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Abstract This study aimed to compare the microbial commu-
nity structures and compositions in composting and
vermicomposting processes. We applied 454 high-
throughput pyrosequencing to analyze the 16S rRNA gene
of bacteria obtained from bio-stabilization of sewage sludge
and cattle dung. Results demonstrated that vermicomposting
process presented higher operational taxonomic units and
bacterial diversity than the composting. Analysis using
weighted UniFrac indicated that composting exhibited higher
effects on shaping microbial community structure than the
vermicomposting. The succession of dominant bacteria was
also detected during composting. Firmicutes was the domi-
nant bacteria in the thermophilic phase of composting and
shifted to Actinomycetes in the maturing stage. By contrast,
Proteobacteria accounted for the highest proportions in
the whole process of the vermicomposting. Furthermore,
vermicomposting contained more uncultured and unidentified
bacteria at the taxonomy level of genus than the composting.
In summary, the bacterial community during composting sig-
nificantly differed from that during vermicomposting. These
two techniques played different roles in changing the diversity
and composition of microbial communities.
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Introduction

Composting and vermicomposting are used to bio-stabilize
solid organic wastes (Lazcano et al. 2008; Vivas et al. 2009).
Generally, two stages can be categorized in the composting
process: (i) thermophilic stage, which is characterized by high
pile temperature and intensive decomposition of organics; this
stage constitutes the active phase of composting (Lazcano
et al. 2008); and (ii) maturing stage, in which the temperature
decreases to ambient range and the organic compounds con-
tinue to degrade slowly (Takaku et al. 2006). In comparison
with composting, vermicomposting involves bio-oxidation
and stabilization of organic materials through the joint action
of earthworms and microorganisms (Vivas et al. 2009). It can
also be divided into two phases: (i) active phase, in which
earthworms grow fast, metabolize actively, and modify the
physical state and microbial composition of substrate greatly;
in this period, organic degradation significantly occurs be-
cause of the strong synergy effect between earthworms and
microorganisms (Lores et al. 2006; Lazcano et al. 2008); and
(ii) maturation phase, which is characterized by decreased
earthworm activity or movement to fresh layers to obtain un-
digested wastes, and the modified microbes are responsible
for the decomposition of remaining organic wastes (Gomez-
Brandon et al. 2011).

Microorganisms are the mainly contributor for biochemical
degradation of organic matter during composting and
vermicomposting (de Gannes et al. 2013; Huang et al.
2013). Thus, a comprehensive understanding of microbial
c ommun i t i e s t h r o ughou t t h e compo s t i n g and
vermicomposting processes cannot only elucidate the
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decomposition systems and enhance the quality of final prod-
ucts but also reveal the differences between these two process-
es for organic stabilization. Currently, the composition and
dynamics of microbial communities during composting and
vermicomposting have been examined through culture-
dependent or independent techniques (Li et al. 2013; Huang
et al. 2013). Nevertheless, early studies have focused only on
the microbial communities in individual systems, composting,
or vermicomposting (Fernandez-Gomez et al. 2010; He et al.
2013). Previous studies have also emphasized the comparison
of microbial community in the final compost and
vermicompost produced by single or mixed substrates
(Fracchia et al. 2006; Vivas et al. 2009; Fernandez-Gomez
et al. 2012). However, few studies have compared the micro-
bial structure and community during the entire process of
composting and vermicomposting.

Conventional molecular biological methods, including ter-
minal restriction fragment length polymorphism, denaturing
gradient gel electrophoresis (DGGE), and clone library (Vivas
et al. 2009; Szekely et al. 2009; Partanen et al. 2010; Li et al.
2013), are used to specify the changes in microbial commu-
nity during composting or vermicomposting process. These
techniques can provide novel insights into microbial commu-
nity in culture-independent manner compared with culture-
dependent methods. However, the inherent limitations of
these methods restrict the access of detailed information for
microbial community structures (de Gannes et al. 2013). For
example, the clone library method is expensive, time consum-
ing, and have limited sequences generated, which made it
difficult to provide comprehensive and systematic information
about microbial community structures (DeSantis et al. 2007).
In PCR–DGGE, one band may contain more than one species
(Ma et al. 2013). Given these limitations, the new and ad-
vanced methods are needed to further investigate the dynam-
ics and differences of microbial community structures and
composition in composting and vermicomposting.

Pyrosequencing is a promising new tool which has 10 to
100 times higher output than the traditional Sanger techniques
(Roesch et al. 2007; Acosta-Martínez et al. 2010). Thus, it can
be used to completely and accurately elucidate the microbial
communities compared with traditional molecular biological
techniques (Acosta-Martínez et al. 2010). Pyrosequencing has
been widely used to analyze the microbial communities in
various environmental samples, such as drinking water distri-
bution system biofilm (Luo et al. 2013), wastewater treatment
plants (Sanapareddy et al. 2009), soils (Acosta-Martínez et al.
2010), and composts (de Gannes et al. 2013). However, to our
knowledge, only a few studies have used pyrosequencing to
analyze bacterial communities in vermicomposting and com-
pare the bacterial communities between composting and
vermicomposting. Thus, this study aimed to (i) simultaneous-
ly investigate the bacterial structure and composition during
composting and vermicomposting of sewage sludge (SS) and

cattle dung (CD) by 454 pyrosequencing and (ii) to compare
the bacterial community characteristics between composting
and vermicomposting processes.

Materials and methods

Source materials

SS was obtained from a municipal wastewater treatment plant
(Shanghai, China). CD was acquired from a farm in Pudong
New District, Shanghai, China. The main physico-chemical
characteristics of SS and CD are listed in Table 1. Amixture of
fresh SS and CD at 2:3 (w/w dry weight) was used for
composting and vermicomposting experiments.

Bio-stabilization processes

Composting was performed in cylindrical vessels (35 cm di-
ameter×50 cm height). Ambient temperature was maintained
at 40 °C for the first 10 days, so the compost can rapidly enter
the thermophilic period. The initial moisture content was ad-
justed to 65 %, and uniformly forced ventilation was used to
supply oxygen. In the first 30 days of composting, the piles
were manually turned every 5 days. In the last 30 days, the
forced ventilation was terminated and the piles were stirred
daily for stabilization. Vermicomposting was conducted in
circular plastic containers (30 cm diameter×20 cm depth)
filled with 4 kg of mixed substrate (wet weight). The initial
mixture was manually turned every 24 h in the first 7 days to
reduce volatiles and other substances toxic to earthworms.
Thereafter, 50 non-clitellated earthworms (Eisenia fetida)
were inoculated into the containers. No new materials were
added during whole vermicomposting. The containers with
pierced cover lid were placed in dark with constant tempera-
ture (23±2 °C). Deionized water was used to maintain the
moisture content at the range of 70 to 80 %.

The composting and vermicomposting run were con-
ducted in triplicate and performed for 100 days. Sam-
pling was conducted on the day 10 and day 60 for the
composting treatment, while the samples were collected
on the day 20 and day 80 for the vermicomposting
experiment. Approximately 30 g fresh compost/
vermicompost sample was collected from three differ-
ent locations and mixed thoroughly to provide a com-
posite sample. Then the entire sample was divided into
two parts: one part was immediately stored at −20 °C
until DNA extraction, while the other part was air-
dried, grounded in a stainless steel blender, and stored
in a desiccator prior to physico-chemical properties
analysis.
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Physico-chemical analysis

The temperature was recorded at the center of piles every day
during the composting process using a mercury thermometer.
The moisture content of fresh samples was determined by
oven-drying to a constant weight at 105 °C. The total organic
carbon (TOC) was determined by TOC-VCPN analyzer
(Shimadzu, Japan). The pH meter was used to measure the
pH on aqueous suspensions of the dried samples (1:10, w/v,
sample/water ratio). The concentrations of ammonia (N-NH3)
were determined by modified sulfamic acid technique. Avail-
able of phosphate (AP) was determined in 0.5 M NaHCO3

extracts (1:10 w/v) followed by molybdenum-ascorbic color-
imetric method.

DNA extraction and PCR amplification

The FastDNA® SPIN kit for soil (MP Biomedicals, Illkirch,
France) was used to extract DNA from compost and
vermicompost samples according to the manufacturer’s pro-
tocols. Concentration and purity of the extracted DNA were
determined by analyzing its absorbance at 260 and 280 nm
with a Nanodrop® ND-1000 spectrophotometer (Labtech In-
ternational, UK). The qualified DNA samples were stored at
−20 °C before subsequent analyses.

High-throughput 16S rRNA gene pyrosequencing

To construct 454 pyrosequencing gene libraries, we amplified
the extracted DNA through PCR using the primer set 8 F (5 -
AGAGTTTGATCCTGGCTCAG-3 ) and 533R (5 -
TTACCGCGGCTGCTGGCAC-3 ) for the V1–V3 region of
the 16S rRNA gene. In order to sort various DNA samples in a
single 454 GS-FLX run, we inserted the fused forward primer,
including a 10-nucleotide barcode, between the Life Sciences
primer A and the 8 F primer. The following amplification
cycling scheme was used: 95 °C for 2 min; followed by 25 cy-
cles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; and a

final extension step at 72 °C for 5 min. The barcodes PCR
products were mixed in equal concentrations and sequenced
using a Roche 454 FLX Titanium sequencer (Roche, Nutley,
NJ, USA) according to standard protocols (Margulies et al.
2005). The pyrosequencing results have been deposited into
the NCBI short reads archive database (accession number:
PRJNA272469).

Sequence analysis

The 16S rRNA raw sequence were optimized in terms of
length, quality, primer and barcode mismatches, and chimera
identification and removal by using the QIIME pipeline
(Caporaso et al. 2010). The sequences were classified into
operational taxonomic unit (OTU) by using a 97 % identity
threshold, and the most abundant sequence of each OTU was
considered as its representative sequence (Edgar 2010). Rare-
faction curve, Shannon diversity index, and species richness
estimator of Chao1 were calculated in QIIME (version 1.17).
The RDP classifier (version 2.2) included in the QIIME (ver-
sion 1.17) was used for taxonomic identities at a confidence
threshold of 0.7 (Wang et al. 2007). OTUs were considered
unclassified if a reliable match was not found for the repre-
sentative sequence within the RDP database. The relative per-
cent of a given phylogenetic group was set as the quotient of
its sequence number to the total number of sequences per
sample. A phylogenetic tree was built by FastTree using the
aligned OTU representative sequences, and Fast UniFrac was
used to compare bacterial community structures (Hamady
et al. 2010; Price et al. 2010).

Results

Physico-chemical changes

Figure 1a shows the variation of temperature profile during
100 days of composting. The primary indicator of

Table 1 Evolution of physico-
chemical properties in the
composting and
vermicomposting

Parameters pH EC Moisture C/N ratio NH3-N AP

SS 6.5±0.1 1312±55 80.2 10.4±1.0 1.5±0.2 0.6±0.1

CD 8.4±0.1 732±36 45.6 28.1±2.9 0.5±0.1 1.3±0.2

IM 6.8±0.1 936±94 65.1 20.5±0.7 1.1±0.1 0.8±0.1

Com-A 7.6±0.2 1120±80 61.9 16.6±0.8 2.1±0.2 1.0±0.2

Com-M 6.6±0.3 1180±108 42.7 12.4±0.4 1.7±0.3 0.9±0.1

Vom-A 6.5±0.2 1569±145 76.4 16.8±0.6 0.7±0.1 0.9±0.1

Vom-M 5.9±0.2 2250±59 74.3 12.0±0.5 0.2±0.1 1.4±0.1

Units: mg/g for NH3-N and AP, % for the moisture

SS sewage sludge, CD cattle dung, IM initial mixture, Com-A active stage of composting, Vom-A active
stage of vermicomposting, Com-M mature stage of composting, Vom-M mature stage of vermicomposting,
NH3-N ammonia, AP available phosphorous
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microbiological activity in the composting process is temper-
ature. In this study, the evolution of temperature had three
periods, which are the initial heating phase, thermophilic
phase, and cooling phase. It rose very quickly during the ini-
tial heating phase and achieved 50 °C on day 4. Troy et al.
(2012) suggested that a quick increase in temperature during
the heating phase was due to the rapid breakdown of easily
degradable organic matter in raw materials by microbial ac-
tivity. The thermophilic period was maintained for 14 consec-
utive days. Then the temperature dropped gradually which
indicated the end of thermophilic phase, and the composting
turned to cooling and maturation stages. On the other hand,
TOC was also reduced rapidly in the thermophilic phase of
composting due to the intense activity of microbes (Fig. 1b).
As composting entered the cooling and maturation phases,
TOC began to decrease slowly. Therefore, the samples from
day 10 and day 60 of the composting can be considered as the
active and mature stage (Com-A and Com-M), respectively.
As for vermicomposting, the individual live weight of earth-
worm increased greatly from 0.25 to 0.71 g during the first
40 days of the vermicomposting, and the earthworm weight
remained stable for the next 2 weeks. Moreover, the earth-
worm was also very active in the first 40 days. After 60 days,
the biomass of earthworm decrease significantly and the ac-
tivity of earthworm was reduced significantly as well due to
the shortage of feedstock (Gomez-Brandon et al., 2011). In
addition, TOC decreased rapidly in the first 60 days as com-
pared to the latter stage. Thus, the samples collected from day
20 and day 80 of the vermicomposting could also be consid-
ered as the active and mature stage (Vom-A and Vom-M),
respectively.

Microbial diversity and richness of bacterial phylotypes

Five 16S rRNA gene libraries were constructed by pyrose-
quencing the amplified DNA from the initial mixture (IM),
Com-A, Vom-A, Com-M, Vom-M; these libraries contained
6818, 9635, 7800, 10,140, and 9230 high-quality reads (aver-
age length of 420 bp), respectively. By aligning at a uniform

length of 420 bp, 1153 (IM), 1083 (Com-A), 1580 (Vom-A),
656 (Com-M), and 1511 (Vom-M) OTUs were clustered at a
3 % distance (Table 2). The rarefaction curves of the five
samples at 3 % distance threshold are shown in Fig. 2. No
rarefaction curves reached a plateau, and new OTUs still con-
tinued to appear in spite of the 10,000 sequences generated by
pyrosequencing. This result indicated that the microbial com-
munity was abundant in the composting and vermicomposting
systems. Moreover, pyrosequencing successfully revealed a
higher diversity of bacterial communities during composting
and vermicomposting than other conventional molecular bio-
logical methods, such as DGGE and clone library (Vivas et al.,
2009; Huang et al., 2013). As shown in Table 2, the maximum
numbers of OTUs estimated using the Chao1 estimator in
infinite sampling were 2079 (IM), 2139 (Com-A), 2661
(Vom-A), 1057 (Com-M), and 2465 (Vom-M). This finding
indicated that vermicomposting exhibited higher bacterial
community richness than the composting, with the maximum
OTUs detected in Vom-A. Ace estimators also proved this
observation.

The Shannon diversity index provides not only the species
richness (the species number) but also how the distribution of
each species (evenness of the species) among all species in the
community (Shannon and Weaver, 1963; Lu et al. 2012). In
this study, Vom-A exhibited the highest diversity (Shannon=
6.23) among the five communities. Moreover, the Shannon
index in vermicomposting process was significantly higher
than that in the composting process.

Comparative analysis of bacterial community

The similarity/dissimilarity of the 16S sequences among dif-
ferent samples was measured using the weighted UniFrac
clustering method (Hamady et al. 2010). As depicted in
Fig. 3, the compost groups (including Com-A and Com-M)
were separated from other groups, and Com-A exhibited
the lowest similarity, while the two samples from
vermicomposting (including Vom-A and Vom-M) clustered
together and presented a relatively close distance with IM.

Fig. 1 a Temperature of the
compost pile over the experiment
time. b Evolution of total organic
carbon during composting and
vermicomposting

10706 Appl Microbiol Biotechnol (2015) 99:10703–10712



However, Com-A and Com-M were separated from IM, and a
clear distinction was detected between the samples obtained
from composting and vermicomposting. Moreover, the com-
munity structure significantly differed between Com-A and
Com-M even if these samples were obtained from the
composting process.

Taxonomic complexity of bacterial community

Figure 4 shows the relative bacterial community abundance at
the phylum level in composting and vermicomposting. A total
of 33 phyla were identified, and Proteobacteria ,
Bacteroidetes, Actinobacteria, Planctomycetes, and
Firmicutes were identified as the dominant phyla.

The five communities evidently differed in terms of the
distribution of phyla Bacteroidetes, Firmicutes, and
Proteobacteria in the total community composition. As delin-
eated in Fig. 4, Firmicutes was the dominant phylum in Com-
A with a proportion of 71.1 %. Previous investigations have

identified Firmicutes as a prominent member in the thermo-
philic stage (Yamada et al. 2008; Adams and Frostick 2009).
Nevertheless, Firmicutes significantly reduced in Com-M and
accounted for 3.3 % of all OTUs only. Proteobacteriawas the
second most abundant phylum in Com-A, and it increased to
33.1 % in Com-M. Actinomycetes, the most dominant phylum
in Com-M, presented an increasing trend during composting.
In addition, Bacteroidetes significantly increased during
composting and accounted for 0.5 and 10.3 % in Com-A
and Com-M, respectively.

The m i c r ob i a l c ommun i t y s t r u c t u r e du r i n g
vermicomposting distinctly differed from that in composting.
As described in Fig. 4, Proteobacteria was the single largest
group that accounted for more than 50 % of the total se-
quences in vermicomposting and its proportion minimally
changed between Vom-A and Vom-M. Moreover,
Bacteroidetes was another dominant phylum that occupied
15.1 and 14.0 % in Vom-A and Vom-M, respectively. In ad-
dition, Actinomycetes, Acidobacteria, and Planctomycetes
demonstrated a large proportion during vermicomposting.
The vermicomposting also presented a significantly higher
proportion of Acidobacteria than the composting.

Analysis on the genus level allows us to infer the functions
of the community (Fig. 5). On the one hand, the dominant
populations in Com-A include Ureibacillus (53.9 %),
Tepidimicrobium (8.1 %), Symbiobacterium (4.3 %), and
Pseudoxanthomonas (4.4 %). These bacteria, particularly
Ureibacillus, can strongly decompose proteins and cellulose.
Similarly, several studies have reported that Ureibacillus and
Tepidimicrobium, which belong to the phylum Firmicutes, are
typical genera in the thermophilic stages of composting
(Takaku et al. 2006; Nakasaki et al. 2009). On the other hand,
Kribbella (22.6 %) was the most dominant genus in Com-M,
indicating that composting reached the maturation stage.

Table 2 Richness and diversity indices of bacteria phylotypes in the
composting and vermicomposting

Samples OTU Chao1 Ace Shannon

IM 1153 2079 2490 5.45

Com-A 1083 2139 2837 4.50

Vom-A 1580 2661 3589 6.23

Com-M 656 1057 1257 4.08

Vom-M 1511 2465 3151 6.10

IM initial mixture, Com-A active stage of composting, Vom-A active stage
of vermicomposting,Com-Mmature stage of composting,Vom-Mmature
stage of vermicomposting

Fig. 2 Rarefaction curves base on pyrosequencing of bacterial
communities from composting and vermicomposting at cutoff levels of
3 %. IM initial mixture, Com-A active stage of composting, Vom-A active
stage of vermicomposting, Com-M mature stage of composting, Vom-M
mature stage of vermicomposting

Fig. 3 Principal coordinates analysis (PCoA) of 16S rRNA genes based
on weighted UniFrac distances metric. IM initial mixture, Com-A active
stage of composting, Vom-A active stage of vermicomposting, Com-M
mature stage of composting, Vom-M mature stage of vermicomposting
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Bordetella (10.2 %), Olivibacter (5.3 %), Streptomyces
(8.2 %), Parapedobacter (3.8 %), Mycobacterium (2.7 %),
and Bacillus (2.5 %) were also detected in Com-M.

The dominant genus in vermicomposting clearly differed
from that in the composting. As shown in Fig. 5, the prevailing
popu l a t i ons du r i ng ve rmicompos t i ng inc luded
Rhodanobacter, Alterery throbacter, Lysobacter,
Paenibacillus, Rhizomicrobium, and Luteimonas, which are
usually detected in various environmental samples (Yasir
et al. 2009; Acosta-Martínez et al. 2010; de Gannes et al.
2013). Moreover, Acidobacterium was only detected in
vermicomposting, and its content considerably increased from
Vom-A to Vom-M. This finding could be attributed to the
lower pH of vermicomposting relative to that of the
composting (Table 1). In addition, pyrosequencing demon-
strated that the ranges of 14.3 to 15.5 % (composting) and
24.8 to 31.2 % (vermicomposting) of the total OTUs were
not classified at the genus level; hence, these bacteria are
considered unknown.

Discussion

Comparison of the effects of composting
and vermicomposting on the structure of microbial
community

Chao1 estimators and Shannon indices showed that the
bacteria in vermicomposting were richer and higher in
terms of diversity than those in the composting. More-
over, the lower Shannon diversity in the composting
samples than that in the initial materials suggested that
some microbes cannot adapt to the compost environ-
ment and were eliminated in the process of aerobic
composting (He et al. 2013). Furthermore, previous
studies have demonstrated that the high temperatures
in the thermophilic stage of composting can severely

inhibit the growth of mesophilic bacteria and reduce
the bacterial population diversity (Tiquia 2005; de
Gannes et al. 2013). Although the temperatures declined
in the maturation stage of composting, the residue is
mainly dominated by refractory organics. Moisture con-
tent also decreased (Table 1); thus, the growth and
reproduction of microbes were significantly inhibited,
resulting in low community structure diversity (Cahyani
et al. 2003; Tiquia 2005; Partanen et al. 2010).

By contrast to composting, vermicomposting consid-
erably enriched the bacterial community diversity in
initial feedstock. Our results were in accordance with
several studies in which vermicompost exhibited more
bacterial composition than the feedstock and compost
(Vivas et al. 2009; Huang et al. 2013). The higher
microbe diversity may be attributed to the mesophilic
conditions or favorable action of earthworms (Tiunov
and Scheu 2000; Sheehan et al . 2008) in the
vermicomposting, which are beneficial to various types
of bacteria (Domínguez et al. 2010). The abundant
bacterial community in earthworm guts and casts may
also contribute to high bacterial community during
vermicomposting (Aira et al. 2009; Sen and Chandra
2009; Liu et al. 2012). Additionally, Toyota and
Kimura (2000) demonstrated that E. fetida have
an indigenous gut-associated microflora that can be
beneficial to the microbial community in the mature
vermicompost. Furthermore, several studies have con-
cluded that earthworms can change the diversity and
abundance of microorganisms directly by predating
and/or stimulating special bacteria (Byzov et al. 2007;
Yasir et al. 2009).

In the present study, strong shifts in the bacterial structure
were observed in different composting stages, indicating that
the bacterial community structure changed dynamically dur-
ing composting. Self-heating composting can significantly al-
ter the microbial community composition and structure

Fig. 4 Taxonomic classification
of pyrosequences from bacterial
communities of composting and
vermicomposting at the phylum
level. IM initial mixture, Com-A
active stage of composting, Vom-
A active stage of
vermicomposting,Com-Mmature
stage of composting, Vom-M
mature stage of vermicomposting
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because of pile temperature and substrates nutrient level to
bacteria (Vivas et al. 2009; Adams and Frostick 2009). By
contrast, vermicomposting can also affect the microbial com-
munity structure to some extent. Gomez–Brandon et al.
(2011) suggested that earthworms strongly alter the physical
and chemical states of initial wastes during vermicomposting
then resulting in significant changes of bacterial communities
within the initial feedstock. Moreover, the activity of earth-
worms might shape the microbial composition by selective
ingestion and/or stimulation of specific taxa. Although
vermicomposting can also change the microbial community
in the initial material, composting evidently provided higher

effects on the variation of microbial community structure as
compared to the vermicomposting.

Bacterial phylum distribution and function as affected
by composting and vermicomposting

In the present study, the most dominant bacteria in the ther-
mophilic stages of composting were Firmicutes (genera
Bacillus, Paenibacillus, Symbiobacterium, Tepidimicrobium,
and Ureibacillus). Previous works on composting suggested
that an increase of low G+C gram-positive bacteria from
Firmicutes is often found in the hot stage of composting, even

Fig. 5 Taxonomic classification
of pyrosequences from bacterial
communities of composting and
vermicomposting at the genus
level. IM initial mixture, Com-A
active stage of composting,
Vom-A active stage of
vermicomposting,Com-Mmature
stage of composting, Vom-M
mature stage of vermicomposting
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in different composting systems feed with various organic
wastes (Takaku et al. 2006; de Gannes et al. 2013). Other
studies have also stated that Bacillus and Ureibacillus genera
are the most dominant bacterial taxon in thermophilic and the
entire stage of composting (Dees and Ghiorse 2001; Juteau
et al. 2004; Fracchia et al. 2006). Notably, previous studies on
thermophilic composting have identified Proteobacteria as a
minor group through PCR–DGGE or clone library (Ishii et al.
2000; Partanen et al. 2010). However, in this study, pyrose-
quencing revealed the prevalence of Proteobacteria (genera
Bordetella and Pseudoxanthomonas), thus, advancing knowl-
edge on microbes. In addition, Actinobacteria (genus
Streptomyces) was also predominant in the active stage of
composting. These bacteria can form spores and allow them
to tolerate the high temperature during the hot stage of
composting (Tian et al. 2013). The succession of microbial
communities evidently occurred during composting, with
Actinobacteria, Proteobacteria, and Bacteroidetesmore dom-
inant than Firmicutes in the maturing stage of composting.
Takaku et al. (2006) found that the dominant bacterial group
changed from phylum Firmicutes (thermophilic stage) to the
phyla Actinobacteria, Bacteroidetes, and Proteobacteria (ma-
turing stage) during composting of garbage. Actinobacteria is
considered important during composting because of its ability
in the decomposition of cellulose and chitin; hence, these bac-
teria play a crucial role in the bio-stabilization of refractory
organics (Vivas et al. 2009; Partanen et al. 2010; Federici et al.
2011). The abundance of Proteobacteria (genera Bordetella,
Candidatus Liberibacter, and Filomicrobium) was also signif-
icantly higher in the mature phase than that in the thermophilic
phase; this finding confirmed that some mesophilic bacteria
could enter dormancy during the thermophilic period and re-
cover to grow at the cooling phase (Nakasaki et al. 1985;
Yamada et al. 2008). Bacteroidetes at the maturing stage
mainly included the genera Olivibacter and Parapedobacter.
The Bacteroidetes often includes various bacteria that have
strong ability to hydrolyze many macromolecules, such as
starch, cellulose, proteins, and chitin (Takaku et al. 2006).
Besides, members of this phylum have also been detected in
different composts (Takaku et al. 2006; Danon et al. 2008; Li
et al. 2013). Therefore, we can conclude that the bacteria in
active stage of composting could tolerate the high tempera-
ture, while the dominant bacteria in the maturing stage of
composting were characterized by the ability to degrade resid-
ual refractory organic matter.

As compared to the composting, Proteobacteria was the
most dominant phylum in the entire vermicomposting process
and it minimally changed between the active and maturing
stages. However, its genera, such as Altererythrobacter,
Brevundimonas, Pseudoxanthomonas, Pusillimonas,
and Rhizomicrobium, significantly changed during
vermicomposting. This finding indicated that the variation in
bacterial community was also detected in the two steps of

vermicomposting. Early studies have indicated that earth-
worms can digest some microorganisms, whereas others
may survive or/and proliferate in the gut and then colonize
into the vermicompost (Fracchia et al. 2006). The phylum
Bacteroidetes was detected in all samples but was more abun-
dant in Vom-A than in Vom-M. The anoxic environment and
enrichment of nutrients in the gut of earthworm could favor
these anaerobic microbes (Karsten and Drake 1995; Huang
et al. 2013). Moreover, the genus of Bacteroidetes found in
the present study was also detected in the earthworm’s diges-
tive tract (Byzov et al. 2009). Furthermore, the members of
Bacteroidetes demonstrated an essential role in the synergistic
action with earthworms to stabilize refractory organic matter
during vermicomposting (Danon et al. 2008; Liu et al. 2012).
Actinobacteria (genera Arthrobacter, Demequina ,
Microbacterium, Mycobacterium, Nocardioides, and
Streptomyces) was another dominant phylum during
vermicomposting whose proportion increased. This finding
suggested that the bacterial communities exhibited strong
and specific changes in vermibed microbiota because of the
degradation and stabilization of organic matter. Although the
genus Bacilli was also detected during vermicomposting, its
presence was very limited compare to that during composting.
Thus, as compared to composting, the bacteria in the
vermicomposting might be depended both on the activity of
earthworm and the stability or variation of substrates.

The most striking difference during composting
and vermicomposting processes was the presence of
Acidobacteria in the latter, and this phylum increased signif-
icantly during vermicomposting. Several studies also found
that bacteria from the phylum Acidobacteria are exclusively
detected in vermicompost or vermifilter (Vivas et al. 2009;
Fernandez-Gomez et al. 2012; Liu et al. 2012). As shown in
Table 1, the pH in vermicomposting was significantly lower
than that in the composting. Therefore, the acidification of
microbial activity that resulted in low pH value may be the
reason for prevalence of Acidobacteria and Planctomycetes
in vermicompost (Fracchia et al. 2006; Liu et al. 2012). In
addition, the 16S rRNA sequences from the vermicompost
at the genus level were mainly related to yet uncultured
or unclassified bacteria (37.2 to 49.3 % of the total
sequences), while this percentage was lower (10.3 to
15.4 %) in the compost. Therefore, more studies should
focus on bacterial phylogenetic and functional diversity
during vermicomposting.

Significance of the research

To the best of our knowledge, this study is the first attempt to
use pyrosequencing technology for comparingmicrobial com-
munities involved in the composting and vermicomposting
processes. Pyrosequencing is an effective method used to elu-
cidate the diversity of microorganisms in the bio-stabilization
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process, and some interesting results were acquired by this
new technique. Although both the composting and
vermicomposting can stabilize initial waste materials, the suc-
cession of bacterial community structure in the latter signifi-
cantly differed from that in the former. The substrates initially
used were similar in both treatments, but different species of
bacterial microbes participated during vermicomposting
and composting. Therefore, the treatment process may be an
important factor that affects the abundance and diversity of
microbial communities. In the composting process, the
self-heating phase with its subsequent maturation phase is
the major biological conversion step. The bacteria in active
stage of composting could stand the high temperature, while
the bacteria in the maturing stage of composting had the
ability to degrade residual refractory organic matter. In
the vermicomposting process, the activity of earthworms
can modify the microbial diversity and composition of the
vermibeds by ingesting or stimulating specific taxa. More-
over, the different physico-chemical properties of the substrate
caused by composting and vermicomposting treatment
also played an important role on bacterial community and
composition.

The succession of dominant bacteria distinctly occurred
during composting, and unique dominant species were ob-
served at different stages, while the succession of predominant
genera remained ambiguous in vermicomposting. Moreover,
vermicomposting also showed significantly higher bacterial
diversity than the composting. This finding suggested that
the degradation and stabilization processes can be clearly dis-
tinguished during composting. Hence, the dominant popula-
tions played the most important role in the transformation of
organic wastes at each stage of composting. By contrast, more
functional gene compositions and microbial populations were
involved in the vermicomposting process. Besides, the stabi-
lization and treatment process presented more metabolic di-
versity and complexity in vermicomposting than that in aero-
bic composting. Nevertheless, divergence in microbial com-
munity structures, particularly the high abundance of unclas-
sified and uncultured bacteria in vermicomposting, could be
attributed to different factors. Therefore, further studies must
be performed to elucidate the role of functional microorgan-
isms in composting and vermicomposting processes.
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