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Abstract
Efficient approaches for the utilization of waste sewage sludge have been widely studied. One of them is to use it for the
bioenergy production, specifically methane gas which is well-known to be driven by complex bacterial interactions during the
anaerobic digestion process. Therefore, it is important to understand not only microorganisms for producing methane but also
those for controlling or regulating the process. In this study, azithromycin analogs belonging to macrolide, ketolide, and
lincosamide groups were applied to investigate the mechanisms and dynamics of bacterial community in waste sewage sludge
for methane production. The stages of anaerobic digestion process were evaluated by measuring the production of intermediate
substrates, such as protease activity, organic acids, the quantification of bacteria and archaea, and its community dynamics. All
azithromycin analogs used in this study achieved a high methane production compared to the control sample without any
antibiotic due to the efficient hydrolysis process and the presence of important fermentative bacteria and archaea responsible
in the methanogenesis stage. The key microorganisms contributing to the methane production may be Clostridia, Cladilinea,
Planctomycetes, and Alphaproteobacteria as an accelerator whereasNitrosomonadaceae andNitrospiraceaemay be suppressors
for methane production. In conclusion, the utilization of antibiotic analogs of macrolide, ketolide, and lincosamide groups has a
promising ability in finding the essential microorganisms and improving the methane production using waste sewage sludge.
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Introduction

In contrast to a cleaning system by the biological wastewater
treatment process, a large amount of waste sewage sludge

(WSS) can be produced as a by-product. These wastewaters
and/or WSS are now considered to be potential resources for
the alternative bioenergy production through anaerobic diges-
tion processes, which is now a globally implemented technol-
ogy (Weiland 2010). Recently, a variety of approaches have
been implemented for the improvement of bioenergy produc-
tion usingWSS. One of the approaches is to use antibiotics for
the degradation of organic matters, the removal of nutrients,
and the production of methane, which are handled by compli-
cate microbes in the WSS. It has been reported that the occur-
rence of some macrolides from municipal wastewater ranges
from 1 to 10 μg/L (Senta et al. 2017), while from pharmaceu-
tical industry and hospital effluent produced higher concentra-
tion up to few mg/L (Liu et al. 2018). The veterinary antibi-
otics were detected in the range of 0.1 to 10 μg/L from animal
wastewater (Wei et al. 2011). In addition, some studies were
done on the effect of cephalexin in WSS (Lu et al. 2014),
tetracycline and sulfamethoxydiazine for livestock wastewater
(Shi et al. 2011), erythromycin for pharmaceutical wastewater
(Amin et al. 2006), and tylosin in granular sludge (Sanz et al.
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1996; Shimada et al. 2008). These approaches indicate a cer-
tain potential to positively or negatively change the perfor-
mance of microbial activity through the addition of any anti-
biotic. Our previous study showed that the addition of
azithromycin, a macrolide antibiotic to WSS, improves sludge
degradation as well as methane production (Nguyen et al.
2014). In addition, another antibiotic tested, chloramphenicol,
inhibited methane production using WSS (Mustapha et al.
2016). The difference of microbial activities in eachWSS with
azithromycin or chloramphenicol implicates the presence of
some key microorganisms which contribute to the improve-
ment or the suppression of methane fermentation using WSS
(Mustapha et al. 2016). However, another evidence should be
required to determine such key microorganisms in detail,
which are related to improved methane production in WSS.
According to our previous experiments in which several anti-
biotics including azithromycin were tested to see if the meth-
ane fermentation can be improved, so far, only azithromycin
was found to be a sole antibiotic to trigger the positive impact
(Nguyen et al. 2014;Mustapha et al. 2016). Therefore, the next
motivation of us in the study was shifted to test the impact of
azithromycin analogs to the methane fermentation usingWSS.

Azithromycin is a macrolide-type antibiotic which inhibits
bacterial protein synthesis by targeting the 50S ribosomal sub-
unit (Roberts 2004). In addition, the antibiotic has been re-
ported to be a quorum quenching compound for Pseudomonas
aeruginosa (Skindersoe et al. 2008). Therefore, as an initial
motivation, azithromycin was used to test the influence of
quorum sensing in WSS for methane fermentation. There
are three types of azithromycin analogs: (1) macrolides which
are categorized as an antibiotic consisting of 14-, 15-, or 16-
membered rings, (2) ketolide, and (3) lincosamides. These
azithromycin analogs are structurally different as shown in
Fig. 1; however, they show functionally the similar action that
inhibits bacterial protein synthesis (Roberts 2004). The struc-
tural alteration has been conducted to modify the spectrum of
target microbes and the efficient antimicrobial activity.
Generally, they are effective against Gram-positive aerobic
bacteria and Gram-positive or Gram-negative anaerobic bac-
teria. Specifically, these analogs have various antimicrobial
spectra (Table 1); although they have a similar mode of anti-
microbial action which however, the impact was still not well
documented. Therefore, the objective of this study is to test the
impact of several azithromycin analogs (macrolides with 14-,
15-, and 16-membered rings, ketolide, and lincosamides
showing the different antimicrobial spectra) during the meth-
ane fermentation using WSS.

In this study, along with azithromycin which was used as a
benchmark, other macrolide-, ketolide-, and lincosamide-type
antibiotics were selected for further investigation (Fig. 1). In
detail, one 15-membered ring antibiotic, azithromycin (AZM),
three 14-membered ring antibiotics, erythromycin (ERM),
clarithromycin (CLM), and roxithromycin (RXM), two 16-

membered ring antibiotics, josamycin (JSM), and kitasamycin
(KTM) were used as macrolide-group antibiotics. Then,
telithromycin (TLM), a semi-synthetic erythromycin deriva-
tive was used as a ketolide-group antibiotic. Lincomycin
(LCM) and clindamycin (CDM) were used as lincosamide-
group antibiotics. These antibiotics were added to WSS to
examine the methane production and the dynamics of complex
microbial community throughout the anaerobic digestion pro-
cess in each sample. Some interesting points in this study were
to see if (1) among the antibiotics tested only AZM has the
positive impact to improve methane fermentation using WSS,
(2) the difference in antimicrobial spectra by each antibiotic
influences the process of methane fermentation, and (3) the
microbial activity in the WSS with each antibiotic is the same
as that with azithromycin. The final goal of this study is to seek
key microorganisms in WSS for controlling or regulating the
methane fermentation positively or negatively based on the
above viewpoints.

Materials and methods

Waste sewage sludge

Sewage sludge was obtained from the Hiagari Wastewater
Treatment Plant in Kitakyushu City, Japan. The fresh raw
sludge was initially centrifuged at 8000 ×g for 10 min at
4 °C, and the remaining pellet was resuspended with distilled
water by shaking thoroughly. Washing steps were performed
three times before adjusting the final sludge concentration to
10% (wet sludge w/w) with distilled water.

Antibiotics

Antibiotics used in this studywere ERM (Nacalai Tesque), CLM,
CDM, RXM (Tokyo Chemical Industry), JSM (Funakoshi),
KTM, LCM (Wako), AZM (LKT Laboratories Inc.), and TLM
(Bioaustralis). All the antibiotics were dissolved in ethanol as
stock solutions (30 mg/mL), which were used to adjust the final
concentration to 15 μg/mL of each antibiotic in WSS.

Methane production

A total volume of 30-mLWSS with 15 μg/mL of each anti-
biotic was put into 66-mL vials. The vials were tightly sealed
and sparged with nitrogen gas for 2 min to provide anaerobic
conditions prior to the incubation at 37 °C at 120 rpm for
10 days. The control WSS vial was prepared without adding
any antibiotic. Each experiment was conducted at least in
triplicate. Methane was measured at a certain time by injecting
50 μL of headspace gas from vials into a GC-3200 gas chro-
matograph (GL Science, Japan) equipped with a thermal con-
ductive detector and Molecular Sieve 13 × 60/80 mesh
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column, SUS 2-m × 3-mm I.D. (GL Science, Japan). Helium
gas was used as a carrier gas with a flow rate of 40 mL/min.
The GC condition was set as follows: current at 100 mA,
oven, injector, and detector temperature at 40, 50, and
65 °C, respectively.

Analytical methods

WSS was sampled during the fermentation for the following
analyses: organic acids, pH, suspended solid, and protease
activity. Samples were centrifuged at 13,000 rpm for 7 min
to collect the supernatants and filtered through a 0.2-μmmem-
brane syringe filter. Organic acids were analyzed using high-
performance liquid chromatography (Shimadzu LC-10AD) as
described by Mohd Yusoff et al. (2012). Each pH was mea-
sured using a compact pH meter (AS ONE, AS-211, Japan).
The sludge reduction and protease activity were measured as
described byMaeda et al. (2011). One unit of protease activity
was calculated as the quantity of tyrosine (μmol) produced
from casein by 1 mg of enzyme per min.

Total RNA extraction, cDNA synthesis,
and quantitative RT-PCR

RNA extraction was conducted using fermented sludge pellets
as described previously (MohdYasin et al. 2015) and was kept
at − 70 °C. Total RNA was extracted using the RNeasy kit
(Qiagen Inc., Valencia, CA), and its concentration was mea-
sured using a NanoDrop spectrophotometer (SCRUM Inc.,
Japan). The cDNA was synthesized from RNA using the
PrimeScript RT reagent kit Perfect Real-Time (TAKARA
Bio Inc., Shiga, Japan) according to the manufacturer’s proto-
col. The final concentration of cDNAwas determined using a
Qubit® 2.0 Fluorometer (Invitrogen, Qubit-IT™ dsDNA HS
Assay kit). The cDNAwas used for bacterial community anal-
ysis and quantitative real-time polymerase chain reaction
(qRT-PCR). The qRT-PCR was performed to quantify total
bacteria and archaea by a TaqMan system and StepOne
Real-Time PCR System (Applied Biosystem) using the
primers and probes listed in Table S1. The detailed procedures
and the standard curve for universal bacteria and archaea were
described in our previous paper (Mohd Yasin et al. 2015). The

Fig. 1 Chemical structures of macrolides. Azithromycin with 15-
membered ring (a), roxithromycin, erythromycin and clarithromycin
with 14-membered ring (b), kitasamycin and josamycin with 16-

membered ring (c), ketolide; telithromycin with 14-membered ring (d),
and lincosamides; lincomycin and clindamycin (e)
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calculation of copy numbers based on the amount of DNAwas
performed as described previously (Lee et al. 2008).

High-throughput 16S rRNA sequencing

The V3–V4 region of the 16S rRNA gene was used as a target
of PCR amplification for the high-throughput 16S rRNA se-
quencing. The forward primer was 341F (5 ′-CCTA
CGGGNGGCWGCAG-3′) and reverse primer 785R (5′-
GACTACHVGGGTATCTAATCC-3′) (Klindworth et al.
2013). The KAPA HiFi HotStart ReadyMix (Kapa
Biosystems, Wilmington, MA, USA) was used for the ampli-
fication with 25 cycles and according to the 16S
metagenomics sequencing library preparation for Illumina
MiSeq system. Briefly, the PCR amplicon was attached with
dual adapter index with a unique barcode sequence (Nextera
XT Index kit) to differentiate each sample. Then, the first PCR
products with the index were purified by AMPure XP beads
and normalized to ensure that an equal library was presented
in the pooled samples. Pooled samples were denatured with
sodium hydroxide, diluted with hybridization buffer, and de-
natured by heat prior to the MiSeq sequencing. For the

sequencing, 30% spike-in of PhiX was used as an internal
control. A 600-cycle V3 MiSeq reagent cartridge (Illumina)
was thawed and inverted ten times to mix the reagents.
Finally, pooled samples were loaded in the cartridge and then
onto the MiSeq instrument along with a clean flow cell.
Sequencing was performed for 301, 8, 8, and 301 cycles for
forward, index 1, index 2, and reverse reads, respectively. The
data obtained was demultiplexed, and the raw sequence data
was deposited into the NCBI short reads archive database
under the accession number SRP072534.

Processing high-throughput data

The demultiplexed raw paired-end reads sequencing data was
processed using the LotuS pipeline (Hildebrand et al. 2014) by
certain parameters including average sequence quality > 27,
sequence length > 170 bp, no ambiguous bases, and homopol-
ymer run < 8 bp to produce high-quality reads. These reads
were further performed chimera-checking and clustered into
operational taxonomic units (OTUs) at the cutoff of 97% iden-
tity with UPARSE (Edgar 2013). The α- and β-diversity in-
dices of microbial communities were calculated after the

Table 1 Spectrum activities of macrolides, ketolide and lincosamides tested in this study

Group Antibiotics Spectrum of activity References

Macrolides Azithromycin
15-membered ring

Retains the activity of erythromycin against Gram-positive but
offers increased Gram-negative coverage over erythromycin and
clarithromycin.

Good activity against a variety of anaerobic genera such as
Clostridium and anaerobic Gram-positive cocci.

More potent than other macrolides against Enterobacteriaceae.

(Williams 1991)

Erythromycin
14-membered ring

Mostly Gram-positive and some Gram-negative bacteria.
Anaerobic bacteria such as Actinomycetes, Arachnia sp., and
Chlamydia trachomatis.

(Amsden 1996)

Clarithromycin
14-membered ring

Has superior activity against Gram-positive than erythromycin and
azithromycin.

Wide range of Gram-negative coverage than erythromycin.
Moderately active against Clostridium species.

(Peters and Clissold 1992)

Roxithromycin
14-membered ring

Has some expanded spectrum compared to erythromycin.
Mainly Gram-positive cocci and bacilli and Gram-negative cocci.
Inactive against Enterobacteriaceae and reasonably active against
Bacteroides.

(Chantot et al. 1986; Bryskier 1998)

Josamycin
16-membered ring

Similar spectrum as erythromycin and comparable efficacy as
clarithromycin to some bacteria.

Important for Gram-positive bacteria and mycoplasma infection
treatment.

(Straneo and Scarpazza 1990; Zhao
et al. 2014)

Kitasamycin
16-membered ring

Cover-wide spectrum of bacteria and pathogens such as
Gram-positive bacteria and certain Mycoplasma strains.

(Rakhit and Singh 1974;
Doons-Goossens et al. 1990)

Ketolide Telithromycin
14-membered ring

Greatest activity against Gram-positive aerobes and Gram-positive
anaerobe compared to clarithromycin and azithromycin.

Possesses high activity against Gram-negative pathogens.

(Felmingham 2001; Goldstein et al.
2003)

Lincosamides Lincomycin Has narrow spectrum.
Gram-positive bacteria and anaerobic bacteria.

(Xu et al. 2014)

Clindamycin Improved antibacterial activity and more active in vivo and in vitro
compared to lincomycin.

Gram-positive aerobes and both Gram-positive and Gram-negative
anaerobes.

(Leigh 1981; Smieja 1998)
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rarefaction using Quantitative Insights intoMicrobial Ecology
(QIIME) v1.9.0 (Caporaso et al. 2010) and further classified
and taxonomically assigned using the Ribosomal Database
Project (RDP) classifier with the Greengenes database v13.8
(DeSantis et al. 2006) with 80% of confidence threshold. The
rarefiedOTU tables were generated as the basis for calculating
alpha diversity, rarefaction curves were computed using the
Chao1 richness estimator, and beta diversity to determine the
bacterial community structure between samples was analyzed
by PCoA. Shannon index was calculated using the PAST
(PAleontological STatistics) software (Hammer et al. 2001).

Statistical analysis

Different antibiotics were compared with control WSS using
means from at least triplicate data (n = 3). Comparison was
performed using means and standard deviations by the
Student’s t test (GraphPad software) at a significance level
of p < 0.05.

Results

Effect of azithromycin analogs on methane
production

Methane production increased in all the WSS samples in the
presence of each AZM analog after 6 days (Fig. 2). Besides,
14- and 16-membered ring macrolides, ketolide, and
lincosamides had higher methane production than 15-
membered ringAZMwhich is a benchmark. However, control
WSS had significantly a high amount of methane at the initial
incubation of day 2 compared to all the antibiotic-added WSS

samples. The slower startup of methane production might be
due to the impact of antibiotics to the bacterial community in
WSS, which may be important in the anaerobic digestion pro-
cess. In addition, the reduction of WSS was compared in all
the samples based on the remaining suspended solid. The
WSS reduction was similar between control and AZM which
was around 25%. Also, the addition of ERM, CLM, and JSM
showed slightly higher sludge reduction (26–28%) than con-
trol or AZM, although there is no significant difference.
Antibiotics from ketolide (TLM) and lincosamide groups
(LCM and CDM) showed lower sludge reduction than other
samples which is 22 and 24%, respectively. Thus, the reason
of increased methane production via antibiotics may be due to
the fast digestion of WSS through changing microbial com-
munities not due to the increased utilization of WSS.

Effect of antibiotics at the hydrolysis, acidogenesis,
and acetogenesis stages during the fermentation

At first, hydrolysis process during the methane fermentation
was evaluated by measuring protease activities because pro-
tein is a major composition in WSS (Maeda et al. 2009). As
shown in Fig. 3a, throughout the incubation, a high protease

Fig. 2 Methane production during 10 days of anaerobic digestion from
WSS with the addition of antibiotics (AZM—azithromycin, ERM—
erythromycin, CLM—clarithromycin, RXM—roxithromycin, JSM—
josamycin, KTM—kitasamycin, TLM—telithromycin, LCM—
lincomycin, and CDM—clindamycin) or no antibiotic as control. Error
bars indicate standard errors (n = 3). * Indicate the significant difference
by antibiotics addition

Fig. 3 Protease activity at the days 2, 6, and 10 (a) and organic acid
profile at the day 10 (b) from WSS with the addition of antibiotics
(AZM—azithromycin, ERM—erythromycin, CLM—clarithromycin,
RXM—roxithromycin, JSM—josamycin, KTM—kitasamycin, TLM—
telithromycin, LCM—lincomycin, and CDM—clindamycin) or no
antibiotic as control. Error bars indicate standard errors (n = 3). *
Indicate the significant difference by the addition of antibiotics
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activity was observed in the WSS in the presence of AZM in
agreement with our previous result (Mustapha et al. 2016).
Also, the similar trend was seen in the presence of RXM,
KTM, TLM, LCM, and CDM; in particular, the protease ac-
tivity of AZM and KTM was initially higher than the control,
and AZM, RXM, KTM, TLM, LCM, and CDM were signif-
icantly higher than the controlWSS at the end of fermentation.
Despite all the macrolide-type antibiotics tested showed
higher methane production than the control (Fig. 2), the pro-
tease activities in ERM, CLM, and JSM were almost the same
as those in the control WSS without any antibiotic. It indicates
that the mechanism to accelerate the methane production in
ERM, CLM, and JSM may be different with the other
macrolide, ketolide, and lincosamide antibiotics.

The next test was to evaluate acidogenesis and acetogenesis
stages during the methane fermentation using WSS, by which
some precursor compounds can be produced for the
methanogenesis stage. The profile of organic acids produced
was determined after the 10-day incubation (Fig. 3b). As a
result, formic acid was the main product in all the samples
followed by acetate, propionate, isobutyrate, and butyrate,
which were all increased during the incubation (data not
shown). The dynamics of pH during the fermentation showed
the similar trend in all the samples including the control with-
out any antibiotic, and the final pH in all the conditions was in
a range of 5.1 to 5.5. In addition, although the control WSS
without any antibiotic showed the highest production of or-
ganic acids, basically the abundance ratios of organic acids
were the same in all the samples except AZM. In another
sense, butyric acid and propionic acid were detected remark-
ably, whereas formic acid was the lowest amount in the AZM
compared to other samples (Fig. 3b).

Effect of antibiotics on the total bacterial and archaeal
activities

Using RNA extracted from each sample, the activities of bac-
teria and archaea during the methane fermentation were eval-
uated at day 10 (Fig. 4). The total activity of archaea in the
controlWSSwas the lowest than anotherWSS in the presence
of each antibiotic (3.95 ± 0.07 × 108 rRNA gene copies/mL).
The result is in agreement with the methane profile as the
control WSS had the lowest methane production (Fig. 2).
The highest archaeal activity was detected in the RXM sample
which was 1.1 ± 0.2 × 109 rRNA gene copies/mL. Moreover,
the total activity of bacteria was significantly low in the pres-
ence of some antibiotics (in particular, AZM, CLM, KTM,
TLM, LCM, and CDM). Thus, the functions of some bacteria
but not some archaea are inhibited by the antibiotics, resulting
in an increased methane production. The disappearance of the
bacterial species may be necessary to improve methane fer-
mentation using WSS.

Richness and diversity of microbial communities

RNA templates extracted from WSS samples with or without
each antibiotic on the second day and the tenth day were used
to analyze the diversity of bacterial community during the
anaerobic digestion of WSS. In this study, 866–1026 OTUs
were clustered at a dissimilarity level of 0.03 as stated in
Table S2, and the OTUs reduced in all samples from 2 to
10 days. Chao1 indicators demonstrate the richness of bacte-
rial community, while the Shannon index estimates the micro-
bial population diversity. Both Chao1 and Shannon indexes
showed the reduction in richness and diversity of microbial
community by adding each antibiotic compared to the control
WSS without any antibiotic.

Dynamics of bacterial population

RNA templates from control WSS and representative analogs
from 14-, 15-, and 16-membered ring macrolides, ketolide,
and lincosamides were analyze at 2 and 10 days to compare
the similarity and dynamics of bacterial community. Figure 5
shows a principle coordinate analysis (PCoA) that was con-
ducted to see the similarity of the bacterial community be-
tween samples using OTUs based on unweighted UniFrac.
The bacterial community of WSS with or without each anti-
biotic was indicated by dark circle (at 2 days) and open circle
(at 10 days), which first showed the dissimilarity at these two
periods. On the second day, the bacterial communities in all
antibiotics analogs were close to each other unlike that in the
control WSS. However, after 10 days, the similarities were
widely dispersed but still had a vertical similarity although
there are some exceptions. On the other hand, ketolide
(TLM) and 16-membered rings macrolide (JSM) showed
more diverse community from other analogs, as well as

Fig. 4 Quantity of active bacterial and archaeal populations in WSS in
the presence of antibiotics (AZM—azithromycin, ERM—erythromycin,
CLM—clarithromycin, RXM—roxithromycin, JSM—josamycin,
KTM—kitasamycin, TLM—telithromycin, LCM—lincomycin, and
CDM—clindamycin) or no antibiotic as control. Error bars indicate
standard errors (n = 3). * Indicate the significant difference by
antibiotics addition
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control WSS. As expected, the control WSS without any an-
tibiotic unlikely had a similarity in bacterial community. It is
well-known that WSS contains a vast amount of different
microbial community. The addition of antibiotics has changed
the microbial community ofWSS during the methane fermen-
tation; for example, Proteobacteria, Firmicutes, and
Bacteriodetes were the major bacterial community present in
eachWSS sample during the anaerobic digestion regardless of
the addition of antibiotics (Fig. 6). Clostridia belongs to
Firmicutes phylum which was higher in WSS with
macrolide-type analogs compared to ketolide, lincosamide,
and con t ro l WSS. Bes ides , Plan tomyce te s and
Alphaproteobacteria were higher in the samples with antibi-
otics compared to antibiotic-free WSS, indicating that they
may have a high resistance to a broad range of antibiotics.
Caldilinea was detected at a high percentage in WSS with
the addition of macrolide-, ketolide-, and lincosamide-type
antibiotic when compared to AZM and control WSS as the
benchmarks. In addition, the antibiotic-free WSS has a high
percentage of Nitrosomonadaceae and Nitrospiraceae; which
were known as nitrifiers as compared toWSSwith antibiotics.
These key microorganisms that present significantly in WSS
with or without any antibiotic from macrolide, ketolide, and
lincosamide represented by AZM, TLM and LCM, respec-
tively, as well as with chloramphenicol from previous study
as comparison were shown in Table 2. The abundant percent-
age of Nitrosomonadaceae was higher in control WSS and in
the presence of chloramphenicol, while only Nitrospiraceae

was higher in control WSS. Clostridiaceae, Caldilineaceae,
Planctomycetes, and Alphaproteobacteria have high abun-
dance percentages in antibiotic samples compared to control
and WSS with chloramphenicol. The contribution of these
microorganisms in anaerobic digestion stages was predicted
in Fig. 7. The nitrifiers were assumed to limit the production
of methane, while another four bacterial groups might be re-
sponsible for accelerating the methane production. On the
other hand, methanogens was hardly detected in microbial
community profile through MiSeq analysis for all WSS sam-
ples. This is due to the range of abundant percentage for
methanogens was below 0.2%. Still, the percentage of
methanogens in WSS in the presence of each antibiotic was
higher compared to control WSS (data not shown).

Discussion

The application of all AZM analogs, macrolide, ketolide, and
lincosamide improved the methane production using WSS.
This study supported our previous study (Mustapha et al.
2016) that found that not only a macrolide antibiotic, AZM,
improvesmethane production but also the production ofmeth-
ane from AZM analogs is higher than the AZM itself. Despite
each analog has different structures (Fig. 1) and spectrum of
activity (Table 1), the methane production was almost similar
at the end of incubation for 10 days. According to Roberts
(2008), the first macrolide-type antibiotic, ERM, and the ana-
logs of lincosamides have limited antibacterial spectra on bac-
teria community. In addition, some macrolides were more
persistent in the environment which caused the bacteria to
slowly change their community and became adapted to this
environment (Schlüsener and Bester 2006). LCM also has a
similar characteristic as being stable during the anaerobic pro-
cess (Wu et al. 2011). These conditions contributed to a high
methane production even though the process slowed down
initially at day 2 compared to the control sample without
adding any antibiotic (Fig. 2). Themethane production obtain-
ed in this study was contradicted to some other studies which
inhibited methane production (Amin et al. 2006; Shimada
et al. 2008; Cetecioglu et al. 2015) due to the different micro-
bial sources, the durations and scale of experiments, and the
concentration of antibiotics. The initial concentration of anti-
biotics used in this study was almost similar to the concentra-
tion from pharmaceutical and hospital wastewater. However,
according to a previous report (Terzic et al. 2018), waste
sludge has the ability to remove the macrolides through mi-
crobial biotransformation which can reduce the antibiotic ac-
tivity. Besides, the anaerobic digestion strategy also improves
the removal of antibiotic resistance genes, reduces the hori-
zontal transfer of these genes, and inhibits the selection of
resistant bacteria (Liu et al. 2018). Thus, anaerobic digestion
technology used in this study not only may contribute to

Fig. 5 Principle coordinate analysis (PCoA) in the following antibiotics
(AZM—azithromycin, ERM—erythromycin, CLM—clarithromycin,
RXM—roxithromycin, JSM—josamycin, KTM—kitasamycin, TLM—
telithromycin, LCM—lincomycin, and CDM—clindamycin) and
without antibiotic as control (CTRL) in WSS at the day 2 (black circle)
and the day 10 (open circle). PCoAwas conducted at the 3% cutoff OTU
level
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methane production but also may eliminate the antibiotic con-
tamination from sewage sludge.

Protein is the major component in WSS rather than carbo-
hydrates and lipids (Table S3) (Maeda et al. 2009). These
compounds are degraded in a hydrolysis stage assisted by
hydrolytic bacteria through secreting hydrolytic enzymes;
thereby, smaller compounds can be finally converted into
methane (Appels et al. 2008; Manyi-Loh et al. 2013). In this
study, the addition of macrolides, ketolide, and lincosamides
did not affect the hydrolytic bacteria during the anaerobic di-
gestion of WSS as a high protease activity was detected in the
samples in the presence of AZM analogs. Furthermore, the
addition of antibiotics improved methane production but
slightly reduced the organic acids. This was presumably due

to the consumption and conversion of organic acids to acetate,
CO2, and H2 by acetogenic bacteria for methane production.
Clostridia and Bacteroidia, which are present in higher per-
centage in this study, are the main fermentative bacteria (Guo
et al. 2015) in the acidogenesis stage, which convert possible
WSS monomer compounds into volatile fatty acids, CO2, and
H2. Later, acetogenic bacteria convert these products into ac-
etate which can be finally utilized to methane by methanogens
which belongs to archaea. Specifically, there are three
methanogens which have common roles during the anaerobic
digestion process (Venkiteshwaran et al. 2015). The first one is
acetoclastic methanogens which convert acetate to methane
and CO2; the second one, hydrogenotrophic methanogens,
can use H2 or formate to convert CO2 into methane; and the

Table 2 Comparison of relative
abundance percentage of
probable key microorganisms for
accelerating or suppressing
methane production in WSS with
or without each antibiotic
(chloramphenicol, azithromycin,
telithromycin, and lincomycin).
The data of chloramphenicol was
referred from our previous report
(Mustapha et al. 2016)

Bacterial group Relative abundance %

No
antibiotic
(control)

Chloramphenicol
(Mustapha et al.
2016)

Azithromycin
(macrolide)

Telithromycin
(ketolide)

Lincomycin
(lincosamide)

Nitrosomonadaceae 4.58 1.81 0.90 1.48 1.01

Nitrospiraceae 2.25 0.87 0.76 1.18 0.93

Clostridiaceae 3.99 2.59 9.80 2.85 4.85

Caldilineaceae 2.13 1.01 2.18 3.03 4.15

Planctomycetes 3.80 0.50 4.97 4.94 6.94

Alphaproteobacteria 2.25 2.33 3.77 2.84 3.99

Fig. 6 Relative abundance of the dominant microbial communities
categorized at the taxonomic genus level in WSS with antibiotics
(AZM—azithromycin, ERM—erythromycin, CLM—clarithromycin,
RXM—roxithromycin, JSM—josamycin, KTM—kitasamycin, TLM—

telithromycin, LCM—lincomycin, and CDM—clindamycin) or no
antibiotic as control at day 10 of anaerobic digestion. Results were
derived from high-throughput 16S rRNA sequencing. Minor classes
(less than 1%) were summed up in group Bother^
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third one is methylotrophic methanogens which can produce
methane from methyl compounds. In addition, syntrophic and
antagonistic interactions could occur between archaea and
bacteria during the anaerobic process. Syntrophic interaction
occurs at the acetogenic stage in which acetate is converted to
H2 and CO2 by acetate-oxidizing bacteria, and the products are
subsequently utilized by hydrogenotrophic methanogens for
methane production (Venkiteshwaran et al. 2015). On the oth-
er hand, an antagonistic interaction occurs by sulfate-reducing
bacteria (SRB) competing with methanogens and other bacte-
ria for fermenting H2, acetate, and organic molecules. Besides,
the SRB also produce hydrogen sulfide that can inhibit
methanogens and several bacteria groups (Ziganshin et al.
2011). Therefore, the balance of archaea and bacteria might
be important for the stable methane production.

In the control WSS, pH was initially lower and kept low; it
may disturb the growth and functional abilities of
methanogens to convert intermediate substrates to methane
(Huser et al. 1982; Steinhaus et al. 2007) and led to the accu-
mulation of organic acids. This situation also was proved by
total archaea population quantified by qRT-PCR in the
antibiotic-free WSS, which shows a low number of archaea.
Moreover, according to Chen (2010), hydrogenotrophic
methanogens utilize formic acid as a carbon source for

methane production. Therefore, the accumulation of formic
acid especially in control WSS might be due to the absence
or less abundance of hydrogenotrophic methanogens. This is
supported by our results which showed a low number of ar-
chaea and low methane production. However, in the AZM
sample, even though the formic acid concentration was the
lowest among the samples with another antibiotic, the meth-
ane production was not improved than other WSS with anti-
biotics. This is due to the high amount of propionic acid which
can inhibit the methanogenesis process (Venkiteshwaran et al.
2015). On the other hand, antibiotics used in this study had
more impact on the bacterial population as the quantity of
bacteria was lower than the control WSS (Fig. 4), and the
lowest bacterial population was shown in the ketolide group
(TLM); a derivative of ERM. This low bacterial population
might be due to the improvement in spectrum of activity of
TLM that cannot be covered by ERM (Scheinfeld 2004).

Besides, richness and diversity of bacterial populations in
WSS were dependent on the type of antibiotics and on the
anaerobic digestion process. For example, the addition of
lincosamides showed the lowest OTUs among the other anti-
biotics, but a reduced number of OTUs were found in the
samples with the antibiotic after the anaerobic digestion pro-
cess completed (Table S2). Bacterial diversity was reduced

Fig. 7 Key microorganisms relating to the methane production predicted
by a difference in the microbial community of WSS with or without the
addition of antibiotics during the anaerobic digestion process. The
superscript numbers indicate the reference sources as follow; (1) NO as
an oxidizing agent and O2 produced in this step are assumed to contribute
to the methane oxidation by which methane can be consumed (Ettwig
et al. 2012). (2) and (3) These microorganisms are well-known as nitrifiers
which can oxidize ammonium to nitrite or nitrate in WSS and some
studies have proved that they could be related to the methane

suppression (Dunfield and Knowles 1995; Liu et al. 2017). (4)

Planctomycetes also favorably present in antibiotic samples was
reported to involve in sugar fermentation (Elshahed et al. 2007), which
assisted in acidogenesis stage to produce volatile fatty acids, H2 and CO2.
(5) Clostridia and Caldilinea of Chloroflexi pylum are responsible for the
hydrolysis and acidogenesis with a high rate (Guo et al. 2015). (6)

Proteobacteria is a well-known utilizer for glucose, propionate,
butyrate, and acetate (Ariesyady et al. 2007)
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within samples presumably, because the anaerobic conditions
affected the original/initial communities through the accumu-
lation of organic acids. The small range Shannon index with
or without antibiotics indicated that these samples had almost
the similar diversity of bacteria, since they were originally
came from the same source which is WSS.

The bacteria community present at day 10 may be impor-
tant in the anaerobic digestion process. Since their abundances
were high with antibiotics addition, the hydrolysis and
acidogenesis/acetogenesis stages were carried out efficiently
as supported by the results of protease activity, organic acids,
and methane production. For example, Clostridia and
Caldilinea of Chloroflexi pylum were found higher in WSS
with antibiotics which are associated with a high rate of hy-
drolysis and acidogenesis (Guo et al. 2015; Shimada et al.
2011). The presence of these two microbes in the AZM ana-
logs (Fig. 6) was found in our previous study using AZM
(Mustapha et al. 2016). Besides, Planctomycetes also favor-
ably present in antibiotic samples was reported to involve in
sugar fermentation (Elshahed et al. 2007), which assisted in
acidogenesis stage to produce volatile fatty acids, H2, and
CO2. It is also assumed that in antibiotic samples, acetogenic
bacteria, mainly in Alphaproteobacteria community can rap-
idly utilize these intermediates to produce acetate.
Proteobacteria may be an important community in the anaer-
obic digestion process because most of the Delta-, Alpha-,
Beta-, and Gammaproteobacteria are well-known utilizers
for glucose, propionate, butyrate, and acetate (Ariesyady
et al. 2007). In addition, Myxococcales was the major group
belonging to Deltaproteobacteria at day 10 (Fig. 6).
Interestingly, some bacteria belonging to this group (described
as ‘micropredators’) are able to degrade other microbes by
secreting hydrolytic exoenzymes (Osaka et al. 2008). It is
believed that these enzymes also degrade the WSS compo-
nents such as protein to smaller molecules during the hydro-
lysis stage. Thus, all of these communities provided sufficient
soluble intermediates for methanogens for the next stage.
Nitrosomonadaceae and Nitrospiraceae that abundantly pres-
ent in control WSS without any antibiotic could be very sen-
sitive to antibiotics as stated by Fan et al. (2009) that they were
unable to survive at a low concentration of ERM. Also, they
are well-known as nitrifiers which can oxidize ammonium to
nitrite or nitrate in WSS, and some studies have proved that
these microbes could contribute to the methane suppression
(Dunfield and Knowles 1995; Liu et al. 2017), which ex-
plained on low methane production in WSS without antibiot-
ic. The simple pathway was shown in Fig. 7 in which the
nitrite reduced to nitric oxide, NO, nitrogen gas, N2, and ox-
ygen, O2. The NO as an oxidizing agent and O2 produced in
this step are assumed to contribute to the methane oxidation
by which methane can be consumed (Ettwig et al. 2012).
Regardless of the addition of antibiotic, Proteobacteria,
Bacteriodetes, and Firmicutes have been reported to be

common and abundant in the anaerobic digestion process
(Guo et al. 2015; Shimada et al. 2011; Osaka et al. 2008; Ng
et al. 2015), which play an important role in producing me-
thanogenic precursors for methanogens. It is interesting to
note that the similarity of bacterial communities by the addi-
tion of macrolides, ketolide, and lincosamides was shifted
through various processes of anaerobic digestion yet main-
taining the essential bacterial groups for methane production.
In conclusion, all the antibiotic analogs used in this study
showed a similar effect on methane production. Therefore,
macrolides and another similar antibiotic of this group from
ketolide and lincosamides, which have different antibacterial
spectra had stimulated dynamics of the microbial community,
functions, and interactions in WSS for enhancing methane
production using WSS.
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