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I 

 

ABSTRACT 

Due to rapid development of sewerage systems in recent years, developing 

countries (including China) are facing many difficulties to handle the large quantities 

of dewatered activated sludge produced inside the wastewater treatment plants. 

Vermicomposting is one of the competitive and sustainable approaches for handling 

solid waste containing high content of organic matter. However, to apply this 

technology to the treatment for dewatered activated sludge, one important fact needs 

particular mention and solution is that fresh dewatered sludge could not be fed directly 

as the substrate because it easily generates a leachate containing some toxicants and 

gives rise to the formation of an anaerobic environment where earthworms cannot 

survive. To solve the problems, suitable pretreatment methods are expected.  

Pelletization is a method that may effectively enlarge the porous structure when 

dewatered activated sludge is packed and thus facilitates the penetration of oxygen 

inside the treatment system, thus ensuring an aerobic or semi-aerobic environment 

indispensable for earthworms. However, so far there are few attempts to carry out 

vermicomposting experiments for pelletized dewatered activated sludge and the 

effects of pelletization are not clarified. Accordingly, the objective of this study was to 

clarify the effects of pelletization on the vermicomposting of dewatered activated 

sludge, with the focuses being placed mainly on the stabilization efficiency for sludge 

and the microbial structure. This study was thus conducted from three aspects: (1) the 

feasibility of dewatered sludge pelletization for enhancement of the vermicomposting 

efficiency, (2) the effects of pelletization on the growth of earthworms and the 

structure of microbial community and (3) the effects of temperature on the 

vermicomposting efficiency and its microbial profiles.  

To investigate the feasibility of pelletization of dewatered activated sludge for 

enhancement of the vermicomposting efficiency, comparative experiments using fresh 

dewatered activated sludge with and without pelletization were conducted. For the 
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experiments with pelletization, two pelletized size groups (the mean diameter of 4.5 

mm and 14.5 mm) were utilized. The fate test of earthworms confirmed that 

pelletization enhanced the existence and the growth rate of earthworms. For the two 

pelletized treatment experiments, the used earthworm species, Bimastus parvus, 

demonstrated a fairly good life cycle inside the system and produced a larger number 

of cocoons and hatchlings after 60 days’ vermicomposting. The principal component 

analysis conducted on the basis of major investigated physicochemical and enzymatic 

parameters revealed clearly that the stabilization of the sludge based on the 

decomposition could be generally classified into three stages: the startup stage, the 

active stage and the stable stage, with the occurring time for latter two stages being 

shorter for the experiment with pelletized sludge with the smaller size. The analysis of 

16S rDNA and 18S rDNA with the combined use of PCR-DGGE and sequencing 

showed that Flavobacteria, Sphingobacteria and Cercozoa are dominating microbes in 

the vermicomposting system. The overall results of the comparative investigations 

confirmed that pelletization enabled vermicomposting treatment of dewatered 

activated sludge and the treatment performance was higher for the pelletized sludge 

with the size of 4.5 mm than 14.5 mm sludge. 

To further clarify the effects of pelletization, the responses of composting 

treatment for pelletized activated sludge with and without earthworms were compared. 

After 60 days’ operation, a relatively stable product with a lower content of organic 

matter and a higher content of nitrate and phosphorous was harvested for the 

composting system introduced with earthworms. At the initial stage of the composting 

process, earthworms enhanced the microbial activity and biomass and thus accelerated 

the decomposition of biodegradable organic matter in the sludge. For the end products, 

the density of bacterial and eukaryotic species was found smaller for the system with 

earthworms than that without earthworms. In addition, the presence of earthworms 

modified the bacterial and fungal diversity, leading to obvious disappearance for some 
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pathogens and some specific decomposing bacteria for recalcitrant substrates 

contained in the sludge.  

The effects of temperature on the vermicomposting efficiency were studied under 

three different room temperatures: 15°C, 20°C and 25°C. For the end products of 

vermicomposting after 60 days, the lowest content of organic matter, ammonium and 

nitrate and the highest electrical conductivity were recorded for the experiment under 

25°C, indicating that even within the temperature range considered suitable for the 

growth of earthworms, temperature is an important operation parameter significantly 

affecting the decomposition and mineralization of decaying organic substances 

contained in activated sludge. The result of the principal component analysis also 

revealed higher stabilization efficiency under the temperature condition of 25°C. 

Higher temperatures significantly enhanced earthworms’ activity; while, the bacterial 

and eukaryotic community structure was less affected. This study clearly indicated 

that by optimization of the operation temperature of vermicomposting, the rate of 

stabilization for activated sludge could be accelerated. This effect was achieved 

mainly through enhanced activities of earthworms and microbes, rather than the 

diversity of the microbial community. 
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Chapter 1   

INTRODUCTION 

1.1 Background 

Along with the fast urbanization process of China, a large amount of dewatered 

activated sludge is generated from wastewater treatment plants, which has aroused a 

wide attention. It is a growing concept that the reduction, stabilization, harmlessness 

and recycling are major guiding principles for the treatment and disposal of dewatered 

activated sludge. Currently, composting and vermicomposting for municipal dewatered 

sludge are considered as the environmentally friendly and sustainable treatment 

approaches. Comparatively, vermicomposting popularizes rapidly over the world 

because of its easiness for handling, low cost and higher efficiency (Pincince et al., 

1980; Lim et al., 2015; Singh et al., 2011).  

Vermicomposting is a joint interaction of earthworms and microorganisms for the 

decomposition of organic materials (Domínguez et al., 2010). Earthworms are 

considered as the top predator of food chain in drilosphere (Domínguez et al., 2010). 

Hence, the behavior of earthworms (including feeding, burrowing, mucus and casting 

excretion) can exert a significant effect on microbial activity and population in the 

vermicomposting system (Brown et al., 2000; Koubová et al., 2015). Specifically, the 

digestion function of earthworms can pronouncedly accelerate decomposition of organic 

materials and transformation of macro-molecular organic compounds into 

micro-molecular ones (Edwards and Lofty, 1977; Curry and Schmidt, 2007). Moreover, 

the burrowing behavior of earthworms is able to enhance the oxygen content and the 

exchange rate of substances (Parkin and Berry, 1999; Brown et al., 2000). In addition, 

the mucus of earthworms may directly or indirectly excite the activity of 

microorganisms, as demonstrated by Brown et al. (2000). Furthermore, the castings of 
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earthworms, as an aggregate of diverse microbial community, play a continuous role for 

degrading organic materials and shifting nutrients (Parthasarathi et al., 2007; Aira and 

Domínguez, 2011). 

Based on the above ecological functions of earthworms, vermicomposting is 

regarded as an ecological, environmental and sustainable technology for the treatment 

and disposal of dewatered sludge. It has been manifested that the optimal margin 

condition and range are essential to the different methods for treating dewatered sludge, 

even for vermicomposting. As a biota reactor, it is taken for granted that 

vermicomposting can be well performed as long as the common nutrient and 

environmental requirements by earthworms and microorganisms are appeased.  

To provide proper nutrition for earthworms and microorganisms during 

vermicomposting, carbon and nitrogen in the substrates should meet a proper ratio 

(Ndegwa and Thompson, 2000). According to the report of Chen et al. (2012), the 

carbon to nitrogen (C/N) ratio of municipal sludge was in the range of 6:1 - 16:1 in 

China. In addition, Gu et al. (2011) stated that the C/N ratio of bacteria, fungi, protozoa 

and alga were about 4.3:1, 8.6:1, 6:1 and 4.3:1, respectively. For earthworms, the C/N 

ratios of Eisenia foetida and Bimastus parvus (common vermicomposting species) were 

4.5:1 and 4.8:1, respectively (analyzed by Lanzhou Institute of Chemical Physics, 

Chinese Academy of Science). Given that the C/N ratio in dewatered sludge is 

comparatively higher than that in microorganisms and earthworms, it is reasonable to 

infer that the content of C is more than sufficient for the metabolic requirements of 

earthworms and microorganisms. The vermicomposting for dewatered sludge without 

the addition of other carbon source has been performed in previous studies (Chen et al., 

2010a; Huang et al., 2013b).  
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Fig. 1.1 Two conventional vermicomposting methods in previous studies and the new 

vermicomposting method with pelletized sludge investigated in this study 

 

The organic substances of activated sludge mainly include extracellular polymer 

substances and organisms including bacteria, fungi, protozoa and metazoa. After 

dewatering, the activated sludge is compressed into a non-fluidity form, which results in 

the restriction on the diffusion of microbial metabolic products. Compared to activated 

sludge in the aeration tank, the transformation of oxygen into the inside of the 

dewatered sludge becomes very difficult, leading to the reduction of aerobic microbial 

populations and the generation of odors. More importantly, anaerobic sludge has an 

adversary influence on the growth of earthworms (Kaplan et al., 1980). Therefore, in 

order to create a better environmental condition suitable for earthworms inhabiting in 

dewatered sludge, several attempts have been made for improving the vermicomposting 

efficiency. The common adjusting method can be divided into two types, as given in Fig. 

1.1. One is the covering method that puts the block sludge on the surface of 

vermi-bedding where earthworms inhabit (Chen et al., 2010b). Another is the mixing 

method that allows the sludge to be blended with other materials used also as 

earthworms’ substrate (Yadav and Garg, 2011; Suthar, 2010). In addition, to remove the 
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odors and other toxicants from dewatered sludge, earthworms were allowed for 

inoculation in a substrate that had been pretreated by composing for a short time (15-30 

days) (Yadav and Garg, 2011; Suthar, 2010). This pretreatment method is very 

cumbersome and time-consuming. For promoting the vermicomposting efficiency for 

treating dewatered sludge, more rapid and effective methods should be sought and tried. 

1.2 Core theory 

The activate sludge process can realize the rapid degradation of organic substances 

with diverse microorganisms of high metabolic activity. Although a stable 

microenvironment of activate sludge flocs is destroyed after dewatering process, the 

microbial community of the dewatered sludge is analogous to that of the activate sludge, 

as shown in Fig. 1.2 (a). More specifically, the ‘water film’ is formed on the surface of 

each sludge particle, as shown in Fig. 1.2 (b). For large block sludge, the activity of 

aerobic microorganisms on the sludge surface can be maintained, because microbial 

metabolic products can still be rapidly transferred in the water film under sufficient 

oxygen condition. However, for the inside of the dewatered sludge, the exhaustion of 

oxygen destroys the original stable microenvironment system, resulting in the occurrence 

of incomplete oxidation of metabolic products. Furthermore, the aerobic active 

microorganisms living in the inside of the sludge are modified by the anoxic environment, 

thus altering the original metabolic pathway, causing the accumulation of reductive 

middle products. Therefore, it is an inevitable consequence that a rotten phenomenon 

occurs inside the block sludge.  

Based on the above, it is reasonable to assume that if the aerobic area of the sludge 

particle is enlarged and penetrated into the inside of the block sludge, a fast degradation 

of organic substances would be continued by aerobic microbiota. Meanwhile, a widened 

specific surface area of the dewatered sludge could increase the tangential displacement 

of the water film, which may effectively promote the microbial metabolic rate and the 
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exchange rate of its products in the water film. In this case, the odors and toxicants 

harmful for earthworms may be eliminated. Simultaneously, the decomposition 

efficiency of dewatered sludge could get enhanced.  

In a word, for better promoting the vermicomposting efficiency for dewatered 

sludge and declining the pretreatment process, it is highly expected that the specific 

surface area of dewatered sludge could be broadened through a certain method. 

Following this line and also referencing to the practical practices (Jin et al., 2014), the 

pelletization method for dewatered sludge gives a new thought for vermicomposting 

pretreatment, as shown in Fig. 1.1, because pelletization may increase the specific 

surface area of dewatered sludge and thus elevates its aerobic extent, an essential 

condition for the growth of earthworms. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Characteristics of dewatered sludge: (a) Bacterial community structure of 16S 

rDNA from samples of activate sludge (left lane) and dewatered sludge (right lane) in 

Lanzhou Qilihe Wastewater Treatment Plant; (b) the feature of appearance of the 

dewatered sludge with the water content of 75% observed by microscope.  

 

 
    

(a) (b) 
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Fig. 1.3 Schematic diagram of material exchanges between earthworms and water film 

 

In addition, by means of the ecological function of earthworms, its mechanical 

burrowing can directly facilitate the exchange of oxygen in the gap of sludge particles and 

promote the diffusion of metabolic products in the water film (Fig. 1.3). Furthermore, the 

presence of earthworms can accelerate the decomposition of dewatered sludge, through 

triggering the aerobic microbial activity from the original microbial ecological niche of 

sludge. Consequently, the cumbersome pretreatment could be omitted in 

vermicomposting. 

1.3 Objectives of this study 

Based on above mentioned, it is reasonable to hypothesize that the pelletized 

dewatered sludge (PDS) could be vermicomposted directly by earthworms without the 

needs for other pretreatments. However, to our knowledge, no attempt has been made to 

carry out the vermicomposting experiments with PDS. Accordingly, the main objective 
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of this study was to investigate the feasibility of applying pelletization to realize 

effective vermicomposting treatment for dewatered activated sludge. The main operation 

parameters like particle sizes of sludge, earthworms’ density and temperatures are also 

considered for experimental comparisons. In addition, vermicomposting is a 

biochemical degradation process involving the interactions of earthworms and microbes, 

and relevant mechanisms involved in the process are still unclear, as detailed in Fig. 1.4.  

 

 

Fig. 1.4 Sludge stabilization process and its relevant influential factors 
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Fig. 1.5 Technical route of this study 

 

Therefore, to unravel the mechanisms involved, molecular biological approaches and 

multiple statistical methods were combinedly used in this study. Specifically, the aims of 

this study were, (1) to address the feasibility of the enhancement of vermicomposting 
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efficiency for treating dewatered sludge with the method of pelletization and to unravel 

the mechanisms relating to the effect of pelletization on facilitating the stabilization of 

the dewatered sludge with the aid of PCR-DGGE, (2) to clarify the functions of 

earthworms in the enhancement of the vermicomposting efficiency for PDS through 

comparing the physicochemical, enzymatic, biological features between two composting 

systems with and without earthworms’ inoculation, and (3) to evaluate the effect of 

temperature on vermicomposting efficiency for PDS and search for optimal operation 

conditions. The technical route of this study is illustrated in Fig. 1.5. 

1.4 Outline of this dissertation 

The core content of this dissertation deals with the enhancement of 

vermicomposting efficiency for treating PDS. In Chapter 1, the background, core theory, 

and objectives of this dissertation are introduced. In Chapter 2, the recent literatures 

concerning activated sludge treatment and disposal in China and vermicomposting are 

reviewed. Chapter 3 presents the enhancement of vermicomposting efficiency for 

treating dewatered sludge with the method of pelletization and microbial community 

succession during the process of vermicomposting. Chapter 4 reveals the effect of 

earthworms on the activity, population and diversity of the microbial community 

inhabiting in the composting system and thus on the decomposition of PDS. In Chapter 5, 

the effect of temperature on vermicomposting efficiency of PDS is addressed and the 

likely working mechanisms are discussed. Finally, the conclusions of this study and some 

suggestions are given in Chapter 6. 



 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2                                               Review of literature 

11 

Chapter 2   

REVIEW OF LITERATURE 

2.1 Dewatered activated sludge  

2.1.1 Characteristics of dewatered activated sludge  

The first wastewater treatment plant with activated sludge was built in 1914 in 

Manchester, England. This opened a new chapter in the history of wastewater treatment. 

So for, the activated sludge process has been considered as one of the most popular 

technologies applied in the field of wastewater treatment. Dewatered activated sludge is a 

major byproduct of wastewater treatment plants. It accounts for 0.3%-0.5% of the 

wastewater to be treated (on the weight basis, water content of 97%) (Zhang et al., 1997; 

Sheng et al., 2010). The sludge from municipal wastewater treatment plants is consisted 

of organic substances including active microbiota, residues of endogenous metabolic 

microbiota and some absorbed compounds on microorganisms (commonly as 

non-degradable ones, like extracellular polymeric substances) as well as inorganic 

impurities from the influent wastewater (Zhang et al., 1997; Sheng et al., 2010).  

 

Table 2.1 Nutrient composition of sewage sludge 

Sludge 

(% of total solid) 

Primary 

sludge 

Stabilized 

wastewater 

sludge 

Activated sludge 
Fertilizers for 

agricultural use 

Nitrogen (N) 1.5-4.0 3.3 3.5-7.2 3.3 

Phosphorous (P2O5) 0.8-2.8 2.3 3.3-5.0 2.3 

Potash (K2O) 0-1.0 0.3 0.2-0.4 0.3 

Fytili and Zabaniotou (2008) and MOHURD (2012a). 
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Table 2.2 Numbers of total bacteria, fecal coliforms and parasitic ova in sewage sludge  

Type of sludge 

(Total solid) 

Total bacteria  

(×10
5
/g) 

Fecal coliforms 

(×10
5
/g) 

Parasitic ova  

(×10/g) 

Primary sludge 471.7 158.0 23.3 

Activated sludge 738.0 12.1 17.0 

Digest sludge 38.3 1.2 13.9 

MOHURD (2012a).  

 

Table 2.3 Heavy metal elements in sewage sludge 

Metals (dry solid, mg/kg) Range
(a)

 Range
(b)

 

Arsenic 1.1-230 0.78-269 

Cadmium 1-3.410 0.04-999 

Chromium 10-990,000 20-6365 

Copper 84-17,000 51-9592 

Lead 13-26,000 3.6-1022 

Mercury 0.6-56 0.04-17.5 

Nickel 2-5300 16.4-6206 

Zinc 101-49,000 217-30098 

(a)
 Comercial (1991) and 

(b)
 MOHURD (2012a). 

 

Table 2.4 Heating values of sewage sludge 

Type of sludge (Dry solid) Range (MJ/kg)
(a) 

Range (MJ/kg)
(b)

 

Raw sludge 23-29 15-18 

Activated sludge 16-23 8-12 

Anaerobically digested primary sludge 9-13 5-7 

(a) 
Fytili and Zabaniotou (2008) and 

(b) 
MOHURD (2012a). 
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Dewatered activated sludge is not only rich in organic matter and plant essential 

nutrients (nitrogen, phosphorous and potassium) (Fytili and Zabaniotou, 2008; Guide, 

2012), but also contains biologically and environmentally harmful compounds, heavy 

metals, pathogens and parasitic ova, etc. (Zhang et al., 1997; Harrison et al., 2006). The 

content of activated sludge is not constant, and it differs with the local climate, life habit, 

the level of economic development, the situation of wastewater collecting system, the 

selection of activated sludge process, and the policies and laws and their enforcement. 

Apart from heavy metals, the content of nutrients and the calorific value of activated 

sludge are associated with its concentration and MLVASS/MLSS. The main properties of 

sewage sludge are displayed in Table 2.1 - Table 2.4, respectively. 

It is concluded that wastewater sludge is characterized by double edges: having the 

promising values in diverse applications but also having the potential causing damages to 

environment. Thus, the primary principle for treating municipal sludge should be 

adapting the treatment approaches to local conditions, absorbing advantages and 

avoiding disadvantages. 

2.1.2 Production of dewatered activated sludge in China 

In China, municipal wastewater treatment mainly started from the 1970s. At that 

time, stabilization pond was the main approach for urban wastewater treatment. 38 

stabilization ponds of different types were built in China, and daily treatment capacity 

was only 1,730,000 m
3
. 
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Fig. 2.1 Number of wastewater treatment plants (WWTP), the amount of treated 

wastewater and treatment rate in recent 20 years in China 

 

In the 1980s, a great number of wastewater treatment facilities were built.  

Jizhuangzi Wastewater Treatment Plant in Tianjin was the first large scale wastewater 

treatment plant built in China in 1984. After that, dozens of wastewater treatment plants 

with different treatment capacity were completed in Beijing, Shanghai, Guangdong, 

Guangxi, Shaanxi, Shanxi, Hebei, Jiangsu, Zhejiang, Hubei, and other big cities.  

In the past 20 years (1995-2014), an increasing attention was paid to wastewater 

treatment along with the fast urbanization process, as given in Fig. 2.1. In this period, 

the number of wastewater treatment plants increased from 169 to 3622 plants (Yan and 

Zhao et al., 2008; Peng et al., 2011; Yang et al., 2015; National urban water supply and 

drainage engineering technology research center, 2003). In particular, for the 5 years of 

2005-2010, the number of wastewater treatment plants increased by 4 times. With the 

increment of wastewater treatment plants, the corresponding capacity of wastewater 

treatment increased obviously in the past 20 years.  

By 2014, the treatment capacity could reach 1,540,000,000 m
3
/day in China, larger 
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than that in America (Ministry of Environmental Protection of the People’s Republic of 

China, 2014). In addition, the treating rate for municipal wastewater could reach 90%. 

The next focus relating to wastewater treatment in China is its rural areas where the rate 

of household wastewater treatment is very low.  

The increment of wastewater treatment plants is bound to produce massive 

dewatered activated sludge. As shown in Fig. 2.2, the total sludge production in China 

increased markedly from 2007 to 2013 and had an average annual growth of 13%. Based 

on the statistical data, about 30 million tons (on the basis of 80% of water content) was 

produced in 2015 (Dai, 2012).  

 

 

Fig. 2.2 Yearly trend of total sludge production (million tons, dry solid) in China from 

2007 to 2013 (Yang et al., 2015) 

 

2.1.3 Treatment and disposal of dewatered activated sludge in China 

Along with the rapid economic development, the wastewater treatment also began to 

resolve extrusive problems. Similarly, the relevant department did not pay attention to the 

sludge management for a long time, making its development lag behind wastewater 
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treatment. The policy and the cost needed for managing and treating dewatered sludge 

have become a bottleneck for the development of sewage treatment industry, which 

affected the environmental benefit from wastewater treatment industry.  

In addition, the sources of wastewater are very complex that contains a variety of 

harmful substances, such as heavy metals, organic pollutants and pathogenic 

microorganisms. Such substances can easily transfer to the sludge. If sludge is not 

properly treated and managed, it may carry the hazardous substances into soils, 

groundwater and surface water, leading to secondary environmental pollution. Therefore, 

in order to inhibit the progress of secondary environmental pollution and to guarantee the 

environmental benefit gained from wastewater treatment industry, it is essential to adapt 

available treatment methods to municipal sludge. According to the statistical data of 2013, 

however, 83.6% of sludge was not handled with safe and proper methods (Fig. 2.3). It is 

thus concluded that the current status of sludge treatment has left much to get improved 

and desired in China.  

Despite dozens of conferences regarding sludge treatment and disposal are hold in 

China every year, the relevant literature on sludge productions and its treatment status is 

still limited. Similar question exists in the statistical information. It is inferred that about 

15% of sludge production is omitted from the statistical data (Jin et al., 2014). However, 

since lack of the officially published data, it is difficult to estimate the degree of issue 

relating to sludge. 
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Fig. 2.3 Current situation of sludge disposal in China in 2013 (Yang et al., 2015) 

 

It is well understood that different sources of wastewater and its treatment process to 

be adopted determine the selection of a technology for dealing with the final produced 

sludge. For instance, the sludge containing high content of heavy metals and persistent 

organic pollutants (POPs) may limit its application in farmlands. The sludge with high 

content of inorganic sediment can affect its use in the anaerobic digestion process (Feng 

et al., 2015). For this, Chinese ministry of housing and urban-rural development, together 

with the national development and reform commission, published the policy relating to 

the municipal wastewater treatment plant sludge disposal and pollution control 

technology (Trial) (hereinafter referred to as the ‘Guidebook’) in 2009, providing a guide 

for the work on sludge treatment and disposal (MOHURD, 2009). 

According to the guidebook, incineration, using as building material and landfill are 

possible approaches for the sludge disposal in China. Fig. 2.4 shows the total sludge 

production in different regions of China. Currently, the mainstream of the disposal of 

dewatered sludge is sanitary landfill with lime stabilization. According to the report of 

Liu et al. (2012), the number of sewage plants that use the method of ‘sludge thickening 

and then landfill’ accounts for 80% - 90% of the total plants in China. 
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Fig. 2.4 Total and per capita sludge productions in different regions of China (Yang et 

al., 2015) 

 

In China, the major methods for sludge treatment include thickening and 

dehydration, anaerobic digestion, aerobic fermentation, thermal composting, thermal dry, 

pyrolyzation and pyrohydrolysis (MOHURD, 2009).  

The anaerobic digestion process has been used for many years in wastewater sludge 

treatment and represents a potential technique for sludge disposal along with biogas 
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production (Appels et al., 2008; Riviere et al., 2009). However, some ‘black boxes’ like 

pretreatments and uncertain microbial consortia remain with this process, which affect 

the performances (Appels et al., 2008; Riviere et al., 2009). To accelerate digestion and 

enhance the production for biogas, various pretreatments can be used for improving the 

rate-limiting process: hydrolysis of sludge cells-extracellular polymeric substances (EPS) 

(Carrère et al., 2010). In addition, the operation conditions of anaerobic digestion are 

considered strict because there are many parameters that may affect the rate of major 

steps involved in digestion, such as pH, alkalinity, temperature and reaction time (Appels 

et al., 2008). 

In China, based on a survey for 400 wastewater treatment plants in 2005, only 46 

plants built the anaerobic digestion systems (Wu et al., 2008). This is probably due to 

higher investment needed for introduction of an anaerobic digestion system that 

generally spends 1/3-1/2 of the total investment needed for the whole wastewater 

treatment plant (Wu et al., 2008). However, a status should be noted that more than 37.5% 

of the anaerobic digestion systems could not be operated, according to this survey (Wu et 

al., 2008). The main reason was that the responsible company judged that the anaerobic 

digestion system could not profit due to higher operation cost, higher requirement for 

management and lower organic matter content.  

Aerobic composting technology has a long history in China. And its mechanisms 

have been well investigated. Due to the concern on the likely impact of diffusion of 

heavy metals in sludge, dewatered sludge is not directly applied for agricultural purposes 

(Liu et al., 2010).  

Many theoretical and application studies on composting have been conducted in 

China (Xi et al., 2003; Niu et al., 2007; Zhang et al., 2007; Li et al., 2001; Zhang et al., 

2008). These studies can be categorized into three groups: (1) the composting for 

municipal solid waste represented by Professor Beidou Xi of China Academy of 

Environmental Sciences, (2) the composting for municipal sludge represented by 
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Professor Yuansong Wei of China Academy of Eco-environmental Sciences Research 

Center and (3) the effect of municipal sludge compost on the plant growth and changes of 

heavy metals during composting by China Academy of Geographical Sciences and 

Natural Resources Research. Fig. 2.5 shows a composting plant for municipal sludge and 

its products in Xi’an. 

 

 

Fig. 2.5 Photo of a composting plant for dewatered activated sludge and its products in 

Xi’an 

 

Thermal processes such as wet oxidation, pyrolysis or gasification have been 

researched and suggested as potential alternatives for sludge treatment (Werther and 

Ogada, 1999). The pyrolysis process has considerable potential for sewage sludge 

management since it could bring about up to 50% reduction of the waste volume 

(Inguanzo et al., 2002), the stabilization of the organic matter, and the production of fuels 

and valuable chemical products from the liquid obtained. However, these techniques are 

still under study and may need a longer time for being applied (Lim et al., 2015; Zheng 

et al., 2012). In order to overcome the technological limits in sludge thermal treatment 
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and develop a more economically competitive technology as well as environmentally 

sound process, tar reduction and gas cleaning are also under research (Manara and 

Zabaniotou, 2012).  

In view of the current status of the disposal and treatment methods for municipal 

sludge in China mentioned above, a great demand for new alternative methods of sludge 

management can be expected in the near future. 

 

2.2 Earthworms and major ecological functions  

Since Darwin found the earthworm’s role in nature, people have conducted deeper 

studies for better knowing the functions of the biology and ecology of earthworms 

(Edwards and Lofty, 1997; Edwards, 2004). The important role of earthworms in the 

natural cycle process has been widely recognized. The drilosphere is an interesting place 

where earthworms can interact with their inhabit environment (including earthworm skin, 

intestine, vermicompost, caves, dunghill and others). The scope and properties of the 

drilosphere are determined by the earthworm species, niche and temporal and spatial 

distribution (Brown et al., 2000). In drilosphere, earthworms can convert insoluble 

organic matter into microbial available soluble forms, thus modifying the microbial 

community and further promote the microbial activity and the available degree of 

substrate (Brown, 1995). Earthworms can be divided into three types: anecic, endogeic 

and epigeic earthworms, according to ecological types (Brown, 1995; Edwards., 2004). 

The anecic earthworms live in the deep soil and collect the food from the top layer of 

soil through the permanent vertical burrow in the soil. They normally possess a large size 

and a developed gizzard, which can grind hard food from the organic residuals of leaves. 

This species raise the water holding capability of soil through performing massive 

burrows, playing a critical role in the soil ecological system (Cortez et al., 1989; Brown, 

et al., 2000). In contrast, endogeic earthworms burrow horizontally. Endogeics, being a 
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topsoil dweller, mainly search for food in the upper soil layer of 10-30 cm (Palm et al., 

2013). Compared to the anecic ones, they have a highly branched, less stable burrow 

system (Palm et al., 2013). The epigeics live in the top soil without any specific burrow 

system. They like to feed as food with high content of organic matter. It was reported that 

epigeics can adopt weather changes and bear the diverse environmental conditions (Qiu, 

1999). Due to these different activity patterns, all these three ecological groups differ in 

their importance in soil functioning. The epigeic earthworms are deemed as the 

dominating types for waste recycling. Eisenia foetida and Eisenia andrei are most 

commonly used in vermicomposting because they are peregrine and ubiquitous, and have 

a worldwide distribution; and are resilient and possess broader temperature tolerance 

(Edwards, 2004). 

It was reported that the ecological function of earthworms primarily included 

feeding, burrowing, excretion and castings in drilosphere (Brown, 1995). Earthworms 

can acquire the nutrients from plant residual, protozoa, rotifers, nematodes, bacteria, 

fungi and other microorganisms, thus controlling the microbial population and 

community structure (Zhang et al., 1997; Yakushev et al., 2009). The types and amounts 

of food have significant effects on the body size, number, growth rate and cocoon number 

of earthworms (Edwards and Lofty, 1997). And also, they affect the enzymatic types and 

activity in earthworm gut, thus altering the microbial community structure and ecological 

function in drilosphere (Vargas-García et al., 2010; Zhang et al., 2000).   

It was reported that over 50% earthworm metabolic nitrogen was discharged from 

the body surface in the form of mucus (Edwards and Lofty, 1997). The soil surface 

contacted by mucus could pronouncedly promote microbial activity, number and 

diversity (Vivas et al., 2009; Aira et al., 2007). Moreover, worm castings were also rich 

in microbial community and diversity (Aira et al., 2006; Aira et al., 2009; Suthar, 2009). 

It was addressed that worm castings containing nitrates, phosphates, exchangeable 

calcium, potassium and other soluble nutrients could increase the effective C, N and P 
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supply (Subler et al., 1998; Le Bayona et al., 2006; Shuster et al., 2001). Thus, it has been 

widely accepted that worm castings possess a high base-exchange capacity and could be 

used as a good microbial growth medium. In addition, a higher surface area of the 

castings may benefit for the nutrient retention of microbial growth (Zhao et al., 2010; 

Atiyeh et al., 2000). The protease, amylase, lipase, cellulase and chitinase in the worm 

castings could continue to break down organic matter, shifting the community structure of 

environmental microbes (Flegel and Schrader, 2000; Pramanik et al., 2007).  

Although earthworm’s feeding, burrowing, excretion and castings shows different 

ecological functions in drilosphere, all of these can exert a strong effect on microbial 

physiology, altering the decomposition and recycling process of organic materials. Based 

on the characteristics of earthworm’s biology and ecology, the technology of 

vermicomposting or vermistabilization is emerged and quickly popularized in the world.  

Vermicomposting process is a biological and chemical decomposition of organic 

waste under mesophilic condition to produce a stable bioorganic fertilizer. It involves 

interactions between earthworms and microorganisms for fast biodegrade organic waste 

(Sim and Wu, 2010). During vermicomposting, organic substances are perceived to be 

decomposed by the digestive behavior of earthworms and microbes inhabited in the 

earthworms’ gut or original substrate (Domínguez, 2004). Although earthworm is 

leading fauna and microbes in vermicomposting system, the microorganisms play more 

important roles in degrading organic materials than earthworms, as revealed by Sen and 

Chandra (2009) and Ravindran et al. (2015). In comparison with conventional 

composting, undoubtedly, vermicomposting is the most competitive and useful 

techniques for waste management, because it offers a lot of advantages including high 

speed, ease of control, cost-effectiveness, energy savings and zero discharge (Eastman 

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

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

nutrients, making this technology more suitable for plant growth and for using as soil 
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improver than composting (Fornes et al., 2012). The major differences between 

composting and vermicomposting process are given in Table 2.5. 

Until now, several kinds of bioorganic wastes have been successfully 

vermicomposted in the laboratory, such as animal matures (Aira et al., 2006; Aira et al., 

2007; Aira et al., 2009; Gómez-Brandón, et al., 2013; Castillo et al., 2013), sewage 

sludge (Benitez et al., 1999; Chen et al., 2010a, b; Bhat, et al., 2013; Fu et al., 2015a, b; 

Hait and Tare, 2011a, b), vegetable wastes (Fernández-Gómez et al., 2010; Huang et al., 

2013a, b; Huang et al., 2014), and so on. 

 

Table 2.5 Differences between composting and vermicomposting 

 
Composting Vermicomposting 

Type of process 
3 stages: Initial activation, 

thermophilic and mesophilic phase 
Mesophilic stage 

Organisms 

involved in 

biodegradation 

Microorganisms Earthworms and microorganisms 

Time Over 60 days Over 30 days 

Management Need turn over No need for turn over 

pH No special requirement Between pH 5 to 8 

Moisture 

content 

Coarse organic waste: 70–75%, 

Fine organic waste: 55–65% 
60–85% (Preferable) 

Product 

characteristics 

Texture is coarser and may contain 

heavy metals 

Texture is finer and heavy metals 

accumulated in earthworm bodies 

Nutrients N loss Rich in N and P 

Microbial 

profiles 

Low microbial activity, 

dominated in degrading-microbes 

Low microbial activity, diverse 

beneficial microbiota 
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Fig 2.6 Vermicomposting plants of Vermitech (left) and RT Solutions (right), America 

 

In addition to small scale experiments in laboratory, many industrial factories of 

vermicomposting were also built all over the world. It was reported that the Olympic 

village waste of Sydney was treated by 1.6 million earthworms (Zhang and Chen, 2008). 

Similarly, the horse feces were handled with 80 million earthworms in Hong Kong, 

during the Beijing Olympic equestrian period (Zhang and Chen, 2008). In Durham, 

California, a large scale 40 acre vermicomposting farm could sell over 250 lbs worms 

every week and 4000 tons castings every year, as reported by Sitton (2010a). Vermitech 

venture is the largest scale vermicomposting system operating in America, treating 

aerobically digested sludge mixed with wood chips using a continuous flow system. 

This company can process over 10 wet tons of bio-solids in one week (Sitton, 2010b). 

The RT Solutions built in New York, focused on the treatment of animal manures, with 

a retail amount of 400,000 lbs/year. The vermicomposting plants in Vermitech and RT 

Solutions are given the Fig 2.6 (a) and (b), respectively.  

2.3 Vermicomposting of sludge  

Since the 1970s, the technology of vermicomposting for treating sewage sludge 

using the interaction of earthworms and microorganisms has been studied and explored 

(Hartenstein, 1978; Neuhauser, 1998).  
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Activated sludge is an extremely complex and heterogeneous matrix consisting of 

inorganic particles, organic residues, microorganism communities and flocs 

(Christensen et al., 2015). Its organic components are mainly comprised of the 

heterotrophic and aerobic microorganisms such as bacteria, fungi, protozoans and 

metazoans that inhabit on activated sludge and the adsorbed organic substances 

(Christensen et al., 2015). They are featured by the high reproductive rate and the strong 

ability in decomposing and converting organic substances. However, after dehydration, 

the environmental conditions for the growth of aerobic biota are dramatically changed. 

This substantial change gives rise to the break of the supply of exogenous nutritional 

sources. Thus, the original stable system begins to be decomposed and rearranged, and, 

in turn, the poor stable and easy rotted and bad smell dehydrated sludge is generated 

due to the reason that the anaerobic microbes become animate inside the sludge. 

Given that the earthworms are an aerobic invertebrate, this anoxic condition may 

possibly exert an adverse impact on earthworms. As a result, prior to vermicomposting, 

a preliminary treatment with the method of mixing dewatered sludge and bulking 

material become the mainstream of vermicomposting technology. The objectives of the 

pre-treatment are to achieve two purposes, (1) ‘detoxification’ for earthworms, i.e., to 

remove the toxicants and harmful gases (H2S, NH3, etc.) and to keep the sludge in an 

aerobic state and (2) to adjust the ratio of nutrients to meet the demand for metabolic 

carbon source of microorganisms and earthworms. 

Indian scholars performed plenty of vermicomposting experimental studies for 

different sludge, with an emphasis on the industrial sludge. In general, dissimilar 

industrial sludge exhibits specific characteristics in pH, C/N ration, nutrient and toxicant 

composition and content. Thus, a matter of prime importance for vermicomposting of 

industrial sludge is that it should provide a survival environmental condition for 

earthworms. Several successful cases in vermicomposting of industrial sludge have 

been reported, like the tannery sludge (Vig et al., 2011), milk processing sludge (Suthar, 
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2012), distillery industry sludge (Suthar, and Singh, 2008), food industrial sludge 

(Yadav and Garg, 2009), textile mill sludge (Kaushik and Garg, 2004), dyeing sludge 

(Bhat et al., 2013) and beverage industry sludge (Singh et al., 2010). From these 

publications, it can be summarized that the preliminary treatment of sludge blending 

with cow dung for a short time composting is necessary before starting 

vermicomposting. And also, many experiments showed a common result that the 

earthworm biomass and sludge amount had a significant negative relationship. It means 

that the industrial sludge had an adverse effect on the growth of earthworms. 

Additionally, it was evidenced that the reduction of heavy metal contents in sludge was 

due to the accumulation of earthworms.    

For Europe and North America studies, they paid more attention on the 

ecotoxicology evaluation of soil fauna and microbiota after applying vermicompost into 

the soil (Contreras-Ramos et al., 2009; Natal-da-Luz et al., 2009; Moreira et al., 2008). 

This research point may be related to the high percentage of sludge for land use in 

Europe and North America (Kelessidis and Stasinakis, 2012). However, the policy 

relating to sludge for the purpose of land use is always a restricted area that cannot be 

opened because of the management difficulty in China. 

Chinese studies on vermicomposting were started before 1982 (Yue and Qin, 1982). 

After that, it was a growing scope for vermicomposting studies, like treating dyeing 

sludge (Ye, 1991), chemical fiber sludge (Gong, 1985) and agricultural sludge (Liu et al., 

2012). Because of the instability of sludge properties, the short stabilization strategy 

with composting through blending the animal manures or other organic materials 

containing higher carbon to nitrogen with sludge was adopted as a preliminary 

treatment stage in all vermicomposting trials.  

In the light of the increasing environmental pollution in the late 1990s, the 

industrial sludge was not suitable for vermicomposting substrate, due to the high 

content of toxicants. Vermicomposting researches were concentrated on the municipal 
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dewatered activated sludge (Chen et al., 2010a, b), the effect of heavy metals (Li, 2008) 

and vermi-filter (Zhao et al., 2010; Yang et al., 2008). Vermi-filtration is a technology 

for processing wastewater and excess sludge with the aid of earthworms, and their 

interactions with microorganisms (Zhao et al., 2010; Chen et al., 2003b). It can promote 

the treating efficiency and overcome the block drawback of conventional biofilter 

through the burrowing behavior of earthworms (Zhao et al., 2010; Liu et al., 2012).   

Due to lack of relevant processing technology standards, it is difficult to obtain the 

business license from local environmental protection department in China. Under this 

background, ordinary people in society mostly carried out vermicomposting in land 

farm with extensive culture. In addition, they shorten the professional devices of 

granulation, drying and processing for treating sludge and difficult to realize the 

industrialization (Fig. 2.7). Hence, whatever for any countries, the vermicomposting 

industrialization for municipal sludge is inseparable from the local policy of 

governments? 

 

 

Fig. 2.7 Vermicomposting plant receiving municipal sludge and its products in Xi’an, 

China
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Chapter 3   

FEASIBILITY OF DEWATERED 

ACTIVATED SLUDGE PELLETIZATION 

FOR ENHANCEMENT OF 

VERMICOMPOSTING EFFICIENCY  

3.1 Introduction 

  In China, a large number of wastewater treatment plants are springing up along 

with the development of urbanization, which generates a mass of sewage sludge. Based 

on statistical data, the production of municipal sludge will reach 46 million tons per year 

by the end of the 12th five years’ plan. The municipal sludge is mainly comprised of the 

complex organic compounds and biological flocs, which not only contains lots of 

environment-unfriendly substances, but also possesses high content of organic matter that 

have a potential of being utilized as an organic fertilizer in agriculture. So far, the 

recycling methods, such as composting (Jouraiphy et al., 2005), sludge treatments 

wetland (Uggetti et al., 2010), vermifilter (Liu et al., 2012a) and vermicomposting (Yang 

et al., 2014) have been deemed to be suitable for the treatment of sewage sludge with an 

ecological conception. Among these methods, vermicomposting could convert dewatered 

sludge into high valued product with an aesthetical appearance and beneficial 

components for plant growth and soil improvement (Domínguez, 2004). Until now, 

different types of sludge such as primary sludge (Hait and Tare, 2011b), anaerobically 

digested sludge (Kızılkaya and Türkay, 2014), and dewatered sludge (Yang et al., 2014) 

have been used as the raw materials for vermicomposting. 

However, for this technology, an important point should be noted that fresh sludge 

is not suitable for direct use as the substrate because it easily generates the poisonous 
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gases and gives rise to an anaerobic environment where earthworms cannot survive 

(Gupta and Garg, 2008; Suthar, 2010; Hait and Tare, 2011; Yadav and Garg, 2011). 

Therefore, the suitable pretreatment approaches of fresh sludge are considered to be 

essential for earthworms. Consequently, many methods such as drying (Khwairakpam 

and Bhargava, 2009) and blending bulking materials such as cow dung (Gupta and Garg, 

2008; Suthar and Singh, 2008), sugarcane trash (Suthar, 2010), and composting 

products (Hait and Tare, 2011a) are used for improving the living environment of 

earthworms and enhancing the activity of microbes. However, these methods not only 

need a long time and substantial bulking materials, but also introduce some refractory 

substances into sludge, even possibly lead to the loss of ammonia. In order to push on 

the realization of vermicomposting industrialization, the effectively simplified 

pretreatment methods are desired for exploration.  

Accordingly, this method provides a new thought for vermicomposting 

pretreatment of dewatered sludge because the pelletization method increases the specific 

surface area of dewatered sludge and elevates its aerobic extent, which offers an 

essential condition for the growth of earthworms. Hence, the cumbersome blending 

bulking materials may be omitted prior to vermicomposting. Based on the above 

mentioned, it is reasonable to hypothesize that the pelletized dewatered sludge (PDS) 

could be composted directly by earthworms without the need for other pretreatments. So 

far few attempts are made to carry out the vermicomposting experiments with PDS. 

Vermicomposting is a biochemical degradation process of organic materials 

involving the interactions of earthworms and microbes. During vermicomposting, the 

organic substances are perceived to be decomposed by the digestive behavior of 

earthworms and microbes inhabited in the earthworms’ gut or original substrate 

(Domínguez, 2004). Although earthworm is a leader of fauna and microbes in 

vermicomposting system, the microorganisms play more important roles in degrading 

organic materials than earthworms, as revealed by Sen and Chandra (2009) and 
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Ravindran et al. (2015). Hence, in vermicomposting system, the examination with 

respect to microbial profiles of activity, number and community is of significance and 

importance in the aspect of decomposition and stabilization of organic substances 

during vermicomposting process. After reviewing relevant literatures, it was found that 

some reports had concentrated on the changes of microbial number and activity during 

vermicomposting process (Aira et al., 2007; Gómez-Brandón et al., 2013). Most of 

previous studies conducted vermicomposting for dewatered sludge using bulking 

materials, and the features of microbial activity, number and community in 

vermicomposting system were found strongly associated with the bulking materials 

blended in sludge. Consequently, previous publications regarding the microbial 

characteristics represented the whole mixed substrate of bulking material and sludge. 

However, to some extent, it could hardly reflect the changes in the microbial feature of 

sludge. For changes of microbial profile, the available information concerning 

vermicomposting of sludge without bulking material is very scanty. To date, no studies 

have been carried out for assessment of the dynamic succession of microbial 

community during vermicomposting of fresh dewatered sludge. 

The stability is usually utilized to reflect the stable degree of decomposition and 

transformation of organic matter in vermicompost (Zmora-Nahum et al., 2005). A large 

variety of parameters have been adopted for assessment of the stability from different 

viewpoints rather than using a single parameter (Nikaeen et al., 2015). So for, 

representative physiochemical properties, in combination with microbial 

activity/numbers (Nikaeen et al., 2015; Castillo et al., 2013; Sen and Chandra, 2009; 

Huang et al., 2014; Fu et al., 2015a), are often chosen for comprehensive assessment of 

composting/vermicomposting stability. However, feasible and effective methods 

through combining microbial activity, number and community for evaluation of the 

vermicomposting stability are limited. Hence, it is necessary to evaluate the sludge 

stability using multiple parameters of physicochemical properties, enzymatic activity 
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and microbial characteristics.  

The main objective of the research dealt with in this chapter was to address the 

feasibility of enhancing vermicomposting efficiency for treating dewatered activated 

sludge by palletization. The changes in the stability of the process were evaluated by 

using the microbial activity, number and combined with bacterial and eukaryotic 

community during vermicomposting of PDS. In order to evaluate the effects of 

pelletization on vermicomposting, two treatments using pelletized sludge with different 

sizes and one treatment using no pelletized sludge were operated and compared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Technical route for investigation of the feasibility of vermicomposting with 

pelletized dewatered sludge 
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3.2 Methods 

3.2.1 Technical route 

The technical route of vermicomposting for pelletized dewatered sludge is given in 

Fig. 3.1.  

3.2.2 Material preparation  

Earthworms Bimastus parvus were cultured in laboratory. This species was 

collected originally from the local cattle plant and feed by dewatered sludge for 10 years. 

The adult and active B. parvus with the weight of approximate 1 g were randomly 

selected for use in the vermicomposting experiments.  

Fresh dewatered sludge was collected from the sludge dewatering process of the 

Lanzhou Qilihe Anning Wastewater Treatment Plant (Lanzhou, China) in Oct. 2013. 

The physicochemical properties of dewatered sludge are given in Table 3.1.  

 

Table 3.1 Physicochemical parameters during vermicomposting of pelletized dewatered 

sludge with particle sizes of 4.5 mm and 14.5 mm. Values are mean and standard (n=3).  

Parameters Initial dewatered sludge 

pH 6.90 ± 0.04 

Electrical conductivity (S/cm) 302.00 ± 2.08 

Water content (%) 76.6 ± 0. 2 

Organic matter (%) 51.8 ± 0.0 

Total nitrogen (g/kg) 35.10 ± 1.51 

Ammonia-nitrogen (g/kg) 14.20 ± 0.02 

Nitrate-nitrogen (g/kg) 0.01 ± 0.00 

Available phosphorous (g/kg) 1.42± 0.22 
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Subsequently, the fresh dewatered sludge was placed on wire meshes with sizes of 

4.5 mm × 4.5 mm and 14.5 mm × 14.5 mm and then gently squeezed by hand in 

laboratory, respectively. As a result, the ellipsoidal fresh PDS with the sizes of the 4.5 

mm and 14.5 mm were obtained. The appearance of PDS is displayed in Fig. 3.2. A 

stainless steel pot, without a hole on the bottom, having a size of 36 cm × 12 cm 

(diameter × depth), was used as the reactor for vermicomposting (referred hereafter as 

vermi-reactor).  

 

 

Fig. 3.2 Appearance of PDS (left) and vermi-reactors (right) used in experiment 
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3.2.3 Vermicomposting process 

Two vermicomposting treatments were built with the PDS of small and large 

particles, respectively. For better comparison, another treatment using fresh sludge 

without pelletization was also setup in this study. Three replicates were set up in parallel 

for this experiment. A total of 4 kg fresh 4.5 mm and 14.5 mm PDS used as substrate 

and simultaneously utilized as the vermi-bedding material of earthworms were added 

into each vermi-reactor, separately. Then, vermicomposting was launched with the 

inoculation of 200 B. parvus into each reactor. The temperature was maintained at 20 °C. 

A plastic film and a black braided fabric were used to cover each reactor to keep 

moisture and dark environment for earthworms, respectively. The vermi-reactors were 

allowed to be turn over manually every day. After 60 days, earthworms were removed 

from the vermi-reactors by hand and their body weights were measured after counting 

their numbers. The samples collected at the interval of 10 days were separated into 

triplicate. The fresh one was submitted to analysis for the microbial biomass carbon and 

enzymatic activity within 24 hours. Another one was air-dried in a dark room and then 

pulverized for physicochemical analysis. The others were stored at -40 °C for DNA 

related analysis.  

3.2.4 Physicochemical and enzymatic activity analysis 

All parameters were detected in triplicate. pH and electrical conductivity (EC) 

were measured with a mixture of composting sample and water at the ratio of 1:50 (dry 

weight : volume basis). The suspension of the fresh sample and water (fresh sample: 

water = 1:5, wet weight basis) was filtered through 0.45 µm membrane filter for DOC 

determination by the titration with ferrous sulfate after the oxidation of sulfuric acid 

potassium dichromate. In this study, DOC means the organic carbon that could release 

from the composting sample to water. The organic matter was measured by oven at 
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550 °C for 5 h. Total nitrogen was analyzed by the ultraviolet spectrophotometry after 

digestion by alkaline potassium persulfate. The available phosphorous, 

ammonia-nitrogen and nitrate-nitrogen were measured based on the method of Fu et al. 

(2015a, b). To gain homogenized samples for analyzing microbial biomass carbon and 

microbial activity, fresh samples were dissolved into deionized water in the form of 

powders. After shaking, one of the suspensions was extracted by potassium sulfate 

solution and then filtered by quantitative filter paper with the pore of 30-50 µm and 

subsequently used for determination of microbial biomass carbon (MBC) based on the 

method of Wu (2006). Another suspension was used for determination of 

dehydrogenase activity (DHA) through colorimetry analysis for the extraction of 

insoluble triphenylformazan using the ultraviolet spectrophotometry. The urease activity 

(UA) was determined following the method of Kandeler and Gerber (1988).  

3.2.5 Fluorescence excitation-emission matrix spectroscopy 

The composition of organic matter after releasing to water was also analyzed by 

three dimensional fluorescence excitation-emission matrix spectroscopy (Fluorescence 

EEM) (RF-5300PC, SHIMADZU, Japan). Sludge powders were added to water with 

the designated ratio (soil : water = 1 : 100, dry basis) and the mixed solution was shaken 

for 1 hour and then filtrated by 0.45 μm membrane filter for analysis. The EEM spectra 

were recorded with the emission wavelength between 220 and 480 nm, while, the 

excitation wavelength was increased sequentially from 220 to 500 nm. The emission 

and excitation slits were fixed at the 5 nm band width.  

3.2.6 DNA relevant analysis 

About 0.3 g fresh sample was placed into the bead tube of the PowerSoil
®
 DNA 

Isolation Kit for DNA extraction by strictly following the manual protocol.  

The universal primers, 341F (5’- CCT ACG GGA GGC AGC AG-3’) with GC 



Chapter 3   Feasibility of enhancement of vermicomposting efficiency by pelletization 

37 

clamp (5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG CAC GGG GGG) 

and 907R (5’-CCG TCA ATT CCT TTG AGT TT-3’), were used to amplify the 16S 

rDNA gene of bacteria (Gurtner et al., 2000). Another primers NS1 (5’-GTA GTC ATA 

TGC TTG TCT C-3’) and Fung (5’-AT TCC CCG TTA CCC GTT G-3’) with GC clamp 

(5’-CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG CCC C-3’) 

were used for amplify the 18S rDNA gene of fungi, based on the method of Hoshino 

and Morimoto (2008).  

PCR-DGGE and sequencing were conducted based on the protocols used also by 

Huang et al. (2013b) with some modifications. In detail, the PCR amplification of DNA 

extracted from bacteria was carried out by 35 cycles (at 95 °C for 30 sec, 57 °C for 30 

sec and 72 °C for 40 sec) and finally an extension step (at 72 °C for 10 min). And, 

eukaryotic PCR amplification was performed with 30 cycles (at 94 °C for 30 sec, 50 °C 

for 30 sec and then 68 °C for 60 sec) and a final extension step (at 68 °C for 10 min). 

All PCR reactions were conducted by a Thermal Cycler Dice of TP600 (TAKARA, 

Japan). The PCR products were checked by the agarose electrophoresis with the 1 % gel 

and stained with ethidium bromide.  

DGGE was conducted by a BIO-RAD Dcode
TM

 system (Bio-Rad, USA). The 

denaturant with 30-60 % gradient was used for the electrophoresis of bacterial PCR 

products at 80 V for 16 h. For fungi, the gradient of 20-40 % was used at 60 V for 20 h. 

The gels were stained with the solution of SYBR
®
 Green Nucleic Acid Gel Stain 

(TAKARA, Japan) and then visualized with the Gel Imager System (JS2012, China). 

Subsequently, clear bands were excised from the DGGE gels and then dissolved in 80 µl 

sterilized water at 4 °C in 24 hours. Then, the eluted DNA was re-amplified using the 

same PCR conditions as mentioned above with the exception that primers without the 

GC-clamp was used. The gained PCR products were further purified by the EXOSAP IT 

kit (Affymetrix) and subjected to bidirectional sequencing using the ABI 3100 Genetic 

Analyzer (Applied Biosystems, USA).  
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3.2.7 Statistical analysis  

One-way ANOVA was used for evaluation of the observed differences among three 

treatments with a significant level of p <0.05, using the SPSS 17.0 statistical software. 

Principal component analysis (PCA) was carried out to analyze the temporal dynamics 

of each parameter during the vermicomposting process with the software of STATISTIC 

8.0. DGGE fingerprints were digitalized using the Quantity One image analysis 

software v.4.2 (Bio-Rad Laboratories, Hercules, CA, USA). Sequencing results were 

assembled by the Geneious R6 software and then submitted to the BLAST search option 

in the NCBI nucleotides sequence database. The taxon of DNA sequences was obtained 

from the Classifier and Sequence Match programs of the Ribosomal Database Project 

(RDP) II (http://www.rdp.cme.msu.edu). The accessions of nucleotide sequences 

obtained from DGGE bands were numbered from LC002755 to LC002776 for 16S 

rDNA and from LC003620 to LC003635 for 18S rDNA, respectively, allocated by the 

DDBJ. Phylogenetic trees were constructed using MEGA 6.0 software based on the 

method of Wang et al. (2013). The sequences were aligned using the positional tree 

server with a data set containing the nearest relative matches. Only unambiguously 

aligned positions from all sequences were used and gaps in both ends were cut before 

the match/mismatch count. 

3.3 Results and discussion 

3.3.1 Biomass of earthworms during vermicomposting 

After operation of 60 days, the appearance characteristic of PDS changed 

obviously, as could be seen in Fig. 3.3. The homogenous products with earthworms 

were achieved, suggesting that this condition was probably suitable for 

vermicomposting. The growth rate and reproduction of B. parvus in both vermi-reactors 
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are illustrated in Table 3.2. Combined with the data of earthworms’ biomass, no 

mortality of earthworms was observed during the entire vermicomposting process in 

pelletized treatments, as presented in Fig. 3.3. 

 

 

Fig.3.3 Changes of appearance of PDS and earthworms’ fate in pelletized reactors 

 

 

 

 

 

 

 

 

Fig. 3.4 Earthworms’ fate in the sludge without pelletization with the time  

 

However, for non-pelletized treatment, as envisioned, most earthworms escaped 

from the reactor at the initial first day of the experiment. Apparently, this observation 

indicates that earthworms were highly difficult to survive in the substrate using fresh 
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sludge without any pretreatment, as shown in Fig. 3.4. In general, the survival of 

earthworms is affinity to their density, habitat environment and food quality (Suthar and 

Ram, 2008). Thus, it can be suggested that the pelletization of sludge provides a superb 

habitat environment for earthworms.  

As shown in Table 3.2, a nearly constant growth rate of earthworms was found in 

vermicomposting treatments of 4.5 mm and 14.5 mm PDS. Compared to other reports 

relating to vermicomposting of sludge (Suthar and Singh, 2008a, b; Suthar, 2010; Hait 

and Tare, 2011), a relative lower growth rate of earthworms was recorded in both 

reactors of the present study. This could be explained by a fact that the relative larger 

weight of adult worms were used in initial vermicomposting, consuming greater 

nutrients in the beginning experiment, thus resulting in the nutrients offered for 

earthworms’ growth were shortened in the later vermicomposting. Given that the larger 

weight of earthworms was used in this study, a decreasing trend of earthworm growth 

after vermicomposting was expected. However, in practice, the result of no decreasing 

pattern of earthworm growth may be due to the good food quality in vermi-reactor 

which provides the sufficient nutrients for their growth (Suthar and Ram, 2008).  

The natality of B. parvus is depicted in Table 3.2. The largest number of cocoon 

(281 cocoons) and hatchlings (2043 counts) was obtained in vermi-reactors of 14.5mm 

and 4.5mm PDS, respectively. In addition, both reactors showed no significant 

difference for the natality of B. parvus. The greater productions of cocoons and 

hatchlings are probably attributed to the superb habitat and sufficient nutrient especially 

for nitrogen and organic matter in vermi-reactors (Suthar, 2010). In this study, the 

nitrogen content of PDS can reach the 35.1 g/kg. And, the relative low C/N ratio of PDS 

may also contribute to the higher reproductive ratio of earthworms. In a word, these 

findings of earthworms’ biomass offer a direct evidence to prove the feasibility of 

vermicomposting of PDS.  
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Table 3.2 The growth and reproduction rate of Bimastus parvus in both 

vermicomposting reactors fed with pelletized dewatered sludge with particle sizes of 4.5 

mm and 14.5 mm, respectively. Values are mean and standard (n=3). 

Parameters 
Pelletized sludge 

4.5 mm 14.5 mm 

Initial weight of worms (g/worm) 0.91 ± 0.08 0.92 ± 0.07 

Final weight of worms (g/worm) 0.97 ± 0.15 0.97 ± 0.12 

Growth rate (mg/worms/day) 1.00 ± 0.12 0.83 ± 0.10 

Cocoon number (counts) 243.00 ± 7.51 281.00 ± 12.53 

Hatchling number (counts) 2043.00 ± 31.15 1994.00 ± 24.93 

 

3.3.2 Physicochemical properties of vermicomposting product 

The changes in chemical properties during the vermicomposting process are shown 

in Table 3.3. The pH value of both vermi-reactors decreased to the same value at 6.67 at 

the end. A slight but significant decrease of pH relative to the initial substrate is 

probably due to the productions of carbon dioxide and organic acids during 

decomposition of organic materials. As for electrical conductivity, a significant 

increment was found in both reactors, showing the values of PDS with small and large 

particles at 794 and 884 µs/cm, respectively. The augment of electrical conductivity in 

both reactors suggests that the vermicomposting can lead to the releases of inorganic 

ions and mineral salts from the original substrate. It has been well demonstrated that the 

presence of earthworms could accelerate the shift of insoluble organic matter into a 

soluble form (Liu et al., 2012a). The relatively stable pH level and increasing of 

electrical conductivity after vermicomposting are coincident with the other related 

reports (Gupta and Garg, 2008; Hait and Tare, 2011; Yang et al., 2014). In contrast, the 

smaller PDS was more stable than the large one. 
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Table 3.3 Changes in physicochemical parameters during vermicomposting of 

pelletized dewatered sludge with particle sizes of 4.5 mm and 14.5 mm. Values are 

mean and standard (n=3). Different letters (a, b and c) behind the values denote the 

differences between groups are significant (p < 0.05, HSD test). 

Parameters 
Initial dewatered 

sludge 

Final vermicomposting products of 

pelletized dewatered sludge 

4.5 mm 14.5 mm 

pH 6.90 ± 0.04 a 6.67 ± 0.02 b 6.67 ± 0.02 b 

Electrical conductivity (S/cm) 302.00 ± 2.08 a 884.00 ± 5.29 b 794.00 ± 6.81 c 

Organic matter (%) 52.8 ± 0.00 a 31.80 ± 0.80 b 36.10 ± 1.00 c 

Total nitrogen (g/kg) 35.10 ± 1.51 a 24.80 ± 0.59 b 32.40 ± 1.43 c 

Ammonia-nitrogen (g/kg) 14.20 ± 0.02 a 0.10 ± 0.00 b 0.12 ± 0.00 b 

Nitrate-nitrogen (g/kg) 0.01 ± 0.00 a 1.39 ± 0.02 b 0.07 ± 0.01 c 

Available phosphorous (g/kg) 1.42± 0.22 a 4.36 ± 0.02 b 2.84 ± 0.06 c 

 

Compared to the initial substrate, the content of total nitrogen in the treatments of 

4.5 mm and 14.5mm PDS declined significantly by 29.3 % and 7.7 %, respectively. The 

emission of NH3 during decomposition of organic matter in the vermicomposting 

system is a reason for the nitrogen loss (Velasco-Velasco et al., 2011). And also, another 

important reason may be ascribed to the fact that the earthworms required certain 

nitrogen sources for their body growth and the production of cocoons. Therefore, the 

lower total nitrogen content in the 4.5 mm PDS treatment relative to another treatment 

is probably due to the greater consumption of nitrogen by the larger number of 

hatchlings in the reactor. 

After vermicomposting, the content of ammonia-nitrogen in the end products 

decreased significantly to the values of 0.1 g/kg and 0.12 g/kg in PDS with 4.5 mm and 

14.5 mm particles, respectively. The drastic drop of ammonia-nitrogen should be bound 
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up with the occurrence of aerobic ammonia oxidation, because an accumulation of 

nitrate-nitrogen was observed in this study, as revealed in Table 3.3. The 

nitrate-nitrogen content increased to 1.39 g/kg and 0.7 g/kg in the vermicomposts of 4.5 

mm and 14.5 mm PDS, respectively. These increases are probably attributed to the 

likely function that earthworms could improve the aerobic condition and create a 

favorable micro-environment for the growth of nitrifying-bacteria in the 

vermicomposting system (Liu et al., 2012a; Yang et al., 2014). In addition, the 

significant difference of nitrate-nitrogen in both treatments should be associated with 

the difference in the particle sizes of initial PDS.  

As shown in Table 3.3, the available phosphorus content was significant higher in 

both vermicomposted PDS than initial substrate, showing a 1.1 -2.1 fold increment. It 

has been postulated that the release of available phosphorus from organic matter during 

vermicomposting is performed by the phosphatases of earthworm’s gut and phosphate 

solubilizing bacteria of earthworm’s castings (Suthar and Singh, 2008a). The lower 

values of ammonia-nitrogen along with higher values of nitrate-nitrogen and available 

phosphorus in present study may indicate that the end vermicomposts could have a 

potential of being used as a fertilizer for agricultural purpose. However, it does not 

necessary mean that PDS after vermicomposting is available for and beneficial to the 

agricultural purpose, because the toxic compounds and heavy metals were not the 

targets of evaluation of the present study. Future comprehensive assessment is expected.  

3.3.3 Changes of organic matter 

As depicted in Fig. 3.4, a dramatic reduction in the content of organic matter was 

recorded in both treatments during vermicomposting process. Compared to the initial 

sludge, the organic matter content decreased by 39.9 % and 31.7 % in the 

vermi-reactors of 4.5 mm and 14.5 mm PDS, respectively. Statistically, the organic 

matter content in both vermi-reactors varied significantly (p < 0.05). Vermicomposting 
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process could promote the decomposition and transformation of liable water soluble 

organic matter in sewage sludge, thus leading to achievement of stabilized end products 

(Xing et al., 2012). DOC, as the most easily degradation carbon fraction of the substrate, 

is considered as a critical index for assessing the stabilization of the organic matter 

during composting. 

 

 

 

Fig. 3.5 Changes of organic matter and water dissolving organic carbon (DOC) during 

vermicomposting process of pelletized dewatered sludge with particle sizes of 4.5 mm 

and 14.5 mm. Values are mean and standard (n=3).  

 

Fig. 3.6 Composition of organic matter dissolving in water (Fluorescence EEM) 
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Table 3.4 Fluorescence peak positions and their intensity based on Fig. 3.6  

 
Peak A and B Peak C Peak D Peak E Peak F 

Ex/Em I Ex/Em I Ex/Em I Ex/Em I Ex/Em I 

Initial sludge 230/340 1016 285/350 1016 235/445 442 280/445 652 355/450 777 

4.5 mm PDS 230/335 632 280/345 952 240/440 345 280/435 322 340/440 337 

14.5 mm PDS 230/335 1016 280/340 1016 240/445 344 280/435 321 340/435 335 

Note: Ex/Em means Excitation/Emission (nm). Letter ‘I’ denotes fluorescence intensity. 

 

As shown in Fig. 3.6, peaks A, B, C, D, E and F emerged at the positions reported as 

tyrosine, tryptophan, solvable microbial byproducts, fulvic acid like substances in the 

ultraviolet region, fulvic acid like substance in visible region and humic acid like 

substance, respectively (Chen et al., 2003a). In combination with the results obtained 

from Fig. 3.6 and Table 3.4, it is clear that the particle sizes of sludge affected the 

emerging of the tyrosine and tryptophan like substances. And also, its particle gave a 

minor effect on the solvable microbial byproduct like substance. But, for the fulvic acid 

like substances of ultraviolet and visible regions as well as humic acid like substance, no 

remarkable effect was detected. This finding indicates that tyrosine and tryptophan like 

substances could be degraded rapidly under the environmental condition with sufficient 

oxygen. In addition, the oxygen condition may benefit the decomposition of microbial 

byproduct-like substances. However, it could not alter the humic-like substances.  

3.3.4 Changes of microbial activity and population   

The microbial characteristics of MBC and DHA are presented in Fig. 3.7. The 

MBC values of both reactors showed a sharp decrease in the initial 40 days and then 

kept constant till the end. The end products of the MBC differed significantly with the 

treatments of two PDS samples, showing lower values with the smaller PDS.  
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Fig. 3.7 Changes of microbial biomass carbon (MBC) and dehydrogenase activity 

(DHA) during vermicomposting of pelletized dewatered sludge with particle sizes of 

4.5 mm and 14.5 mm. Values are mean and standard (n=3).  

 

The reduction of MBC during vermicomposting should be linked with the 

depletion of organic matter since a significant correlation relationship (p < 0.05) 

between MBC and organic matter was recorded in the current study. On the other hand, 

DHA followed a similar pattern in both treatments: decreasing in the initial 10 days, 

then increasing to the maximum and finally declining to lower values until the end. 

Moreover, a significant lower value of DHA was displayed with the vermicomposts of 

4.5 mm PDS rather than 14.5 mm PDS (p < 0.05).  

It should be noted that DHA had a significant correlation relationship with DOC in 

this study, which distinguished the patterns of organic matter and the MBC. But, most 

studies revealed opposite results that the microbial activity was related to their 

population during vermicomposting process (Huang et al., 2013b; Sen and Chandra, 

2009). Such a disparity is probably ascribed to the different substrate and earthworms 

species used as well as different pretreatment methods for experiment. In general, DHA 

is closely associated with the microbial activity during the decomposition of organic 

materials, thus representing a stable degree of composting/vermicomposting. The low 

values of MBC and DHA in the vermicomposts further prove that the end products are 
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stable materials. Compared to the 14.5 mm treatment, the relative lower content values 

of organic matter, DOC, MBC and DHA in the 4.5 mm treatment suggest that this 

treatment may be more effective and suitable for vermicomposting. 

3.3.5 Changes of microbial community  

(a) Bacterial community structure  

The DGGE diagram of bacterial 16S rDNA gene fragment from V3-V5 region and 

its sequencing result are shown in Fig. 3.8 and Fig. 3.9, respectively. A richness of 

bacterial community displayed a diminution tend during the vermicomposting process. 

The dominant bacterial phyla were identified as Bacteroidetes, followed by 

Proteobacteria and Chlorobi. This finding is supported by the study on treatment of 

sewage sludge by vermifilter (Liu et al., 2012a), where the predominant bacterial phyla 

were Bacteroidetes and Proteobacteria. Additionally, Wagner and Loy (2002) reported 

that Proteobacteria and Bacteroidetes dominated in many wastewater treatment systems, 

in spite of different treatment processes. 

For members of Bacteroidetes, most species belonged to the orders of 

Flavobacteria and Sphingobacteria. Flavobacteria are known as a cellulose and lignin 

decomposing bacteria involved in the process of carbon cycles (Gu, 2003). Also, they 

have been proved to be capable of enhancing the denitrification process (Liu et al., 

2012a). Sphingobacteria are well recognized for the high capability of decomposition of 

the complex compounds such as steroidal estrogens and polycyclic aromatic 

hydrocarbon (Gu, 2003; Ren et al., 2007). Bacteroidetes as the most dominant 

community were also found in vermicomposting systems for treating fruit and vegetable 

wastes (Huang et al., 2013b; Huang et al., 2014). Furthermore, the presence of 

earthworms could broaden the community diversity of Bacteroidetes, as highlighted by 

many researchers (Hery et al., 2008; Huang et al., 2013b; Huang et al., 2014). More 

specifically, the gut cell of earthworms was turned out to be a habitat of microbes with a 
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preponderant community including Bacteroidetes and Firmicutes (Thakuria et al., 2010). 

Although it is growing knowledge that the raised species of Bacteroidetes in 

vermicomposting systems should be linked with earthworms, the truth behind the 

mystery relating to how earthworms affect Bacteroidetes still needs to be studied. 

 

 

Fig. 3.8 DGGE diagram of 16S rDNA gene fragments from vermicomposting of two 

PDS, respectively. The letters of ‘L’ and ‘S’ represent vermicomposting treatments of 

‘large PDS’ and ‘small PDS’, respectively. The numbers given before L and S mean 

vermicomposting samples collected on day 10, 20, 30, 40, 50 and 60. The letter ‘IS’ 

represents the sample of ‘initial dewatered sludge’. The red numbers denoted on the 

DGGE bands mean the order of bands submitted for sequencing analysis. 
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Fig. 3.9 Neighbor-joining tree of partial 16S rDNA gene sequences from DGGE image. 

The numbers at the branch nodes are bootstrap values based on 1000 re-samplings for 

maximum likelihood. Only bootstrap values greater than 70% are shown. 
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Compared to fresh sludge, bacterial community was broadened from 

vermicomposting day 10 to 20 in both PDS, displaying the appearance of band 8, 12, 16, 

17 and 20. Band 12, similar to Chryseolinea serpens, an aerobic chemoheterotrophic 

gliding bacterium, can degrade diverse mono- and di- saccharides as well as some 

polysaccharides and a few organic acids (Kim et al., 2013). Band 8, identified as 

Ignavibacterium album and is a facultative anaerobic photoheterotrophic bacterial 

species, has been verified to be capable of reducing sulfate (Nagashima et al., 2012). 

Band 16, belonging to the family of Saprospiraceae, engaged in the hydrolysis of 

protein using the amino acids as the carbon sources (Xia et al., 2008). These diverse 

bacterial species were found in the initial vermicomposting system, which implies that 

the strong degradation of organic material was occurred in this stage. But, from day 30 

to 40, the bacterial community diversity was narrowed, since band 2, 8, 18 and 20 

vanished in the vermicomposting system. Subsequently, band 3, 4, 13 and 15 

disappeared after 50 days of vermicomposting. Combined with the sequencing data, 

these disappeared bands affiliated to the decomposing bacteria of organic material, 

which evinced that the degradation process was gradually completed in this stage. 

However, band 1, 14 and 19 were populated in both vermicomposting reactors after day 

50. Band 19 is close to the species of Zoogloea sp, which plays an important role in 

degrading the complex compounds, lowering biological oxygen demand and promoting 

the formation of sludge deposits during wastewater treatment process (Rosselló-Mora et 

al., 1995). Comparatively, the finding that bacterial community differed with initial and 

final vermicomposting of PDS is congruent with previous studies (Vivas et al., 2009; 

Yasir et al., 2009). 

 

(b) Eukaryotic community structure  

The DGGE fingerprint of 18S rDNA gene fragment from V3 region and its 

sequencing data are depicted in Fig. 3.10 and Fig. 3.11, respectively. A widening trend 

in microbial community diversity of 18S rDNA was found during the entire 
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vermicomposting process. The eukaryotic 18S rDNA were isolated as the kingdoms of 

Protista and Fungi, of which, the Protista were found to be dominated in 

vermicomposting systems. The eukaryotic community of this study is favored by 

Matsunaga et al. (2014), who discovered a similar community in activated sludge. 

However, it differed with the result of Huang et al. (2013a; 2014), who stated that all 

18S rDNA were only affiliated to the fungal kingdom in vermicomposting systems of 

fruit and vegetable wastes.  

 

 

Fig. 3.10 DGGE diagram of 16S rDNA gene fragments from vermicomposting of two 

PDS, respectively. The letters of ‘L’ and ‘S’ represent vermicomposting treatments of 

‘large PDS’ and ‘small PDS’, separately. The numbers given before L and S mean 

vermicomposting samples collected on day 10, 20, 30, 40, 50 and 60. The letter ‘IS’ 

represents the sample of ‘initial dewatered sludge’. The red numbers denoted on the 

DGGE bands mean the order of bands submitted for sequencing analysis. 

 



Chapter 3   Feasibility of enhancement of vermicomposting efficiency by pelletization 

52 

 

In the present study, Protista mainly comprised of the groups of Rhizaria, 

Stramenopiles and Alveolata. The result is coincident with the investigation regarding 

global diversity of soil protists, in which RAS (Rhizaria, Stramenopiles and Alveolata) 

were verified as the common and dominated members of soil protistan communities, 

especially in the arid soil (Bates et al., 2013). For Rhizaria, Cercozoans (including 

diverse flagellates and amoebae) dominated in the vermicomposting systems. Previous 

studies also found the amoeba and flagellates in the habitat of earthworms. For example, 

Monroy et al. (2008) reported that the number of flagellates in the digestive tract of 

earthworms could reach to 363 × 10
3
 MPN/g. Moreover, the presence of earthworms 

was pointed out to promote the population of protozoa, especially for the flagellates in 

all soil depths (Tao et al., 2009). On the other hand, band 2, 12, 15 and 16 were detected 

as the Fungi (Microfungi) in vermicomposting reactors. Of these, band 12 and 15 were 

affiliated to the members of Mucorales, playing a critical role in the decomposition 

process after the inoculation of earthworms. Accordingly, the molds are able to secrete 

hydrolytic enzymes through their hyphae tips, which can degrade complex biopolymers 

(Wal et al., 2013). Therefore, the molds may probably play a major role in the 

decomposing of organic material and enabling the recycling of nutrients in 

vermicomposting systems. 

Compared to the bacterial community, the community of 18S rDNA did not exhibit 

an obvious regularity during the whole vermicomposting process. For example, band 2, 

5, 7 and 16 presented an unstable rhythm, since their appearance or disappearance 

seems to be random during the process. Such a result may be partly expounded by the 

prey behavior of earthworms to the protozoa and fungi, as declared by Brown (1995).  
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Fig. 3.11 Neighbor-joining tree of partial 18S rDNA gene sequences from DGGE image. 

The numbers at the branch nodes are bootstrap values based on 1000 re-samplings for 

maximum likelihood. Only bootstrap values greater than 70% are shown. 
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Another possibility may be attributed to the effect of temporal environmental 

factors on the eukaryotic community. Although previous researchers have unraveled the 

linkage of earthworms and protozoa, the phenomenon of eukaryote random exhibiting 

in vermicomposting process is still hard to be clarified. However, given the drawback of 

the DGGE technology, the more advanced approaches for better examining the 

relationship between earthworms and microorganisms, such as FISH, DNA-SIP and 

high throughout sequencing, should be adopted in future study. 

3.3.6 Stabilization of PDS by principal component analysis 

The stability of vermicomposting is a critical index for estimating the degradation 

of organic matter and the mineralization of nutrients, and hence represents the 

agricultural value of vermicomposting product. Taking into account that common 

indexes such as C/N ratio could not be used for evaluating the bio-waste with high 

content of N-nutrient or recalcitrant organic material (Fernández-Gómez et al., 2010), 

the parameters including organic matter, DOC, NH4
+
/NO3

-
, urease activity (UA), 

dehydrogenase activity (DHA) and microbial biomass carbon (MBC) were chosen for 

comprehensive assessment of the stable degree of vermicomposting in the present study.  

As presented in Fig. 3.12, the stable process of vermicomposting was revealed by 

principal component analysis. The fresh samples collected on day 0 and 10 were found 

in the 4th quadrant, showing a positive relationship with the MBC, OM, and UA. This 

result is determined by the features of fresh PDS, which contained high values of 

microbial population and organic matter as well as nitrogenous substance. As the time 

passed, the samples like small PDS of day 20 and large PDS of day 20 and 30 displayed 

a markedly positive correlation relationship with the indices of DOC, NH4
+
/NO3

-
 and 

DHA at the first principal component. This period may be considered as an active 

degradation stage because the sharp transformation of DOC and the release of 

NH4
+
-nitrogen were occurred under high microbial activity in this period. Similarly, Sen 
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and Chandra (2009) also found a dramatic decomposing activity from day 10 to 30 of 

vermicomposting, with the peak values of xylanase, amylase, cellulose, invertase, 

protease, urease and phosphatase activities. The elevation of microbial activity may be 

probably due to the earthworms’ activity (Brown, 1995; Aira et al., 2007).  

 

 

Fig. 3.12 Principal component analysis of vermicomposting process of two pelletized 

dewatered sludge (PDS). The letters of ‘L’ and ‘S’ represent vermicomposting 

treatments of ‘large PDS’ and ‘small PDS’, respectively. The numbers before L and S 

mean vermicomposting samples collected on day 10, 20, 30, 40, 50 and 60. The red 

triangles mean the different parameters of stability. The not-filled and filled blue cycles 

reflect the different vermicomposting time in the treatments of large and small PDS, 

respectively. The green dotted cycles represent the different stages of vermicomposting. 

 

With the process of vermicomposting, the stable parameters had a significantly 

negative relationship with the treatments of small PDS on day 30 and 40 and large PDS 
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on day 30. Although the decreased patterns of all parameters were found after 40 days, 

the relative higher values of these stable parameters were still observed in this stage. 

And thus, this finding indicates that the degradation of organic materials of 

vermicomposting still continued in this period. After 50 days, such negative relationship 

between parameters and vermicomposting period was continuously enlarged by the end 

of experiment, because the lower values of MBC, DHA, OM, DOC, UA and NH4
+
/NO3

-
 

were recorded in vermicomposting products. And also, the vermicomposting days of 50 

and 60 did not differ significantly, indicating that the end products of PDS become 

stable from day 50. This finding is similar to the study of Gómez-Brandón et al. (2008), 

who found that the mature products in the final stage were assembled into a stable range 

with a few changes of parameters during vermicomposting of cattle manure, as revealed 

by principal component analysis.  

As a consequence, it should be summarized that vermicomposting of fresh PDS 

can be grouped into four stages, that is, the initial stage, the active decomposition stage, 

the continuous degradation stage and the final stable stage. However, given that the 

vermicomposting reaction depended on the different composition of organic material 

and earthworm activity (Castillo et al., 2013), the finding of the present study is 

somewhat flexible that cannot be supported by all vermicomposting systems. On the 

other hands, a comparatively slight difference was found between two vermicomposting 

degradation processes of PDS. In addition, the vermicomposting speed of PDS in the 

small treatment seemed to be faster than the large one, requiring 20 and 30 days, 

respectively. Ndegwa and Thompson (2001) and Zhang and Sun (2014) have argued 

that different sizes of the initial material in composting or vermicomposting could lead 

to dissimilar features of the end products, which coincided with the present study.  
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3.4 Summary 

Pelletization could be a suitable and alternative pretreatment approach for 

stabilization of fresh dewatered sludge. The pelletized dewatered sludge could well 

support the growth and reproduction of earthworms. The bulk sludge without 

pelletization for vermicomposting revealed higher uncertainty. The microbial activity 

increased rapidly from day 10 to 20 of vermicomposting. And also, the stable stage of 

vermicomposting was found from day 50 to 60. Moreover, the stabilization speed of the 

small PDS was faster than the large one. In addition, vermicomposting process 

narrowed the bacterial community while broadened the eukaryotic community. 

Furthermore, Flavobacteria, Sphingobacteria and Cercozoa were detected as the 

dominant community involved in the vermicomposting process. 
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Chapter 4    

MAJOR ROLES OF EARTHWORMS IN 

COMPOSTING OF PELLETIZED 

DEWATERED ACTIVATED SLUDGE  

4.1 Introduction 

Along with the economic development of the urbanization, more than 3,000 

wastewater treatment plants had been built recently in China (MOHURD, 2012b) to 

promote the wastewater treatment capability. However, it has been noted that large 

amounts of sludge produced in these wastewater treatment plants is not well treated and 

their disposal in agricultural land without proper treatments may cause environmental 

risk (Yang et al. 2015). More attentions should be paid to seek a more suitable strategy 

for the disposal of dewatered sludge in China.  

It is an increasing knowledge that vermicomposting is a promising technology for 

the safe, effective and sustainable treatment of organic wastes. Its final product, namely 

vermicompost, is regard as a gold bio-organic fertilizer because it contains a higher 

content of water-soluble nutrients and a richer microbial community diversity 

(Khwairakpam and Bhargava 2009; Fernández-Gómez et al. 2010). Till now, it has been 

documented that several types of sludge such as primary sewage sludge (Gupta and 

Garg 2008), dewatered sewage sludge (Yang et al. 2014) and various industrial sludge 

(Yadav and Garg 2009; Vig et al. 2011) could be handled by this green technology. In 

these successful practices, a few operating modes were constructed for 

vermicomposting. In particular, the inoculation of earthworms into the mixed substrate 

of sludge and animal manure was termed as the conventional mode, as described by 

Suthar and Singh (2008), Vig et al. (2011), Bhat et al. (2013) and Xing et al. (2014). 
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Other studies (Benitez et al. 1999; Chen et al. 2010a) frequently used alternative 

approach through covering fresh/dry sludge on the bedding material of earthworms.  

Vermicomposting is a biochemical degradation process of organic materials 

involving the interactions of earthworms and microbes. During vermicomposting, the 

organic substances are perceived to be decomposed by the digestive behavior of 

earthworms and microbes inhabited in the earthworms’ gut or original substrate. 

Although earthworms guide the fauna and microorganisms in vermicomposting system, 

microorganisms may play a more important role in degrading organic material, as 

reported by Sen and Chandra (2009) and Ranvindran et al. (2015). Therefore, in 

vermicomposting system, the earthworms function is of importance to the stabilization 

efficiency of organic material. Although the pelletization of sludge could accelerate the 

vermicomposting efficiency has been revealed in the above Chapter 3, the question of 

how the presence of earthworms affect the stabilization of PDS is still unknown.  

Moreover, the examination with respect to microbial activity, number and 

community is of high significance in vermicomposting system, because this can well 

clarify the underlying mechanism regarding the decomposition and stabilization of 

organic substance. Although earthworms could exert the influences on microbes, its 

influenced pattern is still not clear. Because some authors reported that earthworms 

could promote the microbial community diversity after vermicomposting (Sen and 

Chandra, 2009; Huang et al., 2014; Lv et al., 2015; Vivas et al., 2009). Another studies 

found that earthworms’ activity could significantly lower the microbial diversity (Huang 

et al., 2013b). The above disagreement may be due to different substrates used in 

experiments. To the best of our knowledge, no studies were carried out for the 

assessment of the effect of earthworms on dynamic succession of microbial community 

during vermicomposting of fresh PDS. 

Overall, the first objective of this study was to investigate the effect of earthworms 

on the stabilization of PDS. Earthworms’ roles mainly represents effect of earthworms’ 
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activity on vermicomposting. And this effect is associated with the earthworms’ density 

and species. Thus, it is meaningful to assess the effect of earthworms’ density on 

vermicomposting efficiency, notably for the dewatered sludge without blending any 

other materials. Moreover, the second objective was to study the detail function of 

earthworms in the changes of microbial biomass, activity and community during 

vermicomposting process.  

4.2 Materials and methods 

4.2.1 Experimental materials and setup 

(a) Earthworms’ function 

The earthworm Eisenia foetida, a common vermicomposting species, was used in 

the experiment. It was cultured by dewatered sludge in a specific reactor under 

laboratory condition. The clitellated adult earthworms with the weight of about 0.91 

g/worm were randomly chosen for the experiment. Fresh dewatered sludge was 

collected from the Qilihe Anning wastewater treatment plant, Lanzhou, China. Then, the 

fresh dewatered sludge was pelletized into particles with a size of 4.5 mm, according to 

the method described in the above Chapter 3. The physicochemical properties of the 

initial PDS prior to vermicomposting are given in Table 4.1. 
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Table 4.1 Physicochemical properties of initial PDS, final products of control system 

and vermicomposting system. Values are mean ± standard (n=3). Different lower cases 

in given row mean the difference between groups is significant (p<0.05, based on 

least-significant different (LSD) test). 

Parameters Initial PDS Control Vermicompost 

Organic matter (%) 68.00±0.01 a 51.8±0.02 b 49.8±0.02 c 

pH 6.80±0.00 a 7.10±0.00 b 7.00±0.00 b 

Electrical conductivity (μS/cm) 573.00±8.50 a 1588.00±5.70 b 2100.00±28.20 c 

Dissolved organic carbon (g/kg) 16.70±0.20 a 7.60±0.20 b 9.20±0.20 c 

Ammonium (mg/kg) 7.40±0.10 a 287.90±5.40 b 238.90±5.00 c 

Nitrate (mg/kg) 10.30±2.70 a 571.40±77.60 b 1389.50±81.50 c 

Ammonium/nitrate 0.74±0.19 a 0.51±0.06 b 0.17±0.01 c 

Total nitrogen (g/kg) 51.70±0.30 a 35.30±0.40 b 36.00±0.40 b 

Total phosphorus (g/kg) 18.20±1.40 a 26.50±1.10 b 28.00±0.80 b 

 

For better revealing insight into the function of earthworms in vermicomposting 

system, two degrading treatments with and without earthworms were setup in parallel. 

In order to minimize the experimental errors, each treatment was repeated in triplication. 

Therefore, a mesocosm was established using 6 metal pots each with a size of 36cm × 

12cm (diameter × height). For each reactor, totally 4 kg PDS was gently added. Then, 3 

reactors were inoculated with 100 earthworms as a vermicomposting system. 

Meanwhile, another 3 reactors were designed as a control system without earthworms. 

Thereafter, a plastic film without any piercings was covered on each reactor to maintain 

the constant moisture. Subsequently, black cotton was placed on the plastic film in order 

to keep the dark environment. In order to supply the oxygen for earthworms, all reactors 

were allowed to be turn over once a day.  

According to the study result shown in Chapter 3, the PDS could be stabilized from 
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the 50 days of vermicomposting. This experiment was performed at 25±1 ºC for 60 days. 

The earthworms were picked out and then their body was weighted and numbers were 

counted. The samples were collected for physicochemical and biochemical properties 

and molecular biology analysis. 

 

(b) Earthworms’ density 

Taking into account that the role of earthworms is affected by their density, the 

effect of earthworms’ density on the decomposition efficiency of dewatered sludge 

should be also considered in vermicomposting. This part is a supplemental explanation 

for the effect of earthworms’ function mentioned above. 

The adult earthworm Eisenia foetida with the weight of 1.0 gram was chosen for 

this experiment. The fresh dewatered sludge, collected from the same plant in Lanzhou, 

was pelletized into the size of 5 mm pellet in the lab, based on the same method to the 

above experiment. The stainless pot was used for vermicomposting reactor with the 

diameter of 36 cm and its height of 12 cm. Given that a higher density of earthworms 

may intensify the efficiency, one normal density treatment of 2000 worms/ m
2
, same to 

the previous experiment, and two higher density treatments of 4000 worms/ m
2 

and 

6000 worms/ m
2
 were built, separately. Totally 4 kg fresh PDS was added in each 

reactor. Then, low, middle and high density of earthworms were added into each reactor, 

respectively. The temperature was kept at 20±1 ºC. In order to detect the dynamic 

changes of organic matter decomposition in the initial vermicomposting, the sampling 

time was set at an interval of 2 days. Because the higher density of earthworms was 

inoculated in the reactor, this experiment was terminated with the criterion that high 

density earthworms could not well live in PDS. The analysis methods were the same as 

the experiments shown in Chapter 3.  
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4.2.2 Physicochemical and biochemical properties analysis 

In this chapter, the main detection methods of physicochemical properties are 

similar to the above Chapter 3. Shortly, the extracted samples with potassium chloride 

solution were used for analyzing ammonia-nitrogen and nitrate-nitrogen by the 

spectrophotometric method using the standard published by Ministry of Environmental 

Protection of the People’s Republic of China (MEP 2012). Available phosphate was 

determined with Mo-Sb Anti-spectrophotometer. The total nitrogen and total 

phosphorus were analyzed by spectrophotometry after the digestion of alkaline 

potassium persulfate and sodium hydroxide, separately (MOHURD 2005). Microbial 

biomass carbon (MBC) was measured by fumigating the sludge with chloroform, as 

reported by Wu (2006). Dehydrogenase activity (DHA) was analyzed for the evaluation 

of microbial activity determined by the triphenyl tetrazolium chloride (TTC) method, 

according to Fu et al. (2015a). The detection method for three dimensional fluorescence 

excitation emission matrix (EEM) was same to the above Chapter. But the experiment 

of earthworms’ role, the dry sludge and water was mixed at the ratio of 1:50, and then 

diluted by 3 folds for the analysis.  

The acid buffer capacity (ABC) and alkali buffer capacity (ALBC) were determined 

by titration of sludge samples with H2SO4 (5.04 mmol/L) and NaOH (14.4 mmol/L), 

respectively. According to Wong et al. (1998), the pH end points were at the values of 4.0 

for ABC and 8.0 for ALBC, respectively. The buffer capacity () refers to the resistance 

to the changes in pH caused by adding acid or base to the media. The buffer capacity is 

generally defined as the amount of strong base (CB) (OH
-
) or strong acid (CA) (H

+
) 

required for causing the changes in one pH unit in the media (Stumm et al., 1996):   

 

𝛽 =
𝑑𝐶𝐵
𝑑pH

= −
𝑑𝐶𝐴
𝑑pH
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4.2.3 DNA related analysis 

The methods of DNA extraction and PCR-DGGE followed by sequencing analysis 

were same to those mentioned in Chapter 3, section 3.2. 

    The universal primers 341F-907R and Fung-NS1 (as detailed in Chapter 3) were 

utilized for quantifying the numbers of 16S rDNA copies and 18S rDNA copies, 

respectively. The bacterial and eukaryotic numbers were quantified with the same PCR 

program by the Thermal Cycler Dice Real Time System TP800 (TAKARA, Japan). The 

SYBR
®
 Premix Ex Taq™ (TAKARA, Japan) was used for the PCR amplification. The 

quantitative PCR program was constituted by an initial pre-denaturation at 95 ºC for 5 

min, 40 three-step cycles of 95 ºC, 15 s, 57 ºC, 30 s and 72 ºC, 30 s, followed by a 

melting curve from 60 ºC to 95 ºC. The data were collected at the last step of each cycle. 

The standard curves were established using 10-fold serial dilution of DNA containing 

the full length copy of the Escherichia coli (NBRC, 13965) 16S rDNA gene and the 

Saccharomyces cerevisiae (NBRC, 1136) 18S rDNA gene, separately. The bacterial and 

eukaryotic amplification efficiency was 106% and 110%, respectively. And also, the 

same R
2
 value of 0.99 was obtained in both PCR reactions.  

4.2.4 Statistical analysis 

T-test and One-way ANOVA was used for evaluation of the differences in different 

treatments with a significant level of p <0.05, using the SPSS 17.0 statistical software. 

Additionally, the software Quantity one 4.6.2 was employed for the analysis of DGGE 

images. The sequencing results were run by the software Geneious 6.0 and then 

compared in the DDBJ system. The accessions of nucleotide sequences obtained from 

the DGGE bands were numbered from LC016541 to LC016560, and from LC018640 to 

LC018651 for 16S rDNA and 18S rDNA, respectively, allocated by the DDBJ. 
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4.3 Results and discussion 

4.3.1 Changes of organic matter  

During the experiment, no earthworms showed the behavior of escaping from the 

vermi-reactor. The mean weight of E. foetida was 0.97 g/worm after 60 days’ 

vermicomposting. And also, the mean values of 243 hatchlings and 2043 cocoons were 

recorded in each earthworm reactor, respectively.  

Accordingly, the content of organic matter along with the microbial number and 

activity are often chosen for assessment of stability in the composting/ vermicomposting 

process. As shown in Fig. 4.1a, a continuous reduction of the content of organic matter 

was observed in both control and vermicomposting treatments. In contrast to the initial 

PDS, the control and vermicomposting significantly decreased by 25% and 28%, 

respectively. The finding that earthworms can accelerate the decomposition of sewage 

sludge is coincided with others (Lazcano et al. 2008; Liu et al. 2012a). In addition, this 

acceleration effect was associated with the earthworms’ density, as given in Fig. 4.1b. 

Because the nutrient of sludge could not satisfy the requirement of earthworms’ growth, 

the density of the present experiment was stopped on 16th day. Comparably, higher 

density of earthworms led to rapid loss of organic matter in the sludge.  

As shown in Fig. 4.2, the fluorescence properties of dewatered sludge were 

obviously changed after experimentation. Contrasting the fluorescence peak and its 

intensity of the treatments with earthworms and without earthworms (Table 4.2), it was 

found earthworms exerted a strong influence on the tyrosine-like and tryptophan-like 

substances, followed by the solvable microbial byproducts-like substance. But, for the 

fulvic acid-like substances in the ultraviolet region and the visible region and 

humic-like substance, the effect of earthworms appeared to be weak. The inoculation of 

earthworms can accelerate the decomposition of protein-like substance in sludge. 

Moreover, earthworms, to some extent, have a promotion effect on the transformation of 
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solvable microbial byproducts-like substance. On the contrary, earthworms displayed a 

weaker transformation function for fulvic acid-like and humic-like substances, 

suggesting that the changes in the fluorescence intensity of these types of organic 

substances were mainly due to the decomposition effect of microorganisms. 

 

 

 

Fig. 4.1 Changes of organic matter (a) and earthworms’ density (b) during 

vermicomposting of PDS. Letters of ‘L’, ‘M’ and ‘H’ given in the figure (b) denote the 

low, middle and high density of earthworms used in vermicomposting, respectively. 

Values are means ± SE (n=3). 

 

 

Fig. 4.2 Fluorescence EEM for substances released to water from initial sludge and final 

vermicomposting products with earthworms and without earthworms as control 
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Table 4.2 Fluorescence peak positions and their intensity based on images in Fig. 4.2 

 

Peak A and B Peak C Peak D Peak E Peak F 

 
Ex/Em I Ex/Em I Ex/Em I Ex/Em I Ex/Em I 

Initial sludge 225/330 450 275/340 162 225/425 109 280/445 76 355/445 42 

Control 225/330 98 275/340 33 225/420 38 285/420 11 335/420 9 

Earthworm 225/345 77 285/345 25 225/420 36 285/425 10 330/420 8 

 

Earthworms’ population is considered as an important parameter that can reflect 

the affecting intensity of earthworms on the substrate during vermicomposting. In the 

present study, vermicomposting was only conducted for 16 days because the higher 

earthworms’ density required the higher content of organic matter. In fact, it was found 

that the food content of substrate could not maintain the requirement of earthworms’ 

metabolism after 16 days of vermicomposting. As shown in Fig. 4.3, the 

3D-fluorenscence characteristics of the initial sludge and three different 

vermicomposting products were similar, containing six fluorescence peaks. Generally, 

at same position, a sample with stronger fluorescence intensity means its structure is 

much more complex. Whereas, the substance with a weaker intensity reflects the 

molecular weight and its extent of aromatic structure are lowered.  

 

 

Fig. 4.3 Fluorescence EEM for substances released to water from the initial sludge and 

the final vermicomposting products with low, middle and high density of earthworms.  
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Table 4.3 Fluorescence peak positions and their intensity based on images in Fig. 4.3 

 

Peak A and B Peak C Peak D Peak E Peak F 

Ex/Em I Ex/Em I Ex/Em I Ex/Em I Ex/Em I 

Low density 230/335 1016 280/345 1016 235/445 621 280/445 582 350/445 858 

Middle density 230/340 1016 285/345 1016 235/445 410 280/445 603 335/450 764 

High density 230/340 1016 285/345 1016 240/445 376 280/440 527 355/450 639 

 

Based on Table 4.3, it is clear that the higher earthworms’ density could 

significantly modify the structure of fulvic acid-like and humic acid-like substances. 

But, for the protein-like substance, the effect of earthworms was not observable.   

4.3.2 Changes of available nutrients to plants 

The assessment of plant available nutrients in vermicomposting/composting 

products is indispensable for the agricultural purpose. As shown in Fig. 4.4, the nitrate 

content significantly increased from 40 days of vermicomposting in both treatments. At 

the end of the experiment, earthworms-working group displayed a significant greater 

content of nitrate than control, with final values of 1389.5 mg/kg and 571.4 mg/kg, 

separately. The earthworms’ effect in improving the aerobic condition of PDS and 

promoting the growth of nitrifying bacteria (Xing et al., 2014) may account for the 

higher elevation of nitrate content, relative to the control treatment. Moreover, another 

explanation may be linked with the higher accumulation of ammonium (Fig. 4.4) due to 

the mineralization process resulted from the earthworms, which facilitates the ammonia 

oxidation process in vermicomposting treatments. In addition, this acceleration effect 

was closely related with the earthworms’ density, since a finding that the higher density 

displayed the greater ammonium content was recorded in the earthworms’ density 

experiment (Fig. 4.5). However, this promotion did not affect the nitrate content, which 

may be due to the short detection time of vermicomposting.  
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Fig. 4.4 Changes of the nitrate and ammonium in treatments of control and earthworms 

during vermicomposting of PDS. Asterisks (*) represent significant difference between 

the control and earthworm treatment (p < 0.05). Values are means ± SE (n=3) 

 

 

Fig. 4.5 Changes of ammonium and nitrate during vermicomposting with different 

densities of earthworms. Letters of ‘L’, ‘M’ and ‘H’ given in the note title denote the low, 

middle and high density of earthworms used in vermicomposting, respectively. 
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Fig. 4.6 Changes of available phosphate in treatments of control and earthworms during 

vermicomposting of PDS. Asterisks (*) represent the difference between the control and 

earthworm treatment is significant (p < 0.05). Values are means ± SE (n=3). 

 

The changes of available phosphate content during the decomposition of PDS are 

given in Fig. 4.6. Gradually increasing trends of available phosphate were found in both 

treatments of earthworm addition and earthworm-free systems. The earthworms’ system 

showed a significant higher content of available phosphate than the control system, with 

final content at the values of 4.57 g/kg and 4.15 g/kg, respectively. This result could be 

explained by the reason that the phosphatase in earthworms’ gut could accelerate the 

transformation of organic phosphorous compounds into the available phosphate for 

plants, as reported by Yadav and Garg (2009). Overall, the inoculation of earthworms 

could increase the content of available phosphate and nitrate of PDS, suggesting that its 

final product was more suitable for use in agricultural fields. 

4.3.3 Changes of pH and its buffering capacity 

It could be seen from Fig. 4.7 that there was a significant difference in pH value 

between the earthworm treatment and the control from the 20th day. pH in the control 

displayed a decreasing and then increasing trend. While, the pH in vermicomposting 
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showed a fluctuatingly increasing trend. The end values between the treatment with 

earthworms and the treatment of control did not differ significanlty. As displayed in Fig. 

4.7, pHBC of the earthworm treatment and control generally displayed a trend of initial 

decreasing and then subsequent increasing. The 40th day was the dividing point: pHBC 

slightly decreased in the first 40 days and then increased in the later 40 days. 

 

 

 

Fig. 4.7 Changes of pH and its buffeing capacity (pHBC), acid buffering capacity (ABC) 

and alkrine buffering capacity (ALBC) during vermicomposting. Values are mean and 

standard deviation (n=3). Bars indicate the standard deviation of replicates and are not 

visible when smaller than the symbol size. The asterisk (*) denotes the defference 

between two treatments at a given time is statistically significant (p < 0.05, HSD test). 
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At the end, the increment of pHBC in the earthworm treatment (14.57 

mmol/(kg∙pH) unit) was slightly higher than that of the control (11.18 mmol/(kg∙pH) 

unit). The pHBC within the linear range can well reflect ABC and ALBC, as revealed in 

Fig. 4.7. ABC was significantly higher in the earthworm treatment than in the control (p 

<0.05) during the whole vermicomposting process. It should be noted ABC decreased in 

the first 40 days and then shapely increased until the end. Such a finding is akin to that 

of pHBC. For ALBC, a continuous increment was recorded in both treatments, showing 

a relatively higher value in the vermicomposting. Compared to control, significantly 

higher pH and its buffering capacity were found in the vermicomposting treatment, 

indicating that earthworms could pronouncedly enhance the pH buffering capacity.  

 

4.3.4 Changes of bacterial and eukaryotic numbers  

In this study, MBC and DHA were used for reflecting the microbial number and 

activity, respectively. As displayed in Fig. 4.8, the MBC and DHA allowed a similar 

changing pattern in both reactors during 60 days’ experimentation. In the first 30 days, 

MBC and DHA showed a sharp decrement, with obviously higher values in the 

earthworms’ treatment than in the control. Then, a minor decrease of MBC and DHA 

was found in both reactors till the end of the experiment. During this stage, significantly 

lower levels of MBC and DHA were recorded in the vermicomposting, compared to the 

control. Two probable explanations are responsible for the enhancement of MBC and 

DHA in the initial stage. Firstly, an intestinal digestive behavior of worms leads to the 

enhancement of dissolved organic matter in their gut, which triggers the intestinal 

microbial activities and numbers (Aira et al., 2009). Another possibility may be because 

the excrements of worms such as mucus, urine and casting contain abundant nutrients 

for the growth of microbes, which promotes the microbial activities and numbers.  
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Fig. 4.8 Changes of microbial biomass carbon and dehydrogenase activity in the 

treatments of earthworm and control with vermicomposting time for treating PDS. 

Asterisks (*) represent the difference between the control and earthworm treatment is 

significant (p < 0.05). Values are means ± SE (n=3).  

 

 
Fig. 4.9 Changes of microbial activity and biomass during vermicomposting with 

different densities of earthworms. Letters of ‘L’, ‘M’ and ‘H’ given in the note title denote 

the low, middle and high density of earthworms used in vermicomposting, respectively. 
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was found in the treatment with the highest density. According to Fig. 4.9, DHA 

displayed a negative relationship with earthworms’ density. The higher density resulted 

in a relatively rapid decreasing speed of DHA. Based on the above, it is summarized 

that the microbial activity and number were affected by the earthworms’ density.  

At the end, the lower microbial activities and numbers in both treatments are 

probably due to the consumption of organic matter, which suggests that both final 

products are relatively stable. In contrast, lower values of MBC and DHA in worms’ 

treatment indicate that earthworms’ activity can boost the decomposition of organic 

matter, which is similar to other vermicomposting experiments with sewage sludge, cow 

dung and fresh fruit and vegetable wastes (Benitez et al. 1999; Gómez-Brandón et al., 

2013; Huang et al., 2013b). 

The bacterial and eukaryotic numbers were quantified and illustrated in Table 4.4. 

Compared to the control product, it is apparent that the product of vermicomposting 

showed significantly lower densities of bacteria and eukaryotes. The major reason could 

be associated with the rapid degradation of organic material caused by earthworms. 

Similar results were found in the vermicomposting of vegetable waste and cattle manure, 

as reported by Huang et al. (2013b) and Lazcano et al. (2008), respectively. Oppositely, 

Vivas et al. (2009) reported that the bacterial number increased after vermicomposting 

of olive-mill waste. This distinct finding may be attributed to the differences in 

substrates, earthworm species, or experimental conditions. In addition, Castillo et al. 

(2013) found in their study that another critical factor of low bacterial and eukaryotic 

densities is related to the effect of vermicomposting stage on microbial numbers. Their 

result showed the effect of lower microbial biomass carbon in the vermicompost.  
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Table 4.4 Bacterial and Eukaryotic numbers of initial PDS, final products of the control 

and vermicomposting systems. Values are means ± SE (n=3). Different lowercases in a 

given row mean the difference between groups is statistically significant (p <0.05, based 

on LSD test). 

Microbial number density Initial PDS Control Vermicompost 

Bacterial numbers (10
9 

copies/g) 7.41±0.46 a 6.38±0.25
 
b 2.79±0.07

 
c 

Eukaryotic numbers (10
5 

copies/g) 4.67±1.17 a 27.1±3.68
 
b 4.79±0.72

 
a 

 

 

4.3.5 Changes of microbial community structure 

(a) Bacterial 16S rDNA community 

The bacterial community structured by PCR-DGGE and its sequencing results are 

illustrated in Table 4.5 and Fig. 4.10a, respectively. Remarkably, the vermicompost 

allowed small bacterial community diversity. In the present study, totally 20 bands were 

cut and then sent to analyze for their genetic sequencings. As a result, the common 

bacterial species among initial PDS, final control and earthworm’s treatments were 

existed in bands 10, 11, 12, 13, 17, 18 and 20. Seven common bacteria functioned by 

denitrification, nitrification and decomposing refractory pollutants were observed in all 

treatments, indicating complicated biochemical reactions existed in this mesocosm. 

Comparatively, the bands 1, 4 and 6 were only found in the treatment with earthworms. 

Band 1 was identified as Flavobacteriales bacterium, which was only found in the 

vermicomposting product. It is a ubiquitous species in soil and water environment. This 

bacterium may probably be excreted from the gut of earthworms since this species is a 

denitrifier, regulating the N2O emission of digestive gut of earthworms (Horn et al. 

2006). Moreover, Brito-Vega and Espinosa-Victoria (2009) also isolated this type of 

bacterium from the digestive tract of earthworms (Oligochaeta). Band 4 was 
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corresponded to Chitinophagaceae, which is able to breakdown the refractory organic 

substance especially in chitin. Besides, although band 10 was detected in all treatments, 

the most intensive optical density was observed in the vermicomposting lane. This 

finding means that earthworms can quicken the growth of this bacterial species. Yasir et 

al. (2011) reported the same genus of this bacterium from the vermicompost of paper 

mill and dairy sludge. 

 

 

 

Fig. 4.10 DGGE images of bacterial 16S rDNA (a) and eukaryotic 18S rDNA (b) in initial 

pelletized dewatered sludge (IS), final control (FC) and final vermicompost (FV). Arabic 

numbers represents excised bands for sequencing. 
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Table 4.5 The sequencing results of 16S rDNA gene fragments of initial PDS, final 

products of control system and vermicomposting system 

Band Closely related microorganisms Accession NO. Similarity (%) Taxonomy 

1 Flavobacteriales bacterium HG322927 95 Bacteroidetes 

2 Terrimonas sp. KJ631121 96 Bacteroidetes 

3 Terrimonas sp. JN848793 98 Bacteroidetes 

4 Chitinophagaceae bacterium KC855004 99 Bacteroidetes 

5 Solitalea Canadensis KF528160 97 Bacteroidetes 

6 Bacterium JQ269247 88 Bacteroidetes 

7 Uncultured bacterium EU593802 94 Bacteroidetes 

8 Uncultured bacterium EU104340 99 Bacteroidetes 

9 Uncultured bacterium EU593870 99 Bacteroidetes 

10 Uncultured bacterium EU593808 100 Bacteroidetes 

11 Flexibacter Canadensis AB078046 84 Bacteroidetes 

12 Flavobacteriales bacterium KC295388 86 Bacteroidetes 

13 Dechloromonas sp. KF499998 97 Proteobacteria 

14 Uncultured Dechloromonas sp. JN679130 99 Proteobacteria 

15 Thermomonas brevis AB355702 99 Proteobacteria 

16 Rhodanobacter spathiphylli AM087226 100 Proteobacteria 

17 Candidatus Nitrospira defluvii FP929003 99 Nitrospirae 

18 
Candidatus Microthrix 

parvicella 
DQ147287 97 Actinobacteria 

19 Uncultured Dokdonella sp. KF956484 99 Proteobacteria 

20 Spirochaetes bacterium AY695841 90 Spirochaetes 

 

In contrast to some bacteria introduced by earthworms, the bands 2, 5, 7, 14, 16 

and 19, which corresponded to Terrimonas sp., Solitalea Canadensis, Dechloromonas 

sp., Rhodanobacter spathiphylli and Dokdonella sp., were absent in the 

vermicomposting system. Of these, Solitalea Canadensis is well known as a denitrifier 

(Weon et al. 2009). Moreover, Terrimonas sp. has the potential to decompose polycyclic 

aromatic hydrocarbons (Zhang et al. 2011). Dechloromonas sp. is characterized with a 

strong ability in degrading perchlorate compounds (Achenbach et al. 2001). These 

species belong to the intensive degrading bacteria for organic material and only 
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presented in control treatment in this study. This may suggest that the complex 

compounds in vermicompost had been degraded completely. 

In addition, it should be worth noting that Dokdonella sp. (band 19) and 

Spirochaetes bacterium (band 20), known as common pathogens, seemed to be 

disappeared or weak in the vermicomposting product. This phenomenon probably refers 

that these bacteria were inhibited by earthworms. It has been stated that some bacterial 

species were disappeared in vermicomposting treatment due to the presence of 

earthworms (Arora et al. 2014). The reason regarding why bacteria disappeared could 

be expounded by three facts. One fact should be linked with the physicochemical 

features during the process of organic substances’ decomposition because the specific 

physicochemical properties determine the specific microbial community (Sen et al. 

2008). Another is supposed to be ascribed to the diet behavior of earthworms (Curry and 

Schmidt 2007). The third is probably related to some excretions of earthworms 

(including urine, mucus and casting) that possess the functions of anti-bacteria, as 

reported by Valembois et al. (1982) and Jiang et al. (2012). Given that these influential 

factors are interactive and interrelated in vermicomposting system, it is still not clear on 

the function that plays a more important role in shifting microbial community. 

 

(b) Eukaryotic 18S rDNA community  

The DGGE diagram of eukaryotic 18S rDNA community and its sequencing data 

are presented in Table 4.6 and Fig. 4.10b, respectively. In contrast to control group, a 

lower eukaryotic community diversity (calculated by Shannon index) was found in the 

vermicomposting treatment. This finding was probably ascribed to the fact that 

earthworms prefer to prey eukaryotic microorganisms with a particular preference for 

fungi (Aira et al. 2009; Moody et al. 1995). A narrowing diversity of 18S rDNA 

community was also reported by Gómez-Brandón et al. (2011b). 
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Table 4.6 The sequencing results of 18S rDNA gene fragments of initial PDS and final 

products of control system and vermicomposting system 

Band Closely related microorganisms Accession NO. 

Similarity 

(%) 

Taxonomy 

1 Rhogostoma sp. DB-2002 HQ121437 98 Rhizaria 

2 Rhogostoma sp. DB-2002 HQ121437 98 Rhizaria 

3 Rhogostoma sp. DB-2002 HQ121437 98 Rhizaria 

4 Rhogostoma sp. DB-2002 HQ121437 98 Rhizaria 

5 Achlya bisexualis DQ403200 99 Stramenopiles 

6 Chalazion helveticum AF061716 99 Fungi/Ascomycota 

7 Micronuclearia podoventralis AY268038 99 Apusozoa 

8 Mucor circinelloides f. circinelloides KJ126874 100 Fungi/Mucorales 

9 Euglypha tuberculata AJ418787 100 Rhizaria 

10 Scutellinia torrentis U86069 94 Fungi/Ascomycota 

11 Mortierella alpine KJ542645 96 Fungi/Mortierellales 

12 Pyxidiophora sp. 03 AY212811 99 Fungi/Ascomycota 

 

In the current study, the eukaryotic 18S rDNA microorganisms mainly comprised 

of protozoa and fungi. In addition, the kingdom of Rhizaria, Stramenopiles and 

Apusozoa were dominated in the protozoa class. Bands 1, 2, 3 and 4, similar to the same 

species Rhogostoma sp. DB-2002, belonging to the Rhizaria, were disappeared in both 

reactors after 60 days. Band 5 was identified as Achlya bisexualis, a species of the 

Stramenopiles, which was a common protozoon in the wastewater treatment plant 

(Matsunaga et al. 2014). Band 7, named as Micronuclearia podoventralis, an Apusozoa 

of protozoa, seemed to display a high abundance in two PDS reactors. Band 9, termed 

as Euglypha tuberculate, was found in initial and final PDS. The relationship between 

earthworms and protozoa has been reported by Bonkowski and Schaefer (1997). 
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Currently, a main stream viewpoint of that was a predation relation between earthworms 

and protozoa existed. However, such relationship was not identified in the present study. 

This distinction may be possibly due to another possibility that indirect stimulation 

caused by earthworms (Tao et al. 2009) and predation connection occurred 

simultaneously in PDS, leading to a complex relationship. 

As for fungi, band 6, 10 and 12 affiliated to the phylum of Ascomycota. 

Accordingly, most of the Ascomycota had a strong ability for decomposing the 

recalcitrant cellulose and lignin (Matsunaga et al. 2014). Compared to control treatment, 

the species of Chalazion helveticum (band 6) was disappeared in vermicomposting 

treatment after 60 days, suggesting that this species may be affected by earthworms. In a 

very early study, Edwards and Fletcher (1988) found that earthworms could eat the 

fungi. However, a selective influence of earthworms on the fungi was found in this 

study, since bands 10 and 12 were not affected by earthworms. Fernández-Gómez et al. 

(2010) and Huang et al. (2013) also reviewed this phenomenon. On the other hand, two 

types of moulds (band 8 and 11) were also found in the vermicomposting system. In 

contrast to the control, low abundance of species Mucor circinelloides f. circinelloides 

was found in the vermicomposting treatment, which may imply that earthworm could 

inhibit this mould. Pižl and Nováková (2003) also isolated this mould in the gut of 

earthworms. But for another mould, Mortierella alpin, it was not affected by 

earthworms. This selective influence of earthworms on the fungi is very complex 

involving the feed palatability, prey behavior and environmental condition. A further 

investigation should be conducted for looking insight into the mechanisms behind.  

4.4 Summary 

A relatively stable product of PDS with the relative lower values of microbial 

activity and number was achieved in the vermicomposting treatment. Compared to the 

control treatment without earthworms, the addition of earthworms could enhance the 
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microbial activity and biomass at the initial stage, thus accelerating the degradation of 

PDS. In addition, the presence of earthworms narrowed the bacterial and eukaryotic 

community diversities. Some specific organic substances of decomposing bacteria and 

pathogens were disappeared in the vermicompost. However, the complex relationships 

between earthworms and eukaryotic microbes existed during vermicomposting of PDS, 

which requires further investigation.  
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Chapter 5    

EFFECT OF TEMPERATURE ON 

VERMICOMPOSTING EFFICIENCY  

5.1 Introduction 

In vermicomposting system, many environmental factors can exert influences on the 

biomass of earthworms and the properties of final products, such as temperature, 

moisture, noise, light and so on (Singh et al., 2011; Ali et al., 2015). Among these factors, 

temperature is considered as one of the most critical and easy-handled factor during 

vermicomposting. It has been well understood that temperature strongly affects the 

vermiculture, notably for the aspects of growth and reproduction of earthworms 

(Frederickson and Howell, 2003; Fayolle et al., 1997). And also, its influences are 

differed with earthworms’ species (Ali et al., 2015). For instance, the optimal 

temperatures for the growth of Lumbricus terrestris and Perionyx excavatus were 

identified at 20 °C and 25 °C, respectively (Berry and Jordan, 2001; Edwards et al., 1998). 

Fayolle et al. (1997) reported that the best temperature for Dendrobaena veneta was 

25 °C and it differed with the substrates supplied. The highest maturation rate and the 

cocoon production for Eudrilus eugeniae were obtained at 22 and 25°C, respectively 

(Viljoen and Reinecke, 1992). However, Eisenia foetida, a ubiquitous epigenic species 

around the world, displayed a broad temperature range of 15-25 °C for their growth 

(Edwards C A et al., 1977). 

Although many works regarding the effect of temperature on vermiculture have 

been carried out, its effect on vermicomposting is still limited. According to earlier 

publications, the higher temperatures in vermicomposting systems could result in the loss 

of nitrogen as NH3 volatilization (Velasco-Velasco et al., 2011). By contrary, Ndegwa and 
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Thompson (2001) reported that lower temperatures in vermicomposting process could 

hardly remove pathogenic organisms. Consequently, it can be concluded that the optimal 

temperature range of vermicomposting markedly affects the quality of vermicomposting 

product and its agricultural value. Nevertheless, from a few hands of publications, a 

consensus has not yet emerged on the optimal temperature range of vermicomposting. 

For Eisenia foetida, Tripathi and Bhardwaj (2004) reported that the optimal temperature 

was 25°C. However, Hait and Tare (2011a) found that 20°C was the optimal temperature 

condition for treating activated sludge mixed with vermicompost. This distinct point may 

be associated with the different substrates used in vermicomposting. As a result, in order 

to better realize the industrialization of vermicomposting for PDS, the optimal operation 

condition should be identified.  

It is a growing knowledge that soil microbiota can be strongly affected by the 

temperature. It can directly affect the growth and activity of microbiota in a short time, 

and thus affecting the decomposition of organic substances (Cookson et al., 2007; 

BÁRCENAS‐MORENO et al., 2009). It can also indirectly influence the microbial 

activity through altering their community (Lipson, 2007; Karhu et al., 2014). In addition, 

the sensitive degree on the soil microbiota and the organic matter decomposition is based 

upon the different types of organic matter and environmental conditions (Davidson and 

Janssens, 2006; Curiel Yuste et al., 2007). Like the pedosphere, the evidence that 

temperature had an intense effect on the microbial community in diverse bioreactors has 

been reported in composting (He et al., 2013) and anaerobic digestion (Appels et al., 

2008; Riviere et al., 2009). 

However, until now, the reports regarding the effect of temperature on microbial 

community of vermicomposting is still limited. Vermicomposting is a reactor of 

earthworms combined with microorganisms for the degradation of organic materials. In 

addition to the earthworms, microorganisms may also be affected by the temperature. 

Simultaneously, the microbial profiles could be modified by the earthworms. Hence, how 
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the temperature affects the microbial profiles in vermicomposting system is another focus 

of this study.  

The objective of the study dealt with in this Chapter was to investigate the effect of 

temperature on the vermicomposting efficiency for treating PDS, with an emphasis on its 

microbial profiles. Taking into account that the optimal temperature for Eisenia foetida 

was in the range of 15 - 25°C, there vermicomposting treatments under 15°C, 20 °C and 

25°C were built and compared in this study.  

5.2 Methods 

5.2.1 Experimental setup 

The earthworm Eisenia foetida was selected for vermicomposting experiment, 

which was cultured in the laboratory. The dewatered sludge was obtained from Lanzhou 

Qilihe Anning wastewater treatment plant, Lanzhou, China. Then, the dewatered sludge 

was processed into the pelletized sludge with the 5 mm practical size in the laboratory, 

based on the method of Fu et al. (2015a). The primary properties of pelletized sludge are 

same in the Chapter 4, section 4.2. 

The metal pot with the size of 36cm × 12cm (diameter × height) was used as 

vermi-reactor. In each reactor, total 4 kg PDS was gently added and then 100 earthworms 

with each weight of 1.0 gram were inoculated. Thereafter, a plastic film without any 

piercings was covered on each reactor to maintain constant moisture. Subsequently, the 

reactors were allowed to put into three incubators with different temperatures: 15°C, 

20 °C and 25°C.  

In order to supply oxygen for earthworms, all reactors were turn over manually once 

a day. Three replications were constructed for each treatment. The vermicomposting 

samples were collected at the interval of every 10 days during experiment. After 

vermicomposting, earthworms and their cocoons were weighted and counted, separately. 
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The collected samples were stored and analyzed by the same methods in above Chapter.  

5.2.2 Analytical methods 

 All analysis methods are same to those described earlier in the above Chapter.  

 

5.3 Results and discussion 

5.3.1 Changes of physicochemical properties  

The changes of basic physicochemical properties during vermicomposting of PDS 

under three different temperatures are illustrated in Fig. 5.1. During 60 days, pH values 

showed a small fluctuation at the range of 6.5-7.1 in three reactors. At the end, the 

significant difference of pH values was recorded in three vermicomposting products, 

showing the highest and lowest values in the treatments under 25 and 15 °C, respectively. 

The pH changes are very complex in vermicomposting systems, involving the inorganic 

acids reactions and the decomposition of organic acids. In this study, the small fluctuation 

of pH may probably due to the fact that earthworms can have a capability of adjusting the 

buffering capacity of acids and alkaline (detailed in the above chapter 3), and thus 

keeping the pH value at a stable level. A similar trend between the pH and NH4
+
 at the end 

stage of vermicomposting may imply that NH4
+
 played a critical role in regulating pH. 
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Fig. 5.1 Changes of pH, electrical conductivity, organic matter, ammonium, nitrate and 

phosphates during vermicomposting of PDS under 15, 20 and 25 °C, respectively. 
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The electrical conductivity displayed a gradual increment trend in all treatments. At 

the last day, the highest value of electrical conductivity appeared in 25 °C treatment, 

followed by 20 °C and 15 °C. The enhanced electrical conductivity may be attributed to 

the mineralization of organic substances in the dewatered sludge (Suthar and Singh, 

2008b). Undoubtedly, earthworms accelerated the mineralization process of sludge, as 

elaborated in the Chapter 3. 

As shown in Fig. 5.1, organic matter in all treatments declined with the 

vermicomposting time. Among these, the largest drop was found in the treatment at 

25 °C. At the end, the content of organic matter dropped in the reactors at 15 °C, 20 °C 

and 25 °C condition, respectively. It is thus clear that the temperature had an insensitive 

effect on the decomposition process for organic matter. In vermicomposting systems, 

earthworms degrade organic materials together with microorganisms. It is affirmed in 

this study that the temperature could strongly affect the activities of earthworms and 

microbes. It was reported that the temperature affected the earthworms’ growth and 

reproduction (Frederickson and Howell, 2003; Fayolle et al., 1997). Meanwhile, the fact 

that the microorganisms was strongly affected by temperatures is also well understood in 

such environmental systems as composting (He et al., 2013) and anaerobic digestion 

(Appels et al., 2008; Riviere et al., 2009). 

 

Fig. 5.2 Fluorescence EEM of substances released to water from initial sludge and final 

vermicomposting products of PDS under 15, 20 and25 °C, respectively. 
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 Table 5.1 Fluorescence peak positions and their intensity based on images in Fig. 5.2 

 
Peak A and B Peak C Peak D Peak E Peak F 

Ex/Em I Ex/Em I Ex/Em I Ex/Em I Ex/Em I 

Initial 230/335 1016 285/345 1016 230/420 246 280/445 520 355/450 822 

15oC 225/335 115 275/335 38 225/420 36 280/445 9 335/440 8 

20oC 225/335 116 275/340 36 225/420 34 280/445 9 335/435 6 

25oC 225/335 77 280/345 25 230/415 38 280/445 10 340/435 8 

 

Fig. 5.2 and Table 5.1 present the fluorescence peak positions and their intensity for 

the initial sludge and the final vermicomposting products under three different 

temperatures. Temperature significantly affected the structures of tyrosine-like and 

tryptophan-like as well as solvable microbial byproduct-like substances. However, it 

showed a tiny influence on the structure of fulvic acid-like and humic acid-like 

substances. The environmental temperatures could promote the tyrosine-like and 

tryptophan-like as well as solvable microbial byproduct-like substances through affecting 

the activity of earthworms and bacteria. 

Municipal dewatered sludge is mainly comprised of microbial organics, in which the 

protein content is higher than other materials such as saccharides, lipid and nucleic acid 

(Neyens and Baeyens, 2003). Therefore, the degradation speed of nitrogenous substances 

is closely associated with the stabilization process of sludge. Generally, NH4
+
 and NO3

-
 

are considered as the important indices for reflecting the decomposition process of 

organic nitrogen. As revealed in Fig. 5.1, it was clear that the highest ammonification 

speed was recorded in the reactor operated under 25 °C, being significant higher than 

other two treatments. The suitable growth temperature of ammonification bacteria was 

reported in the range of 25 - 35 °C (Xu, 1986). The population of ammonification 

bacteria and its corresponding ammonification efficiency were enhanced with the 

increment of temperature at a certain range (Kuang et al., 2013；Zhang, 2012). And also, 

25 °C was proven to be the optimal temperature condition for the growth of 
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ammonification bacteria (Guo et al., 2013).  

On the other hand, NO3
- 
in all treatments displayed a nearly straight line with an 

extremely low value until 40 days and then increased drastically to the end of experiment. 

The ascending slope was highest in the treatment under 25 °C, followed by the treatments 

under 20 °C and 15 °C. The sharp increasing trend of nitrate from 40 days was probably 

due to the joint effect of several factors, specifically such factors as water content, pH, 

oxygen content, organic matter and ammonium concentration (Xue et al., 2012). In the 

present study, water content and pH as well as the oxygen content in three treatments did 

not exhibit significant differences during vermicomposting process. It may mean that the 

organic matter content and the accumulation of ammonia oxidation may mainly affect the 

ammonia oxidation process. Indeed, the low content of organic matter along with the high 

content of ammonium in the treatment under 25 °C may provide a sufficient and 

necessary condition for the transformation of ammonium into nitrate, as compared to 

other two treatments. This result is supported by Cookson et al. (2007), who found that 

temperature and organic material types could control the nitrogen cycling and microbial 

community composition in soil. According to Tourna et al. (2008), the ammonia 

oxidation microorganisms in soil under 25 °C are more active than those under 15 and 

20 °C, which is good agreement with the result of this study.  

As given in Fig. 5.1, a continuous increasing trend of the orthophosphate was found 

in all treatments during the whole experiment process. Moreover, as expected, the highest 

orthophosphate value was recorded under 25 °C. The generous increment orthophosphate 

should be associated with the mineralization process facilitated by earthworms’ activity. 

This finding is supported by previous studies (Chen et al., 2010a). The relatively higher 

temperatures can accelerate the mineralization process, which could probably explain the 

largest content of orthophosphate in the treatment at 25 °C.  
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5.3.2 Changes of microbial activity and density  

The microbial activity and density reflected by the dehydrogenase activity and 

microbial biomass carbon are revealed in Fig. 5.3, separately. Both microbial activity and 

biomass showed a rapid reduction in all treatments during vermicomposting. These 

trends are similar to the results shown earlier in chapters 3 and 4. The largest decreases in 

the microbial biomass and activity were also found in the treatment at 25 °C, notably in 

the first 40 days. These results indicated that temperature had strong effects on the 

microbial biomass and activity.  

However, an interesting phenomenon should be noted that the temperature showed 

negative effects on the microbial biomass and activity, rather than positive effects 

reported by others (Cookson et al., 2007; Curiel Yuste et al., 2007; Feng and Simpson, 

2009; Lipson, 2007). They reported that high temperature could positively affect the 

microbial biomass and activity and even community in different systems. It has been well 

understood that the joint reactions of earthworms and microbes are responsible for 

decomposition of organic materials in vermicomposting systems (Edwards and Lofty, 

1977). Therefore, in the current study, higher temperature might directly enhance the 

activity of earthworms rather than microbes, thus boosting the prey effect of earthworms. 

As a result, it brought about the lowest values of microbial biomass and activity in the 

treatment with higher temperatures. Given that sludge is mainly consisted of 

microorganisms (Neyens and Baeyens, 2003), it is referable that the lowest microbial 

population responded to the lowest content of organic matter in the PDS. Conversely, the 

low organic matter content also led to lower microbial activity and biomass.  
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Fig. 5.3 Change of microbial biomass carbon (MBC) and dehydrogenase activity (DHA) 

during vermicomposting of PDS under 15, 20 and 25 °C, respectively. 

 

Certainly, this explanation is only a deduction, because it is still hard to distinguish 

the concrete functions of earthworms and microbes based on the current theory. 

Nevertheless, a recent publication regarding the adaption of soil microbial communities 

to the temperature may prove the deduction (BÁRCENAS-MORENO et al., 2009). The 

authors of this study stated that the temperature had only minor effects on the bacterial 

and fungal growth below the temperature of 30 °C.   

Lastly, it should be noted that the values of dehydrogenase activity and microbial 

biomass carbon are effective values affected by the organic matter content. As a result, 

considering other assessment methods using such as the microbial quotient (microbial 

biomass carbon/organic matter, dehydrogenase activity/organic matter) may be better for 

eliminating the effect of organic matter (Feng and Simpson, 2009).  

5.3.3 Stabilization assessment by principle component analysis 

The principal component is adopted to analyze the stabilization of vermicomposting 

under three different temperatures. In this study, the relevant stable parameters, including 

organic matter (OM), dissolve organic carbon (DOC), electrical conductivity (EC), 
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NH4
+
/NO3

-
, microbial biomass carbon (MBC) and dehydrogenase activity (DHA), were 

chosen for evaluation of the stabilization of vermicomposting.  

 

 

Fig. 5.4 Principal component analysis of the vermicomposting process of pelletized 

dewatered sludge (PDS) under three different temperature conditions. The letters of ‘L’, 

‘M’ and ‘H’ represent the temperatures of  15, 20 and 25 °C, separately. The numbers 

before L, M and S mean vermicomposting samples collected on day 10, 20, 30, 40, 50 

and 60, respectively. The blue diamond blocks mean the different parameters used for 

stability evaluation. The red dotted cycles represent the different stages of 

vermicomposting. 

 

As depicted in Fig. 5.4, the cumulative variance rate of first and second principal 

component could contribute to 80.9%. Therefore, the first and second principal 

component can represent the whole information of samples. In addition, all selected 

parameters showed higher loading rate (more than 0.75) with the corresponding principal 

component, which indicates that these parameters were suitable for the assessment of the 

vermicomposting stabilization process. In detail, OM, DOC, MBC and DHA displayed 
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significant positive relations with the first principal component, whereas, EC showed a 

statistically significant negative relation with the first principal component. Hence, the 

first principal component can express the capability of decomposition and mineralization 

of organic material in the vermicomposting system. Besides, NH4
+
/NO3

- 
had a significant 

positive loading rate of 0.92 with the second principal component. It thus can reflect the 

ammonification and ammonia oxidation process.  

Vermicomposting is a process that can accelerate the transformation of unstable 

organic materials into stable ones. Based on the projective position feature of three 

treatments, vermicomposting process seems to be divided into three stages: 0-10 days, 

10-40 days and 50-60 days. Specifically, in the first stage, three treatments were in the 

fourth quadrant, displaying the positive relationship with OM, DOC, MBC and DHA. 

During this stage, temperature began to affect the decomposition process, since the 

projective position of 25 °C treatment significantly differed with the other two treatments. 

In the second stage, three treatments were distributed in the first and second quadrant, 

showing a positive relationship with the NH4
+
/NO3

-
. It means that during this stage, the 

intense ammonification occurred, especially in the 25 °C reactor on 40 days. In the last 

stage, all treatments positioned in the third quadrant, showing a positive relationship with 

EC and a negative relationship with OM, DOC, MBC, DHA and NH4
+
/NO3

-
. This stage 

was characterized by the promotion of mineralization with the relative low and stable 

microbial activity and biomass. Moreover, the 25 °C treatment significantly differed with 

the other two treatments, implying that PDS could be stabilized more readily under 

higher temperatures.  

The higher temperature could have a positive effect on the stabilization of 

vermicomposting. It is noteworthy that this stage partition is not a constant, depending on 

the different reaction conditions, reactors, substrates and earthworms. For instance, the 

fourth stage was partitioned during vermicomposting of PDS (detailed in the Chapter 3), 

which disaccords with the present study.  
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5.3.4 Change of bacterial community 

The DGGE fingerprint of bacterial community from initial PDS and final 

vermicomposting products of three treatments are presented in Fig. 5.5. After 

vermicomposting, an increasing bacterial diversity was recorded in all vermi-reactors, 

with the highest and lowest increment in the 15°C and 25 °C treatment, respectively. 

However, many studies found a narrowed bacterial diversity after vermicomposting 

(Munnoli, 2015; Gómez-Brandón et al., 2011a), like our earlier report (Fu et al., 2015b). 

In addition, compared to the previous studies, a relatively tiny modification of bacterial 

community was recorded in this experiment. Given that the same species of earthworms 

was used in the experiments, this dissimilar finding is conceived to be mainly attributed 

to the different organic matter contents of the initial sludge used. Thakuria et al. (2010) 

reported that the bacterial composition in earthworms’ gut depended on the habitat 

environment. Recently, Koubová et al. (2015) disclosed a direct evidence showing that 

the effect of earthworms on the microbial community was greater in nutrient-poor 

substrates than in nutrient-rich ones. And also, the effect on the archaeal community was 

stronger than on the bacterial community. However, the reasons need investigations.  

The feature of bacterial and eukaryotic community structure in vermicomposting 

system for treating PDS was expounded in Chapter 3. Therefore, in this chapter, it is only 

focused on the microbial community sensitive to the temperature. With the aid of DGGE 

and sequencing analysis, the bands of 1, 3, 5, 7 and 8 were detected as the bacterial 

species strongly affected by the temperature. 
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Fig. 5.5 DGGE images of bacterial 16S rDNA (a) and eukaryotic 18S rDNA (b) in initial 

pelletized dewatered sludge (IS), finial control (FC) and finial vermicompost (FV). 

Arabic numbers represents excised bands for sequencing. 

 

Band 1 is chlorobium, a genus of green sulfur bacteria with the properties of 

anaerobic photolithotrophic oxidizers of sulfur. Similarly, band 8, a species of 

Acidobacteria, is also an anaerobic photolithotrophic oxidizers. Although they are widely 

detected in the sludge (Wagner and Loy, 2002), these anaerobic bacteria vigorous in the 

25 °C reactor may be probably due to the rapid gut metabolism of earthworms under 

higher temperature conditions, because several anaerobic members akin to the band 1 and 

band 8 were isolated from the earthworms’ gut (Marialigeti, 1979; Karsten, 1995). Band 

3, identified as species of fluviicola sp., displays a relative weak light intense in the 25 °C 

treatment. The reason could be explained by the fact that the optimal growth temperature 

for this species was 20 °C, as found by O'Sullivan et al. (2005). In addition, band 5 and 7 

were similar to the species of Bacteroidetes bacterium and Arenibacter echinorum, 

respectively. They are affiliated to the member of Bacteroidetes, showing the relative 
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intense light density in 25 °C treatment. On the basis of previous publications (Huang et 

al., 2013b; Fu et al., 2015b), the major bacterial composition was found as the phylum of 

Bacteroidetes in the final vermicomposting products of sludge.  

 

Table 5.2 The sequencing results of bacterial 16S rDNA gene fragments from DGGE  

Band Closely related bacteria Accession NO. Similarity (%) Taxonomy 

1 Chlorobi bacterium feline KM462008 88 Chlorobi 

2 Solitalea canadensis KF528160 97 Bacteroidetes 

3 Fluviicola taffensis JX077130 95 Bacteroidetes 

4 Bacteroidetes bacterium AB539999 92 Bacteroidetes 

5 Bacteroidetes bacterium JF488134 92 Bacteroidetes 

6 unidentified eubacterium AJ229217 91 Bacteria 

7 Arenibacter echinorum KF911336 97 Bacteroidetes 

8 Acidobacteria bacterium GU187029 86 Acidobacteria 

9 Thermomonas sp. EU652877 96 Proteobacteria 

10 Thermomonas brevis EU834276 99 Proteobacteria 

 

5.3.5 Change of eukaryotic community 

Fig. 5.5 shows the changes of eukaryotic community structures revealed by DGGE 

and sequencings during vermicomposting of PDS under three different temperature 

conditions. The cluster result displayed that three treatments had a similar community 

structure with the highest similarity between 20 °C and 25 °C treatments. This finding 

indicates that the temperature exerts a minor influence on the eukaryotic community. 

From the DGGE diagram pattern, the dominating microbes detected in the initial PDS 

(band 1, 2, 3, 4 and 8) were disappeared after vermicomposting. Meanwhile, a new 

eukaryotic community with the predominant band 5, 6, 7 and 9 was constructed by 
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earthworms. The detailed explanations concerning the changes of eukaryotic community 

during vermicomposting of PDS were given in Chapter 3. 

Many previous reports manifested that temperatures did significantly affect the 

bacterial and eukaryotic community (Cookson et al., 2007; Lipson, 2007). However, in 

this study, the difference of eukaryotic community in three vermi-reactors was not 

significant under three different temperatures. The divergent reasons could be responsible 

for this difference. At first, it may be ascribed to the narrow temperature range set in this 

study. In addition, fungi were affected in the same way as bacteria, with large shifts in 

temperature tolerance at soil temperatures above the optimum temperature for growth 

(BÁRCENAS-MORENO et al., 2009).  

 

Table 5.3 The sequencing results of eukaryotic 18S rDNA gene fragments from DGGE 

Band Closely relatives Accession Similarity (%) Taxonomy 

1 
Micronuclearia 

podoventralis 
AY268038 99 Apusozoa 

2 Rhogostoma sp. HQ121437 99 Rhizaria  

3 Rhogostoma sp. HQ121437 98 Rhizaria  

4 Achlya bisexualis DQ403200 99 
Stramenopiles/ 

Saprolegniales 

5 
Micronuclearia 

podoventralis 
AY268038 99 Apusozoa  

6 Euglypha tuberculata AJ418787 100 Rhizaria  

7 Anthracobia macrocystis NG_013142 94 Fungi 

8 Taphrina virginica AB000960 90 Fungi 

9 Pyxidiophora sp. AY212811 99 Fungi  

 

Another probability could be due to the regulation of earthworms on the eukaryotic 

community. Generally, different ecological niches with physicochemical properties 

determine the specific eukaryotic community, as revealed by many researchers (Buée et 

al., 2007; Zhang et al., 2011). However, although the physicochemical properties and 

eukaryotic community were affected by the temperatures in the present study, the 
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presence of earthworms may alleviate this effect, making an analogous eukaryotic 

community in all reactors. In the earlier chapters, the fact that earthworms affected the 

eukaryotic community has been discussed. Taking into account of the complex 

relationships among the organic material decomposition, earthworms and microbes, it is 

still unclear on how temperature directly or indirectly affects the microbial community.  

 

5.4 Summary 

The lowest organic matter content, ammonification and nitrification as well as the 

highest electrical conductivity existed in the treatment under 25°C, indicating that 

temperature significantly affected the decomposition and mineralization of activated 

sludge. Principal component analysis revealed that the faster stabilization occurred under 

higher temperatures. The treatment under 25°C showed the lowest values of microbial 

activity and biomass during the whole process of vermicomposting, compared to the 

other two reactors. The temperature difference only slightly modified the bacterial and 

eukaryotic community structure. These microbial results suggest that higher temperatures 

may directly motivate earthworms’ metabolism, lowering the microbial activity and 

population.  
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Chapter 6    

CONCLUSIONS 

The main content of this dissertation was to explore the effect of pelletization on 

vermicomposting of dewatered activated sludge, with the focus on the stabilization 

efficiency and microbial community during vermicomposting process. For this purpose, 

this study was conducted from three aspects: (1) the feasibility of enhancement of 

vermicomposting efficiency for treating dewatered sludge with the pelletization method, 

(2) the effect of earthworms on vermicomposting efficiency for treating PDS and (3) the 

effect of temperature on vermicomposting efficiency for treating PDS. Based on the 

results obtained, the conclusions can be drawn as follows.  

In Chapter 3, the results showed that pelletization of fresh dewatered sludge could 

be a suitable and alternative pretreatment approach for stabilization of sludge by 

vermicomposting. The pelletized dewatered sludge could well support the growth and 

reproduction of earthworms. The bulk sludge without pelletization for vermicomposting 

had higher uncertainty. The microbial activity was rapidly elevated. And also, the stable 

stage of vermicomposting was found from day 50 to 60. The stabilization speed for the 

small PDS was faster than the large one. In addition, the vermicomposting process 

narrowed the bacterial community while broadened the eukaryotic community. 

Flavobacteria, Sphingobacteria and Cercozoa were the dominating community involved 

in the vermicomposting process.  

In Chapter 4, a relatively stable product of PDS with the relative lower values of 

microbial activity and numbers was achieved in the vermicomposting treatment. 

Compared to the control without earthworms, the treatment with earthworms enhanced 

the microbial activity and biomass at the initial stage, thus accelerating the degradation 

of PDS. In addition, the presence of earthworms narrowed the bacterial and eukaryotic 

community. Some specific organic substances were disappeared in the vermicompost. 
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However, the complex relationships between earthworms and eukaryotic microbes 

seemed to exist during vermicomposting of PDS and require further investigation.  

In Chapter 5, the results showed the lowest organic matter content, ammonification 

and nitrification as well as highest electrical conductivity for the vermicomposting 

treatment at the highest temperature of 25°C investigated in this study; indicating that 

temperature significantly affected the decomposition and mineralization of dewatered 

activated sludge. Principal component analysis revealed that vermicomposting reached 

stabilization from 50 days, with faster stabilization occurring under higher temperatures. 

Microbial analysis showed that vermicomposting under the highest temperature (25°C in 

this study) brought about the smallest values reflecting the microbial activity and 

biomass during the whole process of vermicomposting. In addition, the change of 

temperatures within the range (15-25°C) investigated in this study did not bring about 

obvious changes to both the bacterial and eukaryotic community structures. These 

microbial results suggest that higher vermicomposting temperatures may directly 

motivate earthworms’ feeding activity, lowering the microbial activity and population.  

Based on this study, some important points that may provide certain implications 

for vermicomposting of dewatered activated sludge can be given as follows: 

1) Pelletization could provide a suitable condition for earthworms. Smaller particle 

could accelerate decomposition for organic matter in dewatered activated sludge. 

Bacteroidetes, Proteobacteria, and Chlorobi were major bacteria involved in 

vermicomposting treatment of sludge. 

2) Earthworms could accelerate the decomposition of organic matter. The density 

of earthworms significantly affected the decomposition process of sludge. 

3) Higher temperature could facilitate the decomposition of microbial 

activity-related and aromatic protein like substances. The effect of temperatures on the 

community of fungi involved in vermicomposting was smaller than on the community 

of bacteria. 
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In coming studies, the following points need further clarification will be focused: 

(1) the mechanisms relating to the earthworms’ capability in accelerating the 

decomposition of organic matter without changing the decomposition pathways, (2) 

functional microbial species involved in organic matter decomposition in 

vermicomposting treatment of activated sludge, and (3) interactions between 

earthworms and bacteria under different operation conditions of vermicomposting 

treatment. 
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