many bacterial species in 

this phylum from the vermicomposts of fresh sludge. This difference might be also 

partly due to the difference in the substrates used as mentioned above. 

4.3.3.2 Changes in fungal composition during vermicomposting 

Sequencing results of fungal composition are shown in Table 4.5. The phyla of 

Saccharomycetes, Lecanoromycetes and Tremellomycetes dominated in the initial 

substrate. The species of Candida santamariae and Candida quercitrusa identified in 

the phylum of Saccharomycetes are known as pathogens to humans. Other studies have 

also reported the presence of similar pathogenic fungi during the early stage of 

composting
 
(Bonito et al., 2010). By composting treatment without earthworms, as 

could be seen from data of the control, the fungal community became smaller, with 

Saccharomycetes and Agaricomycetes being its major members. In contrast, 

composting treatment with the presence of earthworms obviously enlarged the fungal 

community, showing that the most dominant phylum was Sordariomycetes, followed by 

Agaricomycetes, Pezizomycetes, Eurotiomycetes, Saccharomycetes and Orbiliomycetes. 

Several species were detected in Sordariomycetes of the final products of 

vermicomposting. This coincided with the result of Bonito et al. (2010), who reported 

that most of the fungal sequences were affiliated with the groups of Sordariomycetes 

and Pezizomycetes after the composting product of unclassified wastes reached maturity 
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after treatment for 420 days. It was thus inferable that Sordariomycetes could be used as 

an indicating phylum for assessment of the maturity of composting products.  

 

Table 4.5 Sequencing analysis of the fungal 18S rDNA from DGGE bands. 

Band 

number 

Closed relative 

Accession 

number 

Similarity 

(%) 

Taxon 

26 Pseudallescheria sp. GU183392 100 Sordariomycetes 

27 Cortinarius limonius KC171298 100 Agaricomycetes 

28 Candida santamariae AB013581 83 Saccharomycetes 

29 Paecilomyces sp. AB044633 96 Eurotiomycetes 

30 Uncultured fungus HM004622 93 Pezizomycetes 

31 Ascomycete sp. EU484173 100 Ascomycota 

32 Pichia guilliermondii EU784644 100 Saccharomycetes 

33 Uncultured fungus JX427017  86 Chytridiomycetes 

34 Uncultured Eukaryote HM227352 94 Lecanoromycetes 

35 Uncultured Cystofilobasidiales HQ326099 86 Tremellomycetes 

36 Trichoderma sp. DQ345813 93 Sordariomycetes 

37 Cortinarius bolaris KC171268 100 Agaricomycetes 

38 Cephaliophora tropica AB001111 100 Pezizomycetes 

39 Candida quercitrusa AB013579 85 Saccharomycetes 

40 Camarophyllus canescens DQ435810 94 Agaricomycetes 

41 Serpula lacrymans AJ440946 93 Agaricomycetes 

42 Uncultured Doratomyces GQ980285 100 Sordariomycetes 

43 Lophotrichus plumbescens AF048805 89 Sordariomycetes 

44 Aspergillus sp. KC120773 100 Eurotiomycetes 

45 Dactylaria biseptata EU107328 92 Orbiliomycetes 
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As mentioned above, in the initial substrate, the existence of several pathogenic 

species was confirmed. However, in the vermicomposts, these species were not detected 

(Table 4.5), thus suggesting that vermicomposting is also effective for controlling the 

presence of pathogenic fungi in the final products. A possible explanation for this could 

be that the species of Streptomyces spp. detected in the vermicomposts exerted an 

antagonistic effect to most fungal pathogens (Jayasinghe and Parkinson, 2009; Pathma 

and Sakthivel, 2013). The capability of earthworms to prey preferentially on some 

species of fungi (including the pathogenic ones detected in this study) should not be 

overlooked either (Curry or Schmidt, 2007).  

It is also worth noting that some beneficial fungi, such as the nematophagous 

fungal species of Paecilomyces spp. and Dactylaria biseptata (Siddiqui and Mahmood, 

1996), the predator species of Cephaliophora tropica for rotifer (Morikawa et al., 1993) 

and the biocontrol agent Trichoderma spp. (Harman, 2006), were found in the 

vermicomposts (Table 4.5). In previous studies, in addition to many beneficial fungal 

species, Anastasi et al. (2005) and Grantina-levina et al. (2013) also found the 

occurrence of a few fungal pathogens in the vermicomposting products. Although such 

fungal pathogens were not detected in the products of the present study, cautions should 

be exercised when the products are applied for practical applications in agriculture. 

4.4 Summary 

Earthworms substantially reduced the microbial biomass and activity but increased 

the microbial diversity in the composting products of vegetable wastes. The bacteria in 

the vermicomposts were found dominated by Bacteroidetes and Actinomycetes, and the 

fungi by Sordariomycetes. In the products of the control without earthworms, however, 

Firmicutes was found to be the most dominant phylum. Vermicomposting enriched the 

beneficial bacterial species of Streptomyces spp. and the fungal species of Paecilomyces 

spp., Dactylaria biseptata, Cephaliophora tropica and Trichoderma spp. 
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Chapter 5   VERMISTABILIZATION OF FRESH 

FRUIT AND VEGETABLE WASTES  

 

 

5.1 Introduction 

Large amounts of fruit and vegetable wastes (FVW) are generated in food 

processing factories and supermarkets, leading to a source of nuisance in incineration 

plant due to their high water content. However, FVW is characterized by a high 

biodegradability and a low toxicity, making them suitable for reuse in the green industry 

where the valuable nutrients are recycled and converted into new products. 

Vermicomposting by earthworms is a sustainable, cost-effective and ecological 

technology for the efficient management of biodegradable wastes, and thus be widely 

adopted to recycle hazardous and worthless organic wastes into safe and valuable 

products (Garg et al., 2006). As a result, FVW, such as mushroom wastes (Tajbakhsh et 

al., 2008), pineapple wastes (Mainoo et al., 2009), tomato wastes (Fernández-Gómez et 

al., 2010 b), grape marc (Gómez-Brandón et al., 2011) and vegetable mixture 

(Fernández-Gómez et al., 2010a; Garg and Gupta, 2011; Suthar, 2009) are also 

considered to be important nutrient sources and can be treated by this technology.  

However, an important fact should be noted is that previous studies of 

vermicomposting often chose dry FVW mixed with bulking material as the substrate for 

earthworms and microbes. Comparatively, vermicomposting trials using fresh FVW 

directly as the substrate for earthworms are scare. Base on the limited literature of 

vermicomposting for fresh FVW, Gunadi and Edwards (2003) documented that 
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earthworms could not survive in the substrate with fresh manure or FVW for 60 days. 

Gunadi and Edwards (2003) also speculated that high content of leachate produced from 

decomposition of fresh FVW was a presumably reason for the death of earthworms. 

However, until now data based on the experiments for verifying the above assumption 

are lacking.  

On the other hands, different operation modes are deemed to be important for 

earthworms’ growth during vermicomposting (Munroe, 2007). Some studies preferred 

using combined systems, in which substrate and vermin-bedding materials were mixed 

together (Singh and Suthar, 2012; Fernández-Gómez et al., 2010 a; Garg and Gupta, 

2011). Other studies preferred to use the mulching system, in which substrate is added 

on the surface of vermin-bedding materials (Fernández-Gómez et al., 2010 b; 

Gómez-Brandón et al., 2013; Gunadi and Edwards, 2003). However, for fresh FVW, 

little information is available for comparison of these two systems of vermiculture. In 

addition, the loading amounts of substrate are also quite critical for earthworms’ growth. 

Ndegwa et al. (2000) found that the highest feeding rate of 1.25 kg-feed/kg-worm/day 

was gained using the mixed substrate of biosolids and paper mulch. FVW possessing 

may have different loadings for earthworm’s culture. However, so far, vermicomposting 

reports with respect to the loadings of FVW can hardly be found.  

Another fact worthy of special mention is that the types of substrates may also 

affect the growth of earthworms (Garg et al., 2006; Lowe and Butt, 2005). Since the 

composition of FVW is complex and varies depending on the lifestyle and eating habits 

of consumers, the determination and comparison of the efficiency of vermicomposting 

for FVW are desired. However, to date few studies have been attempted to investigate 

the potential of vermicomposting for such FVW species like banana peels, cabbage, 

lettuce, potato and water melon peels, the major constituents of organic waste even from 

households in Japan.  

Vermicomposting is a biochemical reaction of decomposition process of organic 
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matter, in which earthworms and microorganisms play key roles. However, earthworms, 

as the driver, could induce changes in the microbial activity, density and community, 

and thus are able to alter the reaction process of vermicomposting (Domínguez et al., 

2010). Therefore, better understanding the linkages of earthworms and microbes can 

help clarification of the mechanisms involved in vermicomposting. Earlier researchers 

have studied the shift of microbial activity and population and their community 

diversity during vermicomposting (Aira et al., 2007; Anastasi et al., 2005; Brown, 1995; 

Gopal et al., 2009; Lazcano et al., 2008; Singh and Suthar, 2012). However, most of the 

studies may have the shortcomings in reflecting the microbial characteristics since they 

used conventional microbial culture methods that are reported to be not able to detect all 

bacteria. Recent studies have reported that real time quantitative PCR (qPCR) and 

denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S rRNA gene 

fragments are fast and reliable techniques to precisely detect bacterial population and 

their genetic fingerprints in environment
 
(Castillo et al., 2013).  

Accordingly, the aims of this study were (1) to seek a suitable operation mode for 

vermicomposting of fresh FVWs, (2) to evaluate the effect of fresh FVW types on 

vermistabilization, and (3) to assess the effect of earthworms on the microbial 

population and community structure during vermicomposting. For these, two 

experiments were carried out. In the first experiment, the optimal run condition for 

earthworms’ growth was tested by comparison of combined and mulching systems and 

assessment of different loadings of FVW and different substrates. In the second 

experiment, the impact of earthworms on the bacterial genetic structure and the degree 

of stabilization was investigated by comparison of the decomposition systems of FVW 

with earthworms and without earthworms.  
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5.2 Methods 

5.2.1 Experimental set up 

5.2.1.1 First experiment –vermiculture test 

 

Table 5.1 Physicochemical properties of FVW used in this study. 

Waste types 
Water 

content (%) 
pH 

Electrical 

conductivity 

(ds/m) 

Total carbon 

(g/kg) 

Total 

nitrogen 

(g/kg) 

Banana peels 
87.5 

(87.3~87.6) 

4.97 

(4.95~5.00) 

5.59 

(5.55~5.66) 

318.0 

(307.9~331.0) 

6.6 

(6.6~6.6) 

Cabbage 
93.3 

(92.8~94.0) 

5.02 

(4.99~5.09) 

2.27 

(2.23~2.29) 

324.4 

(319.4~327.4) 

13.4 

(13.3~13.5) 

Lettuce 
91.6 

(89.9~92.1) 

5.31 

(5.27~5.35) 

3.02 

(2.67~3.40) 

313.7 

(311.2~317.9) 

21.6 

(21.0~22.4) 

Potato 
77.5 

(76.6~78.8) 

6.18 

(6.17~6.20) 

1.35 

(1.32~1.40) 

247.7 

(235.0~265.5) 

9.97 

(9.50~1.04) 

Watermelon 

peels 

93.3 

(93.2~93.6) 

4.98 

(4.97~4.99) 

2.01 

(1.98~2.01) 

323.6 

(321.3~326.3) 

7.1 

(7.0~7.3) 

Mixture of 

FVWs 

91.4 

(90.9~92.2) 

5.88 

(5.87~5.9) 

3.75 

(1.98~2.01) 

310.7 

(297.2~333.5) 

12.8 

(12.5~1) 

Data are mean values of three replicates. The values given in parentheses show the 

range from minimum to maximum. 

 

Non-clitellated E. foetida species were randomly selected from the stock culture in 

the laboratory. The fresh FVW chosen for this study included banana peels (B), cabbage 

(C), lettuce (L), potato (P) and watermelon peels (W), all of which were obtained from 

Kanesue, a supermarket in Gifu, Japan. The mixture of FVW included these five types 

of FVWs at the range of 1:1:1:1:1 (wet basis). Some physicochemical characteristics of 

the FVWs are summarized in Table 5.1.  

Bedding material is considered as an important supporting material for 
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vermicomposting. Here, the vermicompost produced from cow dung and vegetable 

wastes, and the soil mixed at the rate of 1:1 (dry basis) were used as the bedding 

material. The physicochemical properties of bedding material are detailed in Table 5.2. 

  

Table 5.2 Physicochemical properties of bedding materials used in this study. 

Parameters Soil Vermicompost 

pH 5.69 (5.68~5.69) 7.31 (7.29~7.32) 

Electrical conductivity (mS/m) 5.40 (5.23~5.68) 149 (145~154) 

Organic matter (%) 6.3 (6.1~6.4) 39.1 (38.9~39.3) 

Total carbon (%) 3.37 (3.32~3.44) 24.4 (24.3~24.6) 

Total nitrogen (%) 0.31 (0.29~0.33) 1.4 (1.34~1.44) 

Data are mean values of three replicates. The values given in parentheses show the 

range from minimum to maximum. 

 

(a) Comparison of two operation modes 

The combined system and mulching system are considered as the primary 

operation modes in the vermicomposting industry (Munroe, 2007). The combined 

system is termed as a system where the substrate of earthworms and bedding material of 

earthworms are mixed. If the substrate goes through well pre-treatment, it also could be 

used as the bedding material directly without any special bedding materials. The 

mulching system is regarded as a system in which the substrate is coved on the surface 

of the bedding material. In this regard, the substrate and bedding material are allowed to 

be separated in the system. In this case, most substrates are possessed with a common 

characteristic that they cannot be consumed directly by earthworms. Hence, the bedding 

material is considered as an important supporting material for worms’ growth. In this 

experiment, the combined system and mulching system were used for comparing the 

effectiveness of vermicomposting treatment for fresh FVW. The reactors (with a 
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diameter 180 mm and a depth 90 mm), each with 0.025 m
2
 of exposed top surface area 

and was covered using perforated lids to provide proper air ventilation, were used in the 

experiment. The combined system was built with a plastic reactor that filled with 2 kg 

bedding material (wet basis) blended with 1 kg mixed fresh FVW (wet basis). At the 

same time, a mulching system was constructed with two layers of the reactor. At the 

bottom layer, 2 kg bedding material (wet basis) was filled for proving a better condition 

for earthworms’ growth. The top layer was supplied with the 1 kg mixed fresh FVW 

(wet basis) to be treated. After stabilization of each reactor for 48 hours, 50 earthworms 

were allowed to be released into each reactor. Three reactors were operated in parallel 

for the two systems. After vermicomposting for 10 days, earthworms were removed by 

hand from each reactor and then counted.    

(b) Comparison of different loadings of FVWs 

This experiment was conducted to study the effect of different loadings of FVW on 

the vermiculture. Based on the results of the above experiment (a), the mulching system 

was chosen with 2 kg bedding material (wet basis) on the bottom of the reactor. After 

stabilization for 2 days, 50 earthworms were allowed to be released into each reactor. 

Three reactors were operated in parallel for each treatment. Subsequently, 0.3 kg, 0.6 kg, 

and 1.2 kg of FVW (wet basis) were put on the surface of bedding materials in each 

treatment, respectively. For continuous running, the feeding for FVW was repeated for 

three times at the time interval of 20 days. After 60 days, earthworms were removed by 

hand from each reactor and then counted. 

(c) Comparison of different FVWs 

The test for comparison of different FVW types was also performed. For this, five 

types of fresh FVW, namely, banana peels (B), cabbage (C), lettuce (L), potato (P) and 

watermelon peels (W), were chose for use as the feeding material for earthworms. In 

this case, the mulching system used 2 kg of bedding materials (wet basis) and 1 kg of 

separated fresh FVW (wet basis). Three reactors were operated in parallel for each 
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treatment. After 2 days, 50 earthworms were allowed to be settled into each reactor. 

Then, five different FVW types were added on the bedding materials, respectively. After 

60 days, earthworms were removed by hand from each reactor and then counted. 

All reactors were covered with a wet tower to keep the moisture at about 70-80%, 

and operated under a controlled temperature (25 ± 2 °C). 

5.2.1.2 Second experiment—vermicomposting test 

The second experiment was used to assess the effect of earthworms on the 

decomposition of FVW, notably on the microbial profiles. Vermicomposting of FVWs 

was conducted in the reactors that consisted of perforated plastic containers each having 

a size of 245 cm×355 cm× 140 cm. Each container consisted of two layers. The bottom 

layer was filled with vermicompost obtained in a preparatory experiment to provide a 

comfortable bed for earthworms. The top layer was supplied with the individual organic 

waste to be treated. Between these two layers, a plastic mesh with an opening about 30 

mm×30mm was placed to avoid mixing of FVW with the bedding material and to 

facilitate the removal of FVWs after processing by earthworms. For each reactor 200 

juvenile earthworms randomly collected from the stock culture were accommodated in 

the layer of the bedding material. Above the plastic mesh, 1 kg of fresh FVW after being 

chopped was added and wetted by spraying 50 ml of tap water. All reactors were 

covered with a wet tower to keep the moisture at about 70-80%, and operated under a 

controlled temperature (25 ± 2°C). For comparison, control experiment for each type of 

vegetables and fruit peels in the absence of earthworms was also performed. Three 

reactors were operated in parallel for each type of FVWs.    

After vermicomposting for 28 days, earthworms and their cocoons were removed 

by hand from each reactor. The resulting vermicompost was homogenized and divided 

into two subsamples. One was dried and finely pulverized for chemical analysis and the 

other was stored at -20°C for enzyme activity and DNA analysis. 
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5.2.2 Analysis methods 

The analysis methods concerning DNA extraction, PCR amplification, real time 

PCR and statistical process are same to those described in the Chapter 3, section 2.  

5.3 Results and discussion 

5.3.1 Optimal conditions for earthworms’ growth 

Fig. 5.1 shows the growth rate and mortality of earthworms in the combined 

system and the mulching system. A lower growth rate was observed in combined system, 

while a relative higher growth rate was found in the mulching system. Correspondingly, 

a greater mortality was recorded in the combined system, which could reach to about 

80 %. But, a lower mortality was displayed in the mulching system. These data indicate 

that the mulching system can offer a more comfortable living condition for earthworms 

as compared to the combined system. In practice, many earthworms fled from the 

reactor of the combined system at the initial stage of 5 days. This is probably due to the 

differences in the bedding materials. The bedding material of the mulching systems can 

provide a buffer layer for earthworms to avoid direct touch with the toxicants released 

from the hydrolysis of fresh FVW tissue. However, the detailed reason is still need 

further studies.  
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Fig. 5.1 Growth rate and mortality of earthworms in the combined system of mixing the 

FVW with the bedding material, and the mulching system by covering FVW on the 

bedding material.  

 

 

Fig. 5.2 Growth rate and mortality of earthworms in the mulching system with three 

different loadings of FVW per 20 days.  

 

Based on the above result, the growth rate and mortality of earthworms in the 

mulching system were tested with three different loadings of fresh FVW. The results are 

given in the Fig. 5.2. For the growth rate of earthworms, the highest value reached to 

0.68 mg/worm/day was found in the treatment with 0.6 kg FVW per 20 days. The 
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lowest growth rate was recorded in the reactor with 0.3 kg FVW per 20 days. This result 

may be ascribed to the fact that 0.3 kg fresh FVW per 20 days cannot afford the enough 

feeds for earthworms’ growth. The treatment with loadings of 0.6 kg and 1.2 kg FVW 

showed no significant differences (p>0.05). This phenomenon may suggest that 0.6 kg 

FVW per 20 days could supply sufficient nutrients for earthworms. 

In addition, the mortality of earthworms increased with the increase of the loading 

amounts of FVW. The largest value was found in the treatment of 1.2 kg FVWs per 20 

days. This might be attributed to the fact that fresh FVW easily released the leachate 

containing a lot of substances for earthworms. Combining the above data for the growth 

rate and the mortality of earthworms, it could be summarized that the best loading of 

FVW was 0.6 kg per 20 days, which was equivalent to 0.6 g/worm/day. In this regard, it 

has been reported that a feeding rate of 1.25 kg-feed/kg-worm/day resulted in the 

highest bioconversion of the biosolids with paper mulch into earthworm biomass 

(Ndegwa et al., 2000). If one species of earthworm’s weight is approximating as 0.2-0.3 

g, it can be calculated that in the study of Ndegwa et al. (2000), the feeding rate is about 

0.4-0.5g/ worm/day, which is lower than that of this study.  

Figure 5.3 shows the growth rate of earthworms and the number of cocoons in all 

the vermin-reactors. The highest rate (27.4 mg/day/worm) was found in the watermelon 

peels treatment, and the lowest one (2.6 mg/day/worm) was observed in the banana 

peels treatment. These values are comparable to the findings related to earthworm 

growth in the vegetable waste spiked with biogas slurry (6.81 mg/day/worm) (Suthar, 

2009) and the vegetable waste spiked with cow dung (16.07 mg/day/worm)
 
(Garg and 

Gupt, 2011). The production of cocoons was also distinctly varied depending on the 

specific FVW, with the maximum and the minimum numbers recorded in the potato 

treatment and the banana peel treatment, respectively. The difference in the growth rate 

and cocoon production of earthworms is closely related to the quality of food sources 

(i.e., electrical conductivity, carbon to nitrogen ratio and pH) and the inhabitation 
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condition (i.e., temperature, and moisture content). 

The lowest value of growth rate and cocoons in the banana peel treatment may be 

partly caused by the high electrical conductivity and carbon to nitrogen ratio, as 

illustrated in Table 5.1. Similar results were also found by Aira et al. (2006) that the 

earthworms could not achieve a high growth rate and cocoon numbers if they lived in 

the substrate with high carbon to nitrogen ratio. Gunadi and Edwards (2003) reported 

that E. foetida was unable to survive in the fresh fruits wastes (e.g. cucumber, pear, and 

apple) over 3 weeks due to their high electrical conductivity (12.8 dS/m). It should be 

noted that some toxicants/accelerating regents contained in food sources to earthworms 

or microorganisms may also be responsible for the lower/higher biomass of earthworms. 

 

 

Fig. 5.3 Growth rate and cocoon productions of earthworms after vermiculture using 

different fresh FVW. 
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5.3.2 Effect of earthworms on physicochemical properties of FVW 

After vermicomposting for 4 weeks, the end products showed a finely granular 

appearance. The average water content of banana peels, cabbage, lettuce, potato and 

watermelon peels in the end products was 77.1%, 65.7%, 57.6%, 72.0% and 58.4%, 

respectively, which are lower than the water content in the raw materials (Table 5. 1). 

As shown in Fig. 5.4 and Fig. 5.5, vermicomposting significantly modified the 

physicochemical properties of FVW. The pH values detected in the vermin-reactors 

significantly increased as compared to those in the control, except for the watermelon 

peels treatment. The changes in pH are attributed to the degradation of organic matter 

and the formation of intermediate products such as ammonium ions and humic acids 

during the vermicomposting process
 
(Fernández-Gómez et al., 2010a). Moreover, it was 

reported that different substrates could cause the production of dissimilar intermediate 

species, which resulted in different behaviors in pH shift
 
(Garg et al., 2006). 

Similar results were also reported regarding the vermicomposting of mushroom 

wastes, vegetable wastes and tomato wastes (Tajbakhsh et al., 2008; Fernández-Gómez 

et al., 2010 a; Fernández-Gómez et al., 2010 b). Substantial decreases in the values of 

electrical conductivity were also observed in the final products of the vermin-reactors 

over the control reactors except for the treatment feeding by banana. The maximum 

decrease of electrical conductivity (69.4%) was obtained in the potato treatment with 

comparison to the control treatment. This decrease may be ascribed to the loss of water 

in form of leachate containing a lot of soluble ions. In addition, in the present study, 

vermicomposting promoted the electrical conductivity, compared to control treatment. 

Furthermore, it has been recognized that the activity of earthworms boosted the loss of 

organic matter and the release of different mineral salts in available forms such as 

phosphate, ammonium and potassium
 
(Kaviraj and Sharma, 2003).  
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Fig. 5.4 pH and electrical conductivity of the end products from control system (without 

earthworms) and vermicomposting system (with earthworms) for different types of 

fresh FVW. 

 

For all the vermicomposting treatments, the total carbon content decreased by 

63.7-78.3% as compared to the initial substrates, with the watermelon treatment 

enabling the largest total carbon reduction (Table 5.1). On the contrary, the control 

treatments allowed a smaller decrease in the total carbon content (23.8-60.8%). The 

significant differences in the concentrations of carbon loss between the 

vermicomposting and control treatments suggest that the earthworms-mediated rapid 

organic matter mineralization occurred during vermicomposting. It was considered that 

the biological mutuality between earthworms and associated microbes in decomposing 
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waste may lead to the carbon loss in the form of CO2 from the substrates (Suthar, 2010). 

Conversion of some organic fraction of wastes into worm biomass may be another 

contributor to the carbon loss in the composting waste (Suthar, 2010). The treatment for 

watermelon peels gives rise to a specific microbial community responsible for the high 

total carbon mineralization rate. Indeed, a special point that the largest loss of liquid 

found in watermelon peel treatment carried away lots of carbon source should not be 

overlooked. 

Compared to control treatments, the banana peel and potato treatments resulted in a 

remarkable increase in the total nitrogen content, but the lettuce and watermelon peel 

treatments showing significantly opposite trends, and negligible change was observed 

for the cabbage treatment (Table 5.1). Such variations can be explained by the different 

production of leachate content, and the different amount of nitrogen required for 

earthworm growth during vermicomposting (Fernández-Gómez et al., 2010a). Previous 

studies have reported that vermicomposting may enrich the nitrogen content due to the 

presence of earthworms containing mucus, enzymes and nitrogenous excretory 

substances which provided high levels of available nitrogen (Suthar, 2009; Suthar, 2010). 

Moreover, the increased microbial activity and the increased concentration of 

nitrogen-fixing bacteria as a consequence of the increasing earthworm activity were 

likely to be another important reason for the enhanced nitrogen content in the end 

products (Suthar, 2010). On the contrary, the denitrification process in the worm’s 

digestive tract during vermicomposting contributed to the reduction in the nitrogen 

concentration (Hobson et al., 2005). However, the related investigation is still needed. 
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Fig. 5.5 Total carbon, total nitrogen and the ratio of carbon to nitrogen of the end 

products from control system (without earthworms) and vermicomposting system (with 

earthworms) for composting of different types of fresh FVW. 
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The carbon to nitrogen ratio of FVW markedly decreased to the values below 20 in 

all the vermin-reactors (Table 5.1). As comparison with control treatments, the carbon 

to nitrogen ratio decreased by 46.5-61.1%, with the banana peels showing the maximum 

decrease. The carbon to nitrogen ratio was widely used as an index of maturity and 

stability. According to Morais and Queda (2003), the value less than 20 was indicative 

of acceptable maturity, and the ratio of 15 or lower was thought to be preferable for the 

agronomic fertilizer products. These findings suggest that a high degree of organic 

matter stabilization was achieved in all the reactors. However, it should be noted that 

this index provides only a rough estimation of the bio-stabilization and mature of end 

products, because some particular substrates containing a highly variable 

lignin/cellulose ratio or other recalcitrant components may have impacts on their 

biodegradability (Fernández-Gómez et al., 2010b).  

5.3.3 Effect of earthworms on the microbial profiles of FVW 

Dehydrogenase activity (DHA) has been widely used to estimate the microbial 

activity in the composting process because an intracellular enzyme is involved in 

biologically oxidative phosphorylation (Benitez et al., 1999). The higher DHA value 

recorded in the controls indicated that the organic materials present in FVWs without 

earthworms were metabolized more actively than those with earthworms, as shown in 

Fig. 5.6. As a consequence, this result indicates the vermicomposts become stable, 

according to Lazcano et al. (2008). The difference in DHA for different FVW is 

probably related to the different decomposition efficiencies of phenolic compounds 

during vermicomposting. In addition, the fresh casts excreted by earthworms are also 

responsible for the increased DHA in the vermicomposts (Sen and Chandra, 2009).  
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Fig. 5.6 Dehydrogenase activity and bacterial population of the end products from 

control system (without earthworms) and vermicomposting system (with earthworms) 

after composting of different types of fresh FVW. 

 

As shown in Fig. 5.6, bacterial numbers from the vermicomposting treatments 

were about 25-172 times higher than those from the control treatments. Substantial 

abundances of bacterial populations may suggest that the end products of 

vermicomposting can be useful for improving soil. Previous studies have also reported 

enhanced population of bacteria in the worm-worked substrates after vermicomposting
 

(Paul et al., 2011; Raphael and Velmourougane, 2011). The increased bacterial numbers 

in the vermicomposts may be attributed to the gut of earthworms, which can lead to an 

increase in the number of vegetative cells as well as germination of the spores of this 
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bacterial community
 
(Pedersen and Hendriksen, 1993). Moreover, the priming effect 

triggered by earthworm’s mucus is able to induce a lot of microbes and simultaneously 

enhance their activity after the gut transit process, as revealed in a recent report 

(Bernand et al., 2012). In a word, the enhanced bacterial activity and population are 

attributed as the activity of earthworms during vermicomposting. However, an 

interesting phenomenon that banana treatment showed a lower earthworm’s growth rate 

but had a relative higher bacterial population in the end product was observed in this 

study. This finding may provide a hypothesis that in addition to viable earthworms, dead 

earthworms can also attract microorganisms during the decomposition of their tissues.  

Figure 5.7 shows the PCR-DGGE gel of the 16S rDNA genes from bacterial 

communities of the control and vermicomposting samples. It was apparent that they 

displayed different profiles. The band numbers with the control samples were 

significantly lower than those with the vermicomposts. To better understand the 

differences in the DGGE profiles, UPGMA was used to establish a dendrogram 

describing pattern similarities. UPGMA analysis of the DGGE images showed that all 

vermicomposts clustered into a clear group, whereas the control treatments exhibited no 

obvious group. It was seen from Figure 5.8 that the five subsamples collected from the 

vermicomposts had a degree of similarity > 58%, which was higher than that (41%) 

associated with the control treatments. The similar bacterial community structure in the 

vermicomposts indicates that the common bacterial decomposers for fresh FVW were 

existed. The natural intrinsic bacteria and earthworms symbiotic bacteria may be 

responsible for the common bacteria. The similar findings were reported in a previous 

study (Fernández-Gómez et al., 2012), which revealed that bacterial communities of 

vermicomposts had an average similarity coefficient of 71-80%, in regards to the 

vermicomposting of different wastes by the same earthworm species. 
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Fig. 5.7 DGGE Images of bacterial 16S rDNA of the PCR products from controls and 

vermicomposts of all FVW. The letters of B, C, L, P and W mean banana peels, cabbage, 

lettuce, potato and watermelon peels, respectively. 

 

 

Fig. 5.8 Dendrogram of cluster analysis based on the band position on DGGE gel. 
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Table 5.3 Shannon index based on DGGE image. 

Waste types 
Shannon Index 

Vermicompost Control 

Banana peels 3.36 2.38 

Cabbage 3.49 2.20 

Lettuce 3.33 2.15 

Potato 3.32 2.24 

Watermelon peels 3.16 2.79 

 

Compared to previous studies, although the pretreatment for fresh FVW was 

omitted, the similar specific bacterial communities in all vermicomposts were still 

observed, which thus suggested the high degree of bio-stabilization and maturity in the 

end products was obtained though rapid vermicomposting. The highest similarity 

coefficient of control treatments was found in the potato and lettuce treatments, whereas 

the highest similarity coefficient of vermicomposting treatments was recorded in the 

potato and cabbage treatments. This result is probably ascribed to the selective effect of 

earthworms on bacteria during the earthworm-shaped bacterial process. Further 

investigations are required to elaborate this. 

In order to gain a further insight into DGGE profiles, the structural diversity of the 

microbial community was also examined by the Shannon diversity index (H). The 

vermicomposting treatments showed a higher H value than the control treatments 

(Table 5.3), suggesting that a greater bacterial diversity existed in the 

earthworm-worked substrates. The vermicomposts from the cabbage treatment 

exhibited the highest H value. The increase in the H value was consistent with the result 

reported by other studies (Sen and Chandra, 2009; Vivas et al., 2009). Moreover, Vivas 

et al. (2009) demonstrated that the final vermicast had larger bacterial population and 

functional diversities than the original and composted olive-mill wastes, with increased 



Chapter 5                                   Vermistabilization of fresh FVW 

85 

H values calculated using DGGE banding patterns. The increased microbial 

communities in the vermicomposts were explained by the indirect priming effect 

produced from mucus, undigested materials and fresh cast, and direct gut selective 

effect of earthworms (Bernand et al., 2012). The difference in microbial community 

among different vermicomposts was probably attributed to the different food quality. As 

reported by Knapp et al.,
 
(2009), the gut and cast microbiota were strongly influenced 

by the food source ingested, and the specific fingerprinting of microbial communities 

was highly relied on the type of substrate used. 

5.4 Summary 

The mulching system is a suitable method for vermicomposting of fresh FVW. And 

the 0.6 kg fresh FVWs/20 day is the best loading for earthworms’ growth. In addition, E. 

foetida exhibited higher growth rate and greater cocoon production in all the 

vermicomposting treatments except for banana treatment. The vermicomposting results 

further showed that the maximum nutrient content of total nitrogen was obtained in the 

treatment for cabbage and watermelon peels, respectively. Moreover, vermicomposts 

showed a decreased microbial activity, and the increased bacterial number and 

community, and thus suggested the potential of being used as the bio-fertilizers for 

agriculture. The differences in the physiochemical properties and bacterial profiles of 

vermicomposts clearly indicated that the quality of vermicomposts was highly 

dependent on the properties of the initial substrates. 
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Chapter 6   CHANGES OF CHEMICAL 

PROPERTIES AND MICROBIAL PROFILES 

DURING OF VERMICOMPOSTING OF FRESH 

FRUIT AND VEGETABLE WASTES 

 

 

6.1 Introduction 

Fruits and vegetables are important healthy diet components that can help prevent 

multifarious chronic diseases. According to the recommendations of WHO, a minimum 

of 400 g of fruits and vegetables (excluding potatoes and other starchy tubers) is 

necessary per day to meet the requirement of the human health (WHO, 2003). However, 

large consumptions of fruits and vegetables are bound to bring about enormous 

quantities of fruit and vegetable wastes (FVW) because more than 50 % of fruits and 

vegetables are lost or wasted during production, distribution and consumption (FAO, 

2011). FVW contain higher water content and a larger proportion of biodegradable 

organic components, and can easily get rotted under natural conditions. This leads to the 

pollution of air, water and soil, and can even induce the changes of climate and biological 

diversity (FAO, 2013). Considering that FVW contain many organic and inorganic 

nutrients, they are especially suitable for treatment with a recycling method that can 

convert FVW to such high value products as fuel ethanol, methane and compost.  

The use of earthworms for composting treatment of organic biosolids is a 
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sustainable, cost-effective and ecological approach for effective management of 

biodegradable solid wastes. The final product of this technology is also considered as an 

environment friendly organic fertilizer for agricultural applications (Tajbakhsh et al., 

2011). FVW, such as pineapple wastes (Mainoo et al., 2009), tomato wastes 

(Fernández-Gómez et al., 2010b), grape marc (Gómez-Brandón et al., 2011) and 

vegetable mixture (Fernández-Gómez et al., 2010a; Garg and Gupta, 2011; Suthar, 2009; 

Huang et al., 2012; Huang et al., 2013) are important nutrient sources and can be treated 

by this technology. Until now, several works as mentioned above have been carried out 

to demonstrate the feasibility of vermicomposting of FVW; however, little information 

is available on the effect of earthworms on the decomposition process of FVW, 

particularly for fresh FVW. 

Vermicomposting is a biochemical process of degradation of organic materials 

through the joint actions of earthworms and microorganisms. According to Domínguez 

et al. (2010), the process of vermicomposting can probably be divided into two phases 

based on the activity of earthworms: (1) the direct functioning phase, in which 

earthworms process the organic materials via ingestion, digestion and assimilation, 

thereby partly modifying their physicochemical properties and the microbial profiles in 

the system; and (2) the indirect functioning phase, in which microorganisms that coexist 

with earthworms and/or can favorably propagate under the existence of earthworms 

decompose the earthworms-processed materials till the end. Better understanding of the 

functions of earthworms in vermicomposting is necessary for further improving the 

process and clarifying the mechanisms involved. Previous studies have revealed that 

earthworms, as a driver in the composting system, could affect the microbial activity 

and population during decomposition of organic substances (Sen and Chandra, 2009; 

Castillo et al., 2013). The community structure of microorganisms could also be greatly 

altered by earthworms (Gómez-Brandón et al., 2010; Sen and Chandra, 2009; Vivas et 

al., 2009; Gómez-Brandón et al. 2013). A few researchers have reported that the 



Chapter 6                Dynamic changes during vermicomposting of fresh FVW 

89 

presence of earthworms promoted the inhabitation of some specific phyla of bacteria 

such as Bacteroidetes (Héry et al. 2008; Bernard et al., 2012; Huang et al., 2013), 

Proteobacteria (Vivas et al., 2009) and Actinobacteria (Yasir et al., 2009; Huang et al., 

2013). Recent literature by Pathma and Sakthivel (2013) even reported that Bacillus was 

the predominant bacterial species, and was then followed by Pseudomonas and 

Microbacterium in the vermicompost of straw and goat manure. All these findings 

obtained through previous studies were based on comparison of the microbial 

community between the initial and final phases of vermicomposting. Information 

regarding the dynamic changes of microbial community during the entire 

vermicomposting process is very scarce, which need detailed investigations since they 

may closely associate with the speed and the final products of vermicomposting. 

In view of the above, the major objectives of this study were to investigate the 

following two effects of earthworms during the entire process of vermicomposting 

treatment of fresh FVW: (1) the effect on the physicochemical properties of the 

vermicomposting products, and (2) the effect on the microbial communities. For the 

latter objective, the quantitative polymerase chain reaction (qPCR), denaturing gradient 

gel electrophoresis (DGGE) and sequencing were applied, and the populations of 

bacteria and fungi as well as their community compositions were analyzed.   

6.2 Methods 

6.2.1 Experimental set up 

Non-clitellated juvenile Eisenia foetida with the mean individual weight of 0.2 g 

were randomly selected from the stock culture in the laboratory. Banana peels, cabbage, 

lettuce, potato and watermelon peels were obtained from a supermarket in Gifu, Japan. In 

the laboratory, they were mixed at the weight ratio of 1:1:1:1:1 (wet basis) and then 

chopped with a knife to form the mixture of FVW for experiment use. A bedding 
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material of soil and vermicompost (produced and stored from a previous experiment) 

mixed in the weight ratio of 2:1 (dry basis) was used for providing a suitable inhabitation 

condition for earthworms. Before experiment, the bedding material was stored in a dark 

room at 25 °C and its moisture was kept at approximate70% by sprinkling with water. 

The properties of the mixed FVW and bedding material are displayed in Table 6.1. 

 

Table 6.1 Physicochemical properties of mixture of fresh FVW and bedding material.  

Parameters Mixture of fresh FVW Bedding material 

pH 4.9 ± 0.02 6.6 ± 0.02 

Water content (%) 92.3 ± 0.1 76.5 ± 0.2 

Electrical conductivity (s/m) 0.85 ± 0.01 0.14 ± 0.01 

Total carbon (g/kg, dry basis)  392.6 ± 0.8 101.3 ± 1.9 

Total nitrogen (g/kg, dry basis) 23.8 ± 0.1 7.2 ± 0.1  

NH4
+ 

(g/kg, dry basis) 1.4 ± 0.2 0.19 ± 0.00 

NO3
-
 (g/kg, dry basis) 3.1 ± 0.08 0.46 ± 0.01 

 

Composting experiment was performed with perforated plastic containers. Each 

container, having a size of 245 mm × 355 mm × 140 mm (length × width × height), was 

consisted of two layers. The bottom layer was filled with 3 kg of the bedding material 

(wet basis), while the top layer with 2 kg of the FVW (wet basis) to be treated. Between 

these two layers, a plastic mesh with the opening size of about 10 mm × 10mm was 

placed to avoid mixing of the FVW with the bedding material. Totally 6 reactors were 

prepared for this study, with 3 of them being used for vermicomposting treatment. In 

each vermicomposting reactor, 100 juvenile earthworms were inoculated into the layer 

of the bedding material. For comparison, another 3 reactors were utilized for control 

treatment without the addition of earthworms. All reactors were covered with wet 

towers to keep the moisture at 70-80 %, and were operated in a temperature controlled 
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room at 25 °C. Samples were collected from all reactors at the time interval of one week. 

After composting for 5 weeks, the experiment was terminated because the residuals of 

FVW in the vermicomposting bins had been eaten up by earthworms. The collected 

samples were homogenized and each was then divided into two subsamples. One 

subsample was dried and finely pulverized for chemical analysis, and another subsample 

was stored at -20°C for dehydrogenase activity and DNA related analyses. 

6.2.2 Analysis methods 

The analysis regarding chemical properties is based on the methods shown in the 

section 4.2 of Chapter 4 and the section 5.2 of Chapter 5. A little bit dissimilar point is 

shown in the DGGE protocol. In this experiment, for bacteria, the denaturant gradient 

was 43-57 % and electrophoresis was run at 80 V for 16 hours. As for fungi, a gradient 

of 25-40 % was used at 60 V for 20 hours.  

6.3 Results and discussion 

6.3.1 Appearance features of FVW during vermicomposting 

The dynamic changes in the physical structure of FVW in the treatments of 

vermicomposting with earthworms and control without earthworms are exhibited in Fig. 

6.1. It is explicit that the end products of vermicomposting and control have marked 

differences in the physical appearance: a homogenous and granular structure in 

vermicompost and a dark and heterogeneity appearance in control. This result visually 

reflects that the control treatment was not yet stabile. Compared to control, 

vermicompost was found to be odor free. This observation is consistent with those 

reported by Yadav and Garg (2009) as well as Lim et al. (2012).
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 Vermicomposting system with earthworms 

 
 

Control system without earthworms 

 
 

Fig. 6.1 Appearance characteristics of degradation processes of fresh FVW in vermicomposting systems with earthworms and control 

system without earthworms.
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Fig. 6.2 Dynamic changes of pH, electrical conductivity, total carbon and total nitrogen during composting of fresh FVW in 

vermicomposting systems (with earthworms) and control system (without earthworms). The asterisk (*) denotes the difference between 

vermicomposting and control at a given time is statistically significant. 

4

5

6

7

8

9

0 1 2 3 4 5

p
H

 
Control Earthworms

* 

* 

0

0.5

1

1.5

0 1 2 3 4 5

E
le

ct
ri

ca
l 

co
n

d
u

ct
iv

it
y
 

(S
/m

) 

Control Earthworms

* 

* 

* 

0

100

200

300

400

0 1 2 3 4 5

T
o
ta

l 
ca

rb
o
n

 (
g
/k

g
) 

Week 

* * 
* 

0

10

20

30

40

0 1 2 3 4 5

T
o
ta

l 
n

it
ro

g
en

 (
g
/k

g
) 

Week 

* * 

* * 

* 



Chapter 6                Dynamic changes during vermicomposting of fresh FVW 

94 

6.3.2Changes of physicochemical properties during vermicomposting 

of fresh FVW 

During vermicomposting of FVW, pH values were increased continuously for 4 

weeks in both reactors of vermicomposting and control. At the end of experiment, the 

pH of control kept increasing to 8.1, while, the pH of vermicompost was found to be 

decreased to 7.3. The finding of increased pH value during decomposition of fresh FVW 

is in agreement with the literature of Yadav et al. (2010) and Fernández-Gómez et al. 

(2010a). The pH value is closed to neutral, indicating that the vermicompost can be used 

for remediating the acid soil. 

The changes of electrical conductivity in the vermicomposting system and control 

system are given in Fig. 6.2. Values were found to increase during the first 2 weeks in 

both reactors. Afterwards, vermicomposting treatment started decreasing, but for control, 

the decreasing trend was found at 3 weeks. The end values of electrical conductivity of 

the control and vermicompost were 0.71 S/m and 0.17 S/m, respectively. The drop of 

electrical conductivity in both reactors is probably due to the loss of leachate that 

contained many inorganic ions after the hydrolysis process of fresh FVW tissues. 

Undoubtedly, the activity of earthworms accelerated the hydrolysis process and the 

release of inorganic ions.  

Fig. 6.2 also presents the dynamic changes of total carbon during decomposition in 

the vermicomposting system and the control system. A drastic drop of total carbon was 

observed after 2 weeks in vermicomposting treatment. Compared to the initial substrate, 

total carbon contents in the casts decreased by 82.8 % and 23.5 % after 5 weeks of 

vermicomposting treatment and control treatment, respectively. Contrastively, 

vermicomposting showed 4 fold decreases than control, which suggests earthworms 

strongly facilitated the loss of total carbon. The lower total carbon content in the 

vermicomposting system could be mainly explained by the loss of leachate that carried 
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away certain content of nutrients from the first 2 weeks. Another explanation is partly 

ascribed to the fact that earthworms consumed some content of carbon and nitrogen to 

build their body.  

As illustrated in Fig. 6.2, total nitrogen content in control showed a tiny diminution 

in control treatment. For vermicomposting, total nitrogen content was found to be 

increased to 40.1 g/kg during the first 2 weeks, and then followed by a progressive 

decrease to the end. In general, the skin and gut of earthworms can excrete the 

nitrogenous substances such as their mucus and urine (Whalen et al., 2000), which 

supply the addition of nitrogen in vermicomposting system during the first 2 weeks. 

Moreover, Bernard et al. (2012) reported that those nitrogenous substances from the gut 

of earthworms have the primer effect that can elevate the microbial activity and density, 

and modify the microbial communities. This primer effect could be considered as a 

stimulation of the decomposition of fresh FVW in this study. As a result, the final 

nitrogen content of vermicompost was significantly lower than control. Dramatically 

lessening of total nitrogen in vermicomposting system after 2 weeks is related to the 

infiltration of some nutrients with leachate due to the activity of earthworms and 

microorganisms.  

Dynamic changes of NH4
+
, NO3

-
 and PO4

3-
 during the decomposition process of 

fresh FVW are depicted in Fig. 6.3. The ammonium content showed an ups and downs 

trend until the 3rd weeks and then remained no significant change at 0.43 g/kg for the 

last 2 weeks. For the control, ammonium increased during 0 - 3 weeks with the peak 

value at 3.67 g/kg, and then started decreasing until the end of experiment. Generally, 

high content of ammonium is often observed in the middle or end of composting 

process (Beck-Friis et al., 2001). Lower content of ammonium in the vermicomposting 

system is accounted for by the fact that earthworms’ activity enhanced the oxygen 

concentration thus avoiding the accumulation of NH3 in the system. The drop of 

ammonium content in control after 3 weeks might be linked to the increased pH value 
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and decreased water content (Velasco-Velasco et al., 2011). 

 

 

 

 

Fig. 6.3 Dynamic changes of NH4
+
, NO3

-
 and PO4

3-
 during composting of fresh FVW in 

vermicomposting systems (with earthworms) and control system (without earthworms). 

The asterisk (*) denotes the difference between vermicomposting and control at a given 

time is significant. 
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As shown in Fig. 6.3, the largest value was observed in the initial week, indicating 

that the fresh FVW contains a larger content of nitrate. After that, gradual reductions of 

nitrate were recorded in both reactors until the 4th week. At the end, the control 

treatment remained constant at the 4th week at the value of 0.1 g/kg, but the value with 

the vermicomposting treatment increased and could reach to 1.2 g/kg. Substantial losses 

of nitrate until the 4th week could be explained by that the nitrate was released from 

FVW’s tissue and then rapid leached together with the water. The increase of nitrate in 

the vermicomposting system at the 5th week could be ascribed to nitrification. Because 

a neutral pH, 60 % water content and sufficient oxygen content appeared to be suitable 

for the occurrence of nitrification in vermicomposting systems. Gopal et al. (2009) 

cultured a larger number of nitrifiers in the vermicomposts, which directly verified that 

the presence of earthworms stimulated nitrification.   

   The phosphate content in vermicomposting system displayed no marked changes 

during the composition process, showing a little bit increase at the 2nd week, 

diminishing until the 4th week and then starting stable to the end, as exhibited in Fig. 

6.3. In the control system, the phosphate content increased until the first 3 weeks, 

peaking at 4.6 g/kg, and then decreasing to 3.9 g/kg at the end. The lower value of 

phosphate content in the vermicompost than the control product might be due to the 

water loss that carried away inorganic ions including phosphate.  

6.3.3 Changes of microbial activity and bacterial and fungal 

populations during vermicomposting of fresh FVW 
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Fig. 6.4 Dynamic changes of dehydrogenase activity and bacterial and fungal populations 

during composting of fresh FVW in vermicomposting systems (with earthworms) and control 

system (without earthworms). The asterisk (*) denotes the difference between vermicomposting 

and control at a given time is statistically significant. 
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The dynamic changes of dehydrogenase activity and bacterial and fungal 

populations during the vermicomposting process are displayed in Fig. 6.4. In relation to 

the DHA, vermicomposting treatment showed increased values during the 2nd week, 

showing the largest value at 3920 g TPF/g, and then the value decreased to the end. 

The DHA value in the control treatment started increasing within the 3 weeks with the 

peak value at 3720 g TPF/g, and then remaining almost constant at that value. Both 

reactors showed an increase trend in the first stage, indicating the initial degradation 

stage of the fresh FVW was needed to accumulate a higher microbial activity. It should 

be noted that the occurrence time for DHA reaching the maximum in the 

vermicomposting system was earlier than in the control system. This finding suggests 

that the presence of earthworms can promote the microbial activity at the first stage of 

decomposition. This is supported by the recent publication of Castillo et al. (2013) who 

found the largest values of DHA appeared in the 1st week of vermicomposting. In 

addition, a significantly lower value of DHA in the end product was observed in the 

vermicomposting system rather than the control system, evincing that the product of 

control was still not stable, according to Lazcano et al. (2008).  

As presented in Fig. 6.4, the increasing curves of bacterial population were found 

in the both systems whatever the presence or absence of earthworms. However, from the 

2nd weeks to the end, both reactors showed significant differences in the bacterial 

population, with a significantly larger value being found in the vermicomposting 

treatment rather than in the control. The maximum of bacterial population in the 

vermicomposting and in the control reached to 10
7.9

 and 10
7.6

 DNA copies/gram, 

respectively. Fungal density is also followed by an increasing pattern in both reactors. 

The largest fungal density in the vermicomposting and the control was 10
5.4

 DNA 

copies/gram at the 5th week and 10
4.9

 DNA copies/gram at the 4th week, respectively. 

The greater abundances of bacteria and fungi in the system with the addition of 

earthworms suggests that earthworms could enhance the microbial population during 
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composting of fresh FVW, which is the direct evidence to support our previous results 

that earthworms accelerated the degradation process (Fig. 6.2). This notion is also in 

accordance with previous studies (Vivas et al., 2009; Singh and Suthar, 2012). However, 

some authors reported the opposite results showing the significantly lower value of 

bacterial or fungal population in the system with earthworms than the system without 

earthworms (Gómez-Brandón et al., 2013; Lazcano et al., 2008). Importantly, in the 

chapter 3 and 4, a lower value of microbial density in the vermicomposting product 

from dry FVW was also shown than in the control product. This difference could be 

probably due to the differences in the types of substrates, modes of operation, 

environmental conditions used in the experiments. Besides, for fungal density, no 

significant differences between control and vermicomposting system were observed 

during the decomposition process except for the 2nd week and the last week, which 

differed with the bacterial density in the present study. This result may indicate that 

bacteria make more contribution than fungi for degrading fresh FVW in the 

vermicomposting system.   

6.3.4 Changes of microbial community diversity during 

vermicomposting of fresh FVW 

6.3.4.1 Bacterial community structure 

Fig. 6.5 shows the changes of bacterial community structure in the 

vermicomposting system and the control system during decomposition of FVW. At the 

beginning of treatment, only few bands were detected in the substrate (Fig. 6.5a). With 

the time increased, more bands appeared in both systems (Fig. 6.5a). This indicates that 

the bacterial community diversity increased during the decomposition process, no 

matter if earthworms existed or not. However, more bands were found in the 

vermicomposting system than the control system, suggesting that earthworms promoted 

the bacterial diversity during composting of FVW.
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Fig. 6.5 (a) DGGE images of the amplified bacterial 16s rDNA gene fragments of PCR products from the vermicomposting system with 

earthworms and the control system without earthworms, (b) Dendrogram of cluster analysis based on the DGGE banding pattern. 
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Table 6.2 Sequencing data of bacterial 16s rDNA. 

 

Band 

number 

Closed relative Accession 

Number 

Similarity 

(%) 

Taxon 

B1 Flavobacterium sp. HQ231952 99 Bacteroidetes 

B2 Uncultured bacterium HM557221 87 Bacteroidetes 

B3 Bacteroides reticulotermitis AB692943 100 Bacteroidetes 

B4 Uncultured bacterium JN649381 100 Bacteroidetes 

B5 Uncultured bacterium GQ133081 94 Firmicutes 

B6 Sphingobacterium sp. KC009697 97 Bacteroidetes 

B7 Uncultured bacterium EU593821 91 Bacteroidetes 

B8 Acinetobacter sp. KC009682 95 Gammaproteobacteria 

B9 Uncultured bacterium HM459693 99 Bacteroidetes 

B10 Algoriphagus sp. HQ902253 99 Bacteroidetes 

B11 Algoriphagus sp. KC464852 99 Bacteroidetes 

B12 Hydrogenophaga sp. HQ113382 99 Betaproteobacteria 

B13 Brevundimonas sp. KF479633 99 Alphaproteobacteria 

B14 Xenophilus sp. KC010298 97 Betaproteobacteria 

B15 Comamonas terrigena AB680315 99 Betaproteobacteria 

B16 Halospirulina sp. JX912466 99 Cyanobacteria 

B17 Uncultured Comamonadaceae 

bacterium 

AM159265 88 Betaproteobacteria 

B18 Leucobacter komagatae KC213922 99 Actinobacteria 

B19 Uncultured actinobacterium JF987849 99 Actinobacteria 

B20 Pectobacterium carotovorum GU936997 99 Gammaproteobacteria 

B21 Aminobacter aminovorans KC767642 85 Alphaproteobacteria 

B22 Pantoea agglomerans KF003418 99 Gammaproteobacteria 

B23 Actinobacterium GQ222439 97 Actinobacteria 

B24 Microbacterium sp. AB740365 91 Actinobacteria 

B25 Uncultured bacterium GU444080 81 Actinobacteria 

B26 Rhodococcus sp. AB847905 100 Actinobacteria  
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According to the cluster analysis (Fig. 6.5b), it was clear that substrate had a 

minimum similarity with other groups, showing an independent bacterial community. 

By further classification, V4 and V5 fell in the same group. And the branch of C2, C3, 

C4 and C5, and the branch of V1 and C1, as well as the branch of V2 and V3 were 

grouped together. The cluster analysis result clearly suggests that the diverse community 

structure presented in the vermicomposting system and the control system, especially in 

the 4th and 5th weeks. Vermicomposting caused the specific bacterial community in this 

study and this was supported by previous studies (Vivas et al., 2009; Huang et al., 2013). 

Moreover, Sen and Chandra (2009) found the diverse microbial community structure in 

the products of vermicomposting and composting that had similar physicochemical 

properties. 

A total of 26 bands were excised and analyzed from the bacterial DGGE profile 

(Fig. 6.5a). Among those detected bands, most are belonged to Bacteroideteds, followed 

by Actinobacteria, Betaproteobacteria, Gammaproteobacteria, Alphaproteobacteria and 

Firmicutes as well as Cyanbacteria. This finding is coincided with the one discussed 

earlier with the bacterial sequences of the final vermicomposting products from dry 

vegetable wastes, in which the predominated phyla were found as Bacteroideteds and 

Actinobacteria. In addition, several Proteobacteria recovered from the decomposition 

system in this study is similar to the earlier reports that the Proteobacteria were the 

dominant phylum in composting or vermicomposting system for dealing with potassium 

rocks powders (Liu et al., 2013), sewage sludge (Yasir et al., 2009) and olive mill 

wastes (Vivas et al., 2009).  

Band 1 was identical to the genus Flavobacterium, which are Chemoorganotrophic 

bacteria that decompose several polysaccharides but not cellulose and are wildly 

distributed in freshwater and soil habitats (Bernardet et al., 1996). Moreover, 

Flavobacterium sp. (band 1) was found to be the common species throughout the entire 

decomposition process in both vermicomposting and control systems. Similarly, bands 
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14, 15 and 16 also detected in both reactors during the whole process were identified as 

the species of Xenophilus sp. Comamonas terrigena and Halospirulina sp, respectively. 

The species of Xenophilus sp. and Comamonas terrigena were affiliated to the family of 

Comamonadaceae, which involved in the decomposition of lignocellulose and 

saccharides and other complex compounds (Qi et al., 2011; Tobajas et al., 2012). The 

result thus indicates that the bacterial degradation of complicate compounds in FVW is 

a long time process. Halospirulina sp. is a highly halotolerant species that can enhance 

the salinity (Nübel et al., 2000). This species was also detected during the entire 

decomposition process including the initial substrate in both reactors. This can be linked 

to the higher content of salinity in the FVW tissue. Additionally, apart from the substrate, 

the whole process still had the common bacterial species in both systems such as 

Acinetobacter sp. (band 8), Algoriphagus sp. (band 10) and Microbacterium sp. (band 

24). They are considered as the universal degrading bacteria for organic matter and are 

often found in different habitats in nature. Furthermore, some species like uncultured 

bacterium groups (band 2, 7, 9 and 17), Algoriphagus sp. (band 11), Leucobacter 

komagatae (band 18), Pantoea agglomerans (band 22) and Rhodococcus sp. (band 26) 

partly showing in the decomposition process were also found in both reactors. 

Compared to the control, some special bands such as 3, 5, 6, 19, 20, 21, 23, and 25 

were only found in vermicomposting treatment, implying that these species may be 

introduced by earthworms during the composting process of FVW. It has been 

demonstrated that the bacterial community was directly affected by earthworms through 

their gut digestion and mucus attraction and indirectly influenced with burrowing action 

and comminuting for the organic materials, etc (Brown, 1995; Domínguez et al., 2010). 

In present study, the species of Bacteroides reticulotermitis (band 3), uncultured 

bacterium (band 5), Sphingobacterium sp. (band 6) and Actinobacterium (band 23) 

occurring from the beginning of 2 weeks in vermicomposting treatment should be 

ascribed to the direct effect of earthworms’ gut, since these members have been directly 
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isolated from the digestive tract of earthworms (Byzov et al., 2009; Knapp et al., 2009). 

In addition, these specific bacteria added by earthworms were dominated by the phylum 

of Actinobacteria (band 19, 23, 25), followed by Proteobacteria (band 20, 21), 

Bacteroidetes (band 3, 6) and Firmicutes (band 5). Actinobacteria and Proteobacteria are 

known as the important decomposers for lignin, cellulose and polyphenol (Castillo et al., 

2013), which are main composition in tissues of FVW. And also, Bacteroidetes play the 

critical roles in degrading process because they can provide growing mediums for some 

specific bacteria and endow them with the specific catabolic capacities to decompose 

organic materials (Bernard et al. 2012). A variety of decomposers for organic materials 

were detected in vermicomposting treatment, evidencing that earthworms’ presence 

strongly modified bacterial community structure and accelerated the decomposition of 

FVW. 

6.3.4.2 Fungal community structure 

Fungal community structure was also evaluated in this study. According to the 

DGGE banding pattern (Fig. 6.7a), the obvious different pattern among the substrate 

and the vermicomposting and control processes was observed. The cluster dendrogram 

(Fig. 6.7b) explicitly exhibited that all treatment could be divided into 3 subclasses. 

Substrate was irrespective with other treatment, showing an isolated group. 

Vermicomposting processes, excluding the 1st week, were the second group. The 

control treatments together with the 1st week of vermicomposting were grouped as the 

third class. The similarity coefficient between vermicomposting and control was 58 %. 

These results indicate that the activity of earthworms intensively separated the fungal 

community structure during degradation process of fresh FVW.  
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Fig. 6.6 (a) DGGE images of the amplified fungal 18s rDNA gene fragments of PCR products from the vermicomposting system (with 

earthworms) and the control system (without earthworms), (b) Dendrogram of cluster analysis based on the DGGE banding pattern. 
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Fig. 6.7 Shannon index of fungi based on the DGGE fingerprint. 

 

Table 6.3 Sequencing data of fungal 18s rDNA. 

Band 

number 

Closed relative Accession 

Number 

Similarity 

(%) 

Taxon 

F1 Ascomycete sp. EF191439 99 Unclassified Ascomycota 

F2 Citeromyces matritensis JQ698918  100 Saccharomycetes 

F3 uncultured Boletaceae EF024688   96 Boletales 

F4 Uncultured fungus HQ190221  93 Agaricales 

F5 Mortierella alpina EU736290 93 Mortierellales 

F6 Candida oleophila HQ876036   98 Saccharomycetales 

F7 Uncultured Galactomyces KC143620 99 Saccharomycetales 

F8 Trichosporon gracile JN939432 95 Tremellomycetes 

F9 Mucor racemosus JN939012 100 Mucorales 

F10 Uncultured Verticillium  JX215303 100 Sordariomycetes 

F11 Scutellinia torrentis U86069 99 Pezizomycetes 

F12 Arthrobotrys oligospora JQ809337  100 Orbiliomycetes 

F13 Penicillium sp. KC962231   92 Eurotiomycetes 

F14 uncultured Boletaceae EF024688   96 Boletales 
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For better assessment of the diversity of fungi, the Shannon index was also 

employed. As shown in Fig. 6.8, both systems lessened the fungal diversity during the 

decomposition process, as compared to the initial stage. From the 1st to 5th week, an 

ongoing higher value of Shannon index in the control treatment rather than in the 

vermicomposting treatment was found. Such a result could be explained by the fact that 

earthworms made the repression effect on the specific fungi. Further explanation will be 

given in next section. The decrease of fungal diversity after vermicomposting in this 

experiment is consistent with many previous studies (Gómez-Brandón et al., 2011; 

2012). However, this finding is in contradiction with the earlier result that earthworms 

promoted the bacterial and fungal diversity after vermicomposting of dry FVW. In 

contrast to bacterial diversity during the degrading process, fungi showed a relatively 

lower diversity. And, a smaller fungal population was also recorded in this study. 

Smaller fungal population and lower diversity may suggest that fungi are not the main 

force for composting the fresh FVW as compared to bacteria. However, it cannot be 

declared that fungi are not important in this process. The details need study further. 

On the basis of DGGE banding pattern (Fig. 6.7a), 14 bands were submitted to 

sequencing analysis. The resulting data are given in Table 6.7. Totally, 3 phyla, namely 

Ascomycota, Basidiomycota as well as Zygomycota, were involved in the 

decomposition of fresh FVW, in which Ascomycota was the dominant phylum, followed 

by Basidiomycota and Zygomycota. Moreover, all of Ascomycota were identified as the 

sub-phylum, namely Ascomycotina in this study, such as Saccharomycetes, 

Sordariomycetes, Pezizomycetes, Orbiliomycetes and Eurotiomycetes. And also, all of 

the Basidiomycota belonged to the sub-phylum viz., Agaricomycotina.  

During the entire decomposition process, it was found that the Ascomycete sp. 

(band 1), Candida oleophila (band 6), uncultured Galactomyces (band 7), Trichosporon 

gracile (band 8), Mucor racemosus (band 9), uncultured Verticillium (band 10) were the 

common species in both reactors. This result suggests that these species are the main 
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decomposing fungi for fresh FVW. In addition, the uncultured species Boletaceae (band 

14) appeared only in the some stages of the whole reaction process. Importantly, 

earthworms enriched some species Citeromyces matritensis (band 3), Mortierella alpine 

(band 5) and Arthrobotrys oligospora (band 12). The presence of Mortierella spp, 

which produces arachidonic acid and is a suppressive agent of plant pathogenic fungi in 

the vermicomposting system is in agreement with what reported by others 

(Grantina-Ievina et al., 2013). Huang et al. (2013) also found the nematode-preying 

fungi in the vermicompost of dry vegetable waste, which is in agreement with the 

finding of Arthrobotrys oligospora showing in the vermicomposting system of this 

study. 

On the other hands, 2 species of uncultured fungus (band 4) and Penicillium sp. 

(band 13) were found to be only displayed in the control treatment, indicating that the 

presence of earthworms caused the disappearance of this species. Byzov et al. (2007) 

also disclosed a similar result that the growth of Penicillium sp. was repressed by the 

mid-gut digestion of earthworms. However, Penicillium communities flourished in the 

digested soil by earthworms as compared to undigested soil (Tiwari and Mishra, 1993). 

This complex fungal ecology in vermicomposting should be investigated further. 

6.4 Summary 

Based on the experimental data obtained from this study, it could be concluded that 

earthworms pronouncedly accelerated the decomposition process of fresh FVW, 

marking the rapid decreases in electrical conductivity, total carbon and total nitrogen. 

The 2nd week of composting is a demarcation point distinguishing the vermicomposting 

system and the control system. During the stabilization process, the presence of 

earthworms promoted the microbial activity, increased bacterial and fungal population, 

and modified the bacterial and fungal communities, and hence altered the 

decomposition pathways for composting of fresh FVW. For bacteria, the species of 
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Bacteroides reticulotermitis, Sphingobacterium sp., Hydrogenophaga sp., 

Pectobacterium carotovorum, Aminobacter aminovorans and Actinobacterium were 

found to be added by earthworms. As for fungi, earthworms’ activity flourished the 

species of Citeromyces matritensis, Mortierella alpine and Arthrobotrys oligospora. 
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Chapter 7   CONCLUSION 

The effects of earthworms on the efficiency and microbial community during 

vermicomposting of fruit and vegetable wastes (FVW) were studied in this dissertation. 

To achieve this purpose, the study was carried out by four separated experiments for 

investigation of: (1) the effect of earthworm’ ages on the quality of vermicomposts, (2) 

the changes of bacterial and fungal community compositions during vermicomposting 

of dry FVW, (3) the feasibility of vermistabilization of fresh FVW by earthworms, and 

(4) the effect of earthworms on chemical properties and microbial communities during 

vermicomposting of fresh FVW. Based on the results obtained, the conclusions can be 

drawn as follows.  

In Chapter 3, the effect of earthworms’ age on the quality of vermicomposts was 

investigated. Eisenia foetida grouped into ‘hatchlings’, ‘juveniles’ and ‘adults’ were used 

for vermicomposting of FVW. Compared to control (without earthworms), 

vermicomposting caused significant reductions of TOC and C/N, and increases of pH and 

inorganic ions after the operation for 60 days. Vermicomposts processed by E. foetida 

showed the lowest TOC content and microbial activity and population in hatchlings, the 

largest increase of nitrogen in adults and the maximum enrichment of inorganic ions in 

juveniles, respectively. The results suggest that (1) hatchlings could be the best 

candidate utilized for stabilization of organic materials, and (2) juveniles could be the 

optimal age class for mineralization of organic materials. The results of PCR-DGGE 

analysis revealed vermicomposts had analogous microbial community structures. The 

overall results indicated that the ages of E. foetida did significantly affect the biochemical 

properties of their vermicomposts but they could not affect the microbial community 

profiles of the vermicomposts.  

In Chapter 4, the changes of bacterial and fungal community during 
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vermicomposting of vegetable wastes by hatchling, juvenile and adult Eisenia foetida 

were investigated. For this, the extracted bacterial 16S rDNA and fungal 18S rDNA 

were analyzed with PCR, DGGE and sequencing techniques, respectively. After 60 days 

of composting, significantly lower values of microbial activity and bacterial and fungal 

densities were revealed in the products of composting with earthworms than in the 

control. PCR-DGGE images showed vermicomposting significantly enhanced the 

diversities of bacterial and fungal communities. However, for their structures, 

sequencing results revealed that, compared to the control where the bacterial Firmicutes 

were predominant, in the composts with earthworms, the bacterial Bacteroidetes and 

Actinomycetes, and the fungal Sordariomycetes were dominant. In addition, some 

beneficial species of bacteria and fungi against pathogens were also isolated from the 

vermicomposting products.  

In Chapter 5, the earthworms’ fate test and vermicomposting test were performed 

separately for assessing the feasibility of vermicomposting for fresh FVW. Results 

obtained from the growth of earthworms showed that the mulching system by covering 

fresh FVW on the bedding material was a suitable method for vermicomposting 

treatment for fresh FVWs, and the 0.6 kg fresh FVW/20 day was the optimal loading for 

earthworms’ growth. In addition, E. foetida exhibited a higher growth rate and a greater 

cocoon production during vermicomposting of five types of FVW except banana 

treatment. The maximum nutrient content of total nitrogen was obtained for treatment of 

cabbage and watermelon peels. Moreover, vermicomposts showed enhanced microbial 

activity, increased bacterial number and broadened community than controls, thus 

suggesting the potential of being used as bio-fertilizers for agriculture. The differences 

in the physiochemical properties of vermicomposts clearly indicated that the quality of 

vermicomposts were highly dependent on the properties of the initial substrates. 

In Chapter 6, the dynamic decomposition processes of fresh FVW in 

vermicomposting reactors and a control reactor (without earthworms) were examined 
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for evaluation of the effect of earthworms on the chemical properties and microbial 

communities. Earthworms pronouncedly accelerated the decomposition process of fresh 

FVW, resulting in rapid decreases in electrical conductivity, total carbon and total 

nitrogen. The 2nd week of composting was a demarcation point distinguishing the 

vermicomposting system and the control system. During stabilization, the presence of 

earthworms promoted the microbial activity and bacterial and fungal population, and 

modified the bacterial and fungal communities, hence altered the decomposition 

pathways for fresh FVW. For bacteria, Bacteroides reticulotermitis, Sphingobacterium 

sp., Hydrogenophaga sp., Pectobacterium carotovorum, Aminobacter aminovorans and 

Actinobacterium were species induced by composting with earthworms. As for fungi, 

the addition of earthworms flourished the species of Citeromyces matritensis, 

Mortierella alpine and Arthrobotrys oligospora.  

The findings of this study may provide some important implications for application 

of vermicomposting for recycling of FVW. In addition, the results regarding the 

influences of earthworms on the microbial communities during vermicomposting of 

FVW may benefit better understanding of the mechanisms involved in vermicomposting. 

However, relevant investigations on how to control the loss of nutrients or how to use 

the leachate during decomposition of fresh FVW are still needed. Moreover, studies 

regarding the ways with which earthworms affect the community of microbes are also 

necessary for a much deeper insight into the interactions between earthworms and 

microbes during vermicomposting treatment for FVW.  
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