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Introduction

The activated sludge process is used worldwide by domes-
tic and industrial wastewater treatment plants (WWTP) 
because it degrades the organic contaminants in waste-
water so that it produces clean water, carbon dioxide, and 
biomass [1]. However, a drawback of this method is a vast 
quantity of waste activated sludge (WAS) generated, which 
accounts for ≤47  % of industrial waste (approximately 
2,150,000 tons in dry base) in Japan [2] and 25–60 % of 
the operating costs of WWTPs [3]. WAS includes contam-
inants [4], which can harm the environment if it is inap-
propriately discharged. Practically, WAS is disposed in 
landfills or by incineration under the strict regulation. The 
shortage of available land also increased the operation cost 
of the sanitary landfill sites. To date, many methods and 
strategies have been developed to minimize WAS genera-
tion; for example, chemical treatments using metal cations 
[5] and oxidizing substances [6, 7]. Individual or combined 
thermal processes and ultrasound and alkaline treatments 
have widely been used for sludge solubilization [8–11]. 
Combined thermal, chemical, and mechanical treatments 
have also been used as a sludge reduction strategy [12, 13].

Anaerobic digestion is a treatment process, which can 
convert a majority of organic compounds into valuable 
energy sources such as biohydrogen [14] and electricity 
generation based on microbial fuel cells [15]. Among dif-
ferent approaches, methane production is considered to 
be the most promising for reducing the quantity of sludge 
generated in parallel of renewable energy recovery [16]. 
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Anaerobic fermentation involves in continuous degrada-
tion of organic materials by various microorganisms pro-
ducing methane [17]. The process generally consists of 
four stages: hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. In general, methane is produced by meth-
anogens from acetate acid, carbon dioxide, and hydro-
gen generated in the prior reactions [18]. Hence, different 
microbial communities are involved in each of the four 
stages of methane production process. However, the activi-
ties of these mixed communities and the detail interactions 
among various bacterial populations during anaerobic fer-
mentation are still not entirely well understood, and the 
optimum bacterial community for methane production has 
not been determined. This study aimed to understand the 
change of cell viability of the bacterial community in the 
presence of an antibiotic to determine its effects on meth-
ane production. The use of antibiotics is a simple approach 
to alter bacterial viability in anaerobic fermentation toward 
methane generation. Azithromycin (Azm) is a well-known 
macrolide antibiotic [19], and its application in medicine 
was investigated. Azm has been used for the treatment of 
respiratory tract infections [20] and acute otitis media [21]. 
Azm is also reported to be an inhibitor regulating Pseu‑
domonas aeruginosa biofilm formation [19, 22]. In this 
study, Azm was mainly used as an initial concept to modify 
the viability of the bacterial community in a fermentation 
culture to understand its effects on anaerobic fermentation 
during methane production.

Materials and methods

Sludge preparation

Raw sludge was collected from Hiagari WWTP in Kitaky-
ushu City, Japan. Sludge composition has been reported 
previously [23]. Protein is a major component of the sludge 
(40–45  % of total solid) and followed by carbohydrate  
(12–14 % of total solid) and lipid (11–13 % of total solid). 
Fresh sludge was washed by centrifugation at 8,000×g for 
10 min at 4 °C, and the pellet was resuspended in distilled 
water thrice, before adjusting its concentration to 10 % (wt/wt)  
by distilled water.

Methane production

The fermentation process was carried using 20 g of 10 % 
sludge in 50-mL vials as substrate and inoculum sources. 
Azm was added at different concentrations (5, 10, and 
15  µg/mL), whereas a vial without Azm was used as the 
control. Kanamycin (Kan) and tetracycline (Tet) were used 
with the same concentration of 5 µg/mL instead of Azm as 
positive controls, since both were reported to give similar 

character and impact [19, 22, 24]. The fermentation vials 
were sealed by crimped butyl rubber stoppers and sparged 
with nitrogen for 5 min and then incubated at 37  °C in a 
shaking incubator at 120 rpm for 5 days (Bio-shaker, BV-
180LF, Taitec, Saitama, Japan). Each day, 50  μL of the 
headspace gas in vials was analyzed using gas chromatog-
raphy equipped with a thermal conductive detector (GC 
system, 6890 series, Agilent, Santa Clara, CA, USA).

Microbial community analysis

RNA extraction and cDNA synthesis

A 4-mL fermented sludge sample was mixed with 3  mL 
of RNAlater solution (Formerly Ambion, Applied Bio-
systems) in a 15-mL falcon tube before centrifuging at 
15,000 rpm for 2 min. The cell pellet was soaked in a dis-
solved dry ice in ethanol for 30  s and stored at −70  °C 
prior to RNA extraction. Total RNA was extracted using 
RNeasy kit (Qiagen, Inc., Valencia, CA, USA) and bead 
beater (Wakenyaku Co. Ltd, Kyoto, Japan, model 3011b) 
as described in previous paper [25]. The cDNA was synthe-
sized from the RNA extract using PrimeScript RT reagent 
kit Perfect Real Time by random oligomers (TAKARA Bio 
Inc., Shiga, Japan). Agarose gel electrophoresis was con-
ducted to verify the success of RNA isolation as well as 
cDNA synthesis. The cDNA were later used for denaturing 
gradient gel electrophoresis (DGGE) analysis and real-time 
polymerase chain reaction (RT-PCR) quantification.

DGGE analysis

To analyze the change of bacterial community, DGGE was 
conducted using cDNA samples. The PCR amplification 
was performed by RoboCycler Gradient 40 (Strategene, La 
Jolla, CA, USA). The nucleotide sequences of the primers 
were shown in Table 1. Primer 3 contains the same sequence 
as primer 1, but has at its 5′ end an additional 40-nucleotide 
GC-rich sequence (GC-clamp). A combination of primers 1 
and 2 or primers 2 and 3 was used to amplify the 16S rDNA 
regions in the different bacterial species, which correspond 
to positions 341–534 in Escherichia coli [26]. The PCR step 
comprised: 94  °C for 5  min, 94  °C for 1  min, 63  °C and 
1 min decreasing 1  °C every cycle until 57  °C, 72  °C for 
1 min, followed by 18 cycles of: 94 °C for 1 min, 57 °C for 
1 min and 72 °C for 1 min, and final at 72 °C for 25 min. 
DGGE was performed by 8 % (wt/vol) acrylamide gel con-
taining a 30–57 % denaturant gradient. Electrophoresis was 
conducted in 1 × TBE buffer (Tris/Borate/EDTA) for 7 h at 
60 °C and 50 V. The gel was stained with ethidium bromide 
(0.5 µg/mL) for 45 min, and then the stained gel was visu-
ally scanned by Astec Imager software (Gel Scene Imag-
ing system). Visual bands were excised and immersed into 
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sterilized water overnight before being used for PCR ampli-
fication. A 2.3  µL of mixture solution was used for PCR 
amplification with the primer set without GC-clamp. Elec-
trophoresis was performed with the entire PCR product by 
0.8 % agarose gel at 100 V for 25 min for confirmation and 
purification. A DGGE marker used in this study was DGGE 
Marker II (Nippon Gene, Toyama, Japan). Visual band was 
extracted by QIAquick Gel extraction kit (Qiagen, Limburg, 
The Netherlands). The 16S rRNA gene fragments were 
sent for sequencing by FASMAC Co. (Kanagawa, Japan). 
Sequenced results were compared with the reference in the 
National Centre of Biotechnology Information (NCBI), 
nucleotide sequence database.

RT‑PCR quantification

RT-PCR was performed to quantify the 16S rRNA gene 
abundance of total Archaea and Bacteria groups. An RT-
PCR system (Step one, Applied Biosystem, Tokyo, Japan) 
was used to conduct the amplification and fluorescence 
detection. The used primer and probe set are shown in 
Table  1. The reaction mixture was prepared as follows: 
10 μL of TaqMan fast advanced master mix (2×), 0.72 μL 
of each primer (final concentration 900  nM), 0.34  μL of 
TaqMan probe (final concentration 200  nM), 6.22  μL of 
nuclease free water and 2 μL of cDNA template. The run-
ning protocol was designed as follows: UNG incubation at 
50  °C for 2 min, polymerase activation at 95  °C for 20  s 
and 40 cycles of: PCR at 95 °C for 1 s and 60 °C for 10 s. 
Each template cDNA, prepared for the reaction, was ana-
lyzed in triplicate. The standard curve was calculated as 
described in previous paper [27]. Representative strains 
were used to construct each standard curve (Table 1). The 
tenfold serial dilution was generated and amplified in trip-
licate using real-time PCR with the corresponding primer 
and probe sets. The CT values were plotted against the log-
arithm of their initial template copy numbers.

Analytical methods

Sludge reduction and organic acid analysis

Sludge reduction ratio was measured as described previ-
ously by Maeda  et al. [28]. Sludge samples (before and 
after fermentation) were collected (10  g wet weight) and 
centrifuged at 18,000×g for 10 min. The pellets were trans-
ferred to porcelain dishes and dried in an oven (D-300, 
Iuchi, Japan) at 105  °C for 2  days to determine the dry 
weight. For the organic acid analysis, sludge samples were 
centrifuged at 13,000  rpm for 7  min and the supernatant 
was filtered using a 0.2-µm syringe filter, and subsequently 
analyzed using high-performance liquid chromatography 
(Shim-pack SCR-102H, Shimadzu, Tokyo, Japan) [25]. 
The same samples were used to measure protease activity, 
soluble carbohydrate, and protein concentrations. All the 
presented data were at least obtained from triplicate inde-
pendent experiments.

Analysis of soluble carbohydrate, protein, and pH

Soluble carbohydrate concentration was measured using 
the phenol–sulfuric acid method in which d-glucose was 
used to generate a standard curve. Soluble protein con-
centration was analyzed using the Lowry method in which 
bovine serum albumin was used as the standard substance 
[4]. A UV/Vis Spectrophotometer V-530 (Jasco, Tokyo, 
Japan) was used to measure the absorbance of samples. The 
pH of the culture solution was measured using a compact 
pH meter (AS-211, AS ONE, Japan).

Protease activity assay

The protease activity was measured as reported in a pre-
vious study [28]. 2  % casein solution was used as the 
substrate. Protease activity was measured by a UV/Vis 

Table 1   Primer and probe set used in RT-PCR analysis

Target  
group

Function Sequence (5′–3′) Amplicon  
size (bp)

Representative strains References

Archaea Forward primer ATTAGATACCCSBGTAGTCC 273 Archaeoglobus  
fulgidus VC-16

[27]

Reverse primer GCCATGCACCWCCTC T

TaqMan Probe AGGAATTGGCGGGGGAGCAC

Bacteria Forward primer TCCTACGGGAGGCAGCAGT 466 Escherichia coli K12 [36]

Reverse primer GGACTACCAGGGTATCTAATCCTGTT

TaqMan Probe CGTATTACCGCGGCTGCTGGCAC

Bacteria Primer 1 CCTACGGGAGGCAGCAG 161 Escherichia coli [26]

Bacteria Primer 2 ATTACCGCGGCTGCTGG

Bacteria Primer 3 CGCCCGCCGCGCGCGGCGGGCGGGGCGGGG 
GCACGGGGGGCCTACGGGAGGCAGCAG
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spectrophotometer (Jasco, V-530, Tokyo, Japan) at 660 nm. 
One unit of protease activity was calculated as the quan-
tity of tyrosine (µmol) produced from casein by 1  mg of 
enzyme per min.

Viable cells counting

Serial dilutions of cultured samples during the fermenta-
tion process were spread onto Luria–Bertani agar plates 
(LB plate) containing 10 g of Bacto tryptone, 5 g of Bacto 
yeast extract, 5 g of NaCl, and 15 g of agar in 1 L for the 
colony counting. An MRS plate (Oxoid, Hampshire, Eng-
land) containing 0.5 % of calcium carbonate was prepared 
for counting the number of organic acid-producing bacte-
ria, and the modified MRS plates were anaerobically incu-
bated at 37 °C for 2 days for colony counting [23]. All the 
presented data were at least obtained from triplicate inde-
pendent experiments.

Results and discussion

Initial research concept using antibiotics

Our initial research interest was to investigate how bacterial 
cell-to-cell communication influences methane fermenta-
tion from WAS, which is triggered by a complex bacterial 
interaction. Therefore, as an initial experiment, Azm, cef-
tazidime, and ciprofloxacin were added to WAS samples 
at a low concentration (0.02, 0.01 and 0.6 μg/mL, respec-
tively) to see the impact on methane fermentation because 
these three antibiotics have been reported as a quorum 
sensing inhibitor for Pseudomonas aeruginosa [22]. As 
a result, there is no big impact for methane fermentation 
under the low concentration of each antibiotic. On the other 
hand, only when a higher concentration of Azm is used (5, 

10 and 15 μg/mL, respectively), methane fermentation was 
enhanced whereas no impact was observed in the other 
antibiotics (data not shown).

Methane production in the presence of Azm

The optimum concentration affecting methane produc-
tion at different concentrations of Azm (5, 10, and 15 µg/
mL) were investigated and the obtained results showed that 
5  µg/mL of Azm gave the highest methane production of 
8046  ±  84  µmol/g dry-weight sludge compared to 0, 10, 
and 15  µg/mL which were 4,068  ±  94, 7,148  ±  56, and 
6,339 ±  79  µmol/g dry-weight sludge after 5-day incuba-
tion, respectively. Furthermore, the effect of higher concen-
tration of Azm (50 and 100 µg/mL) on the fermentation was 
also tested. The result shows that under these two concen-
trations, methane production was certainly inhibited. After 
5  day of incubation, methane productivities in the pres-
ence of 50 and 100  µg/mL of Azm were 1,162 ±  92 and 
473 ± 56 µmol/g dry-weight sludge, respectively. Probably, 
under a high concentration of Azm, bacterial community is 
totally inactivated [29]. Methane production in the presence 
of Azm (5 µg/mL) was about twofold higher than the control 
(Fig.  1a). Fermentation in the presence of Azm increased 
methane production from the first day and persisted 
throughout the fermentation process. Therefore, the con-
centration of 5 µg/mL of Azm was applied throughout the 
experiments. In fact, the positive effect of Azm on methane 
production was observed until the 10th day of the fermenta-
tion. At this day, methane productivities in the presence and 
absence of Azm were 11,077 ± 72 and 10,566 ± 63 µmol/g 
dry-weight sludge, respectively. Hence, we could conclude 
that Azm facilitates methane fermentation at an early stage.

Next, in order to investigate the effect of other antibi-
otics for methane production, Kan and Tet were used as 
another candidate of antibiotics. Results showed that Tet 

Fig. 1   a Methane production in the presence of Azm (squares), Kan 
(diamonds), Tet (triangles) at the same concentration of 5  µg/mL 
and the antibiotic-free control (circles). b Methane production at the 
5th day of the fermentation from different types of sludge: Hiagari 

sludge, sludge A, sludge B and sludge C in the presence of Azm at 
the concentration of 5  µg/mL and the antibiotic-free control (Ctrl). 
The data represented as ±SD from triplicate independent experiments
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had less impact than Azm and there was no impact in the 
presence of Kan (Fig. 1a).

To confirm the effect of Azm on methane production, 
seven different types of WAS obtained from the different 
sources were used as a substrate to verify the impact of 
Azm on methane production. Figure 1b showed the meth-
ane productivity of three highest methane levels from three 
different sludge sources together with the Hiagari sludge 
used mainly in this study. In the presence of Azm, higher 
methane was observed for all types of sludge, and Azm 
had a certain positive impact on the methane fermentation 
processes. The variable quantities of methane production 
from the different types of sludge may have been caused by 
the specific composition of each type of sludge. However, 
when added to the anaerobic sludge fermentation process, 
Azm always improved the methane production level.

Volatile fatty acids (VFAs), which are the essential 
precursors for methane production [30], were analyzed 
to understand the correlation between degradation and 
methane production. Five types of VFA were detected in 
the fermentation broth at the 5th day of the fermentation 
including acetic, propionic, butyric, succinic, and formic 
acids. Acetic acid showed the highest proportion in all 
the samples, followed by propionic acid and butyric acid 
(Table  2). These results were in agreement with another 
study in which these short chain fatty acids (C2–C4) are the 
main products of acidogenesis stage in anaerobic sludge 
digestion [31]. The results showed that Azm affected the 

VFA synthesis, particularly acetic acid production, since 
the concentration was the highest (31 ± 3 mM) at the end 
of the incubation. Meanwhile, in the presence of Kan and 
Tet, the concentration of accumulated acetic acid was only 
18.1 ± 0.1 mM and 23 ± 2 mM whereas 18.0 ± 0.2 mM in 
the absence of antibiotic (control), (Fig. 2a). On the other 
hand, when used higher concentration of Azm (50 and 
100 µg/mL), acetic acid concentrations were lower than in 
that of 5 µg/mL of Azm (data not shown). 

It has been reported that the conversion of long-chain 
fatty acids to acetate contributes to methane formation dur-
ing the methanogenesis stage [32]. In the presence of Azm, 
the acetic acid concentration was the highest compared 
with the other samples, which made a large amount of sub-
strate available for the methanogens, thereby yielding the 
highest methane production. Therefore, a higher concentra-
tion of VFAs especially acetic acid was believed to be trig-
gered by an addition of Azm. As shown in the result that a 
high concentration of acetic acid was produced in the pres-
ence of Azm in agreement with pH decrease from the initial 
6.8 to 5 during the fermentation (Fig. 2b), and finally meth-
ane generation was facilitated. The decline in the pH had 
a direct proportion to the quantity of acetic acid produced.

Effects of Azm on sludge reduction

The highest sludge reduction ratio was observed 2  days 
after fermentation in all samples. In the presence of Azm, 

Table 2   Composition of VFA produced at the 5th day of the fermentation

The data represented as ±SD from triplicate independent experiments

Treatment Acetic acid (%) Propionic acid (%) Butyric acid (%) Succinic acid (%) Formic acid (%)

Azm 58 ± 2 17.5 ± 0.4 12 ± 3 6.9 ± 0.2 5 ± 1

Kan 29.8 ± 0.6 25.04 ± 0.03 17 ± 1 15.8 ± 0.1 12.1 ± 0.2

Tet 47 ± 5 19 ± 2 17 ± 3 9.54 ± 0.04 6.9 ± 0.3

Control 30 ± 1 25 ± 1 18 ± 3 16 ± 1 11 ± 1

Fig. 2   a Acetic acid concentration in the presence of Azm (filled 
squares), Kan (filled diamonds), and Tet (filled triangles) and in the 
antibiotic-free control (filled circles). b pH of cultures in the presence 

of Azm (open squares), Kan (open diamonds), and Tet (open trian‑
gles) and the antibiotic-free control (open circles). The data repre-
sented as ±SD from triplicate independent experiments
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the sludge degradation ratio was approximately 37 ± 4 %, 
which was 13 % higher than that of the control (24 ± 1 %). 
In the presence of Kan and Tet, the sludge reduction ratios 
were 29.6 ±  0.4 and 25 ±  2  %, respectively. Thus, Azm 
probably promoted the hydrolysis stage, which is known 
to be the rate-limiting step during anaerobic digestion [18] 
and helped to release more soluble material for later stages.

Changes in different components during fermentation

In this study, protein was a major component of sludge as pre-
viously described [23]. Soluble protein and carbohydrate con-
centrations were the products of hydrolysis step in the meth-
ane fermentation and hence monitored during the anaerobic 
digestion in the presence of Azm (Fig. 3a). Protein concentra-
tion greatly increased after 1 day of incubation and gradually 
accumulated throughout the process. Protein concentration 
was highest in the presence of Azm (5 µg/mL) (reaching to 
162 ± 5 µg/mL) compared with the control and the cultures 
that contained Kan and Tet (Fig.  3a). The accumulation of 
protein during the fermentation was not observed in the pres-
ence of 50 and 100 µg/mL of Azm (data not shown).

The highest protease activity (52  ±  2  mU) was also 
detected in the presence of Azm (Fig. 3b). The higher pro-
tease activity helped to solubilize the protein into the liq-
uid phase. Throughout the fermentation, the protein com-
ponents in WAS were hydrolyzed by proteases, but protein 
accumulation may have occurred because the rate of pro-
tein utilization was lower than its rate of release [30].

The carbohydrate concentration (Fig.  3a) in the liquid 
phase increased with the rate of protein hydrolysis after 
1  day of incubation. However, the carbohydrate concen-
tration was slightly lower on day 2, before increasing on 
day 3, and slightly changing on day 5. The soluble carbo-
hydrate concentration was higher in the presence of Azm 
and Tet than that in the presence of Kan and in the control, 

although the differences were not substantial. The carbohy-
drate concentration trend was different from that of the pro-
tein concentration because carbohydrate was only a minor 
constituent of the sludge compared with the protein.

Effects of Azm on culturable bacteria and organic 
acid‑producing bacteria

Colony counts were conducted to determine the effects 
of Azm on the bacterial viability during anaerobic diges-
tion. Throughout the fermentation process, samples were 
collected from the fermentation cultures in the presence 
of Azm (Azm culture) and absence of Azm (control) and 
spread on LB and modified MRS agar plates. On the LB 
plates, the colony count trends were similar to the Azm 
culture and the control; however, the number of colonies 
detected from the Azm culture was always higher than 
that of the control throughout the fermentation process 
(Table  3). At the end of the fermentation, the count of 
organic acid-producing bacteria, which formed a halo zone, 
was 0.1  ×  103 colony-forming unit/mL (cfu/mL) while 
with Azm culture, the counts was higher than that of the 
control five times (0.5 × 103 cfu/mL). These results show 
that Azm addition increased the bacterial viability in terms 
of the total viable bacteria and organic acid-producing bac-
teria. Thus, introduction of Azm promoted the growth of 
organic acid-producing bacterial community, which is cor-
related with the higher levels of acetic acid production (the 
end-product of the acid formation stage). This effect gener-
ated greater quantities of precursors for the methane forma-
tion stage resulting in higher methane production.

Bacterial community analysis by DGGE

Denaturing gradient gel electrophoresis analysis was per-
formed using cDNA templates, which were synthesized 

Fig. 3   a Soluble protein (straight line) and carbohydrate concentra-
tions (dash line), respectively, in the presence of Azm (open squares 
with straight line and open square with dash line), Kan (open dia‑
monds with straight line and open diamonds with dash line), Tet 
(open triangles with straight line and open triangles with dash line) 
and the antibiotic-free control (open circles with straight line and 

open circles with dash line). b Protease activity in the presence of 
Azm (filled squares with straight line), Kan (filled diamonds with 
straight line), Tet (filled triangles with straight line) and the anti-
biotic-free control (filled circles with straight line). The data repre-
sented as ±SD from triplicate independent experiments
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from RNA extract to evaluate only active bacteria which 
are actually vital in the presence or absence of Azm. Fig-
ure 4 shows the several visual bands which were detected 
from DGGE analysis. Thereby, three dominant bands (B1, 
B2 and B3) from Azm culture, which showed higher inten-
sity compared to the control, were excised and used for 
sequencing. According to phylogenetic affiliation, B1, B2 
and B3 were mostly closed to the firmicutes phylum. B1 
sequence was closely (97  %) matched with Clostridium 
cellulovorans (Accession No. NR102875), which is an 
anaerobic mesophilic bacterium at the optimum growth 
temperature of 37  °C. This organism produces extracel-
lular enzyme complex known as cellulosomes, which can 
degrade cellulolytic components [33]. B2 band showed a 
strong similarity (94 %) to anaerobic Clostridium carboxi‑
divorans (Accession No. NR104768). This strain is pri-
marily acetogenic which can grow on glucose, cellulose, 
and starch; and acetate and butyrate are the end-products 
of metabolism [34]. B3 band showed a high intensity 
in the presence of Azm and almost could not be detected 
in the control culture. The sequenced result of B3 was 
closed (94 %) to Clostridium putrefaciens (Accession No. 
NR024995), which is a strict anaerobe and is markedly by 
proteolytic activity [35]. This organism has ability to break 
down a major composition of the sludge (protein compo-
nents) into smaller polypeptides or amino acids resulting 
in higher protease activity and soluble protein concentra-
tion in the Azm culture than those in the control (Fig. 4). Ta
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Fig. 4   DGGE profile of the culture sample in the presence of Azm 
and the control at the end of the fermentation (M DGGE marker)
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Our result is in agreement with a literature which mentions 
that Clostridium species are resistant to Azm [29]. This 
literature supports our results that Clostridium strains are 
still active and vital in the presence of Azm (5  μg/mL). 
Thereby, in the presence of Azm, hydrolysis and acidogen-
esis process were facilitated by activated dominant bacterial 
species such as B1, B2 and B3 strains. Subsequence solu-
ble materials are abundant precursors for methane-forming 
stage resulting in higher methane production achievement.

Quantification of archaeal and bacterial groups

The total archaeal and bacteria communities were quanti-
fied by RT-PCR. Variation in the 16S rRNA gene concen-
tration of archaea and bacteria in the presence or absence 
of Azm was quantified. At the end of the fermentation, 
the total concentration of archaea in the presence of Azm 
was (5.5 ± 0.1) × 106 copies/mL which was great higher 
than that of the control which was (1.7 ± 0.3) × 106 cop-
ies/mL. This result indicates that in the presence of Azm, 
archaeal community, which has a key role in methane pro-
duction, certainly increased, thereby resulting in about two-
fold higher methane productivity than the control (Fig. 1a). 
The total bacterial concentration of Azm culture was cor-
related with DGGE analysis in which higher intensity 
bands were detectable in the presence of Azm. The total 
bacterial population in the presence or absence of Azm was 
(3.5 ±  0.2) ×  1012 and (2.39 ±  0.04) ×  1012  copies/mL, 
respectively. Therefore, in terms of either archaeal or bacte-
rial groups, Azm introduction has shown positive effect on 
enhancement of the community population.
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