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Anaerobic digestion (AD) technology is a valuable method for producing biogas fuels and treating livestock
wastes such as swine manures concurrently. However, the effect of emerging antibiotics on the AD process is still
undiscovered. In this study, the influence of oxytetracycline (OTC) on the AD process was investigated under
mesophilic (35 £+ 0.5 °C) and thermophilic (55 + 0.5 °C) conditions, respectively. The presence of OTC signif-
icantly inhibited the production of methane in AD process, where the methane yields decreased by 58.6% and
73.3% in mesophilic and thermophilic ADs when the initial concentration of OTC was 400 mg/L, respectively.
Besides, OTC can be markedly degraded by the AD process with a removal efficiency higher than 90% when the
OTC initial concentration is lower than 10 mg/L. Furthermore, a higher concentration OTC led to a lower bio-
methane yield, energy conversion efficiency, and contaminant removal during both mesophilic and thermophilic
ADs. With adding of 400 mg/L OTC, Clostridium sensu stricto 1 (32.9%) and Anaerolinea (29.3%) are dominant to
biodegrade organic matter during mesophilic and thermophilic AD systems. Correspondingly, Methanosaeta was
functional in producing biomethane in both mesophilic (60.8%) and thermophilic (56.4%) AD systems. Addi-
tionally, Methanolinea was bearable to high concentrations of OTC during mesophilic and thermophilic AD
processes.

affecting methane production efficiency and reducing the performance
of sewage pollutant removal. Methanogens can be divided into meso-
philic and thermophilic methanogens with temperature ranges at mes-
ophilic 30-40 °C and thermophilic 50-60 °C [9]. Methanogens are

1. Introduction

The livestock and poultry breeding industry that provides meat,

eggs, and milk for people has become increasingly large-scale, intensive,
and industrialized with the improvement of people’s living standards
and the growth of living needs recently [1]. China has produced much
livestock and poultry manure with a continuously increasing breeding
scale [2]. Pigs account for about 60% of the total livestock, and swine
waste is the primary source of livestock and poultry manure [3]. Dealing
with these feces without proper treatment will cause air, water, and soil
pollution [4].

As a mature technology, anaerobic digestion (AD) has been widely
used in treating livestock and poultry manure, meanwhile producing
biofuels such as biomethane and biohydrogen [5-7]. These biofuels can
be extensively used in daily life and process industries. Temperature is
an essential factor in the AD process [8], where the changeable tem-
perature will affect the metabolic activity of methanogens, thereby
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extremely sensitive to temperature, and small fluctuations in tempera-
ture may have an enormous impact on the digestion system [10]. Hence
a slight increase in temperature could improve the activity of metha-
nogens and enhance biogas production. When comparing with the me-
dium temperature condition, the biogas production from hog waste
under the thermophilic condition increased by about 55.6% because the
thermophilic anaerobic methanogens had higher metabolic activity,
thus leading to higher methane yield and organic matter degradation
rate [11].

Antibiotics are widely used in the pig industry as growth promoters
and disease-prevention substances [12]. The average consumptions of
antibiotics per kilogram of cattle, chickens, and pigs are 45 mg/kg, 148
mg/kg, and 172 mg/kg, respectively [13]. Specifically, tetracycline is
the most commonly used antibiotic in swine production worldwide [14].
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Nomenclature

AD Anaerobic digestion

OTC Oxytetracycline

TS Total solids

VS Volatile solids

IC Inhibition coefficient

APRggy, Average gas production rate when the gas production

reaches 90%
HHV High heating value
ECE Energy conversion efficiency
COD Chemical oxygen demand
NHi-N Ammonia nitrogen
M-A Sludge before mesophilic AD
M-B Sludge after mesophilic AD without OTC
M-C Sludge after mesophilic AD with 400 mg/L OTC

T-A Sludge before thermophilic AD
T-B Sludge after thermophilic AD without OTC
T-C Sludge after thermophilic AD with 400 mg/L OTC

Oxytetracycline (OTC) is one of the most typical antibiotics among
tetracycline, and its content in livestock and poultry manure could
achieve as high as 600-1000 mg/L [15,16].

Treating antibiotics via AD technology has attracted increased
attention recently. Kasumba et al. [17] found that 64-88% of chlortet-
racycline was removed via AD of poultry manure (containing 1 mg/L
chlortetracycline). On the other hand, sulfadiazine was confirmed to
inhibit fatty acid hydrolysis and methanogenesis during the cow manure
AD process [18]. Zhao et al. [19] found that the degradation of sulfa-
methoxazole mainly relied on biodegradation, and the removal rate was
as high as 86%. Most current research focuses on trace antibiotics, but
there is little research on OTC, which accounts for a large proportion of
antibiotics in livestock and poultry manure. A systematic study will
support utilizing livestock wastes containing antibiotics via AD
technology.

In this study, swine manure mesophilic and thermophilic ADs were
conducted to explore their biofuel production and OTC removal abili-
ties. The swine manure containing OTC in different concentrations was
treated with AD, and the removal efficiency of OTC via the AD process
was investigated. Subsequently, the degradation characteristics of OTC
under mesophilic and thermophilic conditions were compared. Addi-
tionally, the influences of OTC on anaerobic bacterial and archaeal
communities in digestion systems were analyzed.

2. Materials and methods
2.1. Materials

The granule sludge used in the experiment was collected from the
secondary sedimentation tank of the municipal sewage treatment plant
(Weifang city, Shandong province, China). The initial inoculum was
activated and enriched with 2 g/L p-cellulose three cycles in an anaer-
obic environment at 35 °C, and the time interval for every cycle was 7 d.
The thermophilic microbial communities were enriched with 2 g/L
p-cellulose in an anaerobic environment with a gradient increasing
temperature from 35 + 0.5 °C to 55 + 0.5 °C with 2 °C increases each
time for 2 days and finally enriched at 55 + 0.5 °C for 7 days.

Swine manure was taken from the countryside in Chongging, China.
The fresh swine manure was dried, crushed, and stored in a dry appa-
ratus. The tested swine manure had 85.2% total solids (TS) and 59.3%
volatile solids (VS). The C, O, H, N, and S elemental percentages of dry
swine manure were about 33.2%, 59.1%, 4.3%, 2.8%, and 0.6%,
respectively. The OTC (greater than 98% purity) was purchased from

Fuel 344 (2023) 128054

Macklin Biochemical Co., Ltd (Shanghai, China).
2.2. Mesophilic and thermophilic anaerobic digestion

The mesophilic AD experiments were carried out in 250 mL digestion
flasks at 35 + 0.5 °C. The inoculum of activated sludge was 50 mL, and
the added swine manure was 10 g VS/L in every flask. These digestion
flasks were sealed with butyl rubber stoppers and purged with nitrogen
for 10 min to ensure anaerobic environments. The gas of every digestion
flask was collected in a graduated gas collector filled with saturated
NaCl acidic solution with methyl orange as the indicator. The experi-
mental flask containing only activated sludge was the blank group, and
the flask without OTC was the control group. The OTC with concen-
trations of 1, 5, 10, 25, 50, 150, and 400 mg/L were added to anaerobic
flasks to run experimental groups, and all experiments were triplicated.
The thermophilic AD experiments were conducted at 55 + 0.5 °C, and
other conditions were consistent with the mesophilic AD process.

2.3. Analytical procedures

The methane content was tested by a Trace 1300 gas chromatog-
raphy (GC, ThermoFisher, USA) with a ShinCarbon ST column (2 m, OD
1/16, ID 1.0 mm, Mesh 100/120). The methane yield (mL/g VS) was
calculated based on the ratio of cumulative methane volume to the
initial total organic load. The corresponding values are normalized to a
standard pressure of 1 atm and temperature of 0 °C.

The inhibitory influence of OTC on methane production by AD was
quantitatively analyzed by the inhibition coefficient (IC) [20], as shown
in Eq. (1).

APRyyq, with OTC

I =(1-—
C (%) =( APRyyy, without OTC

) x 100 1)

APRgq, represents the average gas production rate when the gas
production reaches 90% of the total cumulative production.

The high heating value (HHV) of methane is 889 kJ/mol [21],
equivalent to 39.7 kJ/L CH4. The HHV of swine manure (14.7 kJ/g) was
calculated according to the Mendeleev equation [22], as shown in Eq.
(2).

HHV (kJ/g) = 0.33858 x C+1.254 x H —0.10868 x (O — ) 2

C, H, O, and S express the corresponding elements in swine manure
based on VS content.

The energy conversion efficiency (ECE) was calculated from the ratio
of methane HHYV to initial substrate HHV, as shown in Eq. (3). It should
be noted that the process energy consumptions, such as heat and elec-
tricity, were not considered in the calculation of ECE.

Total energy of produced methane

ECE (%) =

= ; — - x 100% 3
Total energyin the initial organic matter

The chemical oxygen demand (COD) and ammonia nitrogen (NH{-
N) contents in digestion suspension were measured by the potassium
dichromate method and salicylic acid photometric method via DR3900
spectrophotometer and DRB200 heating digestion unit (Hach, USA)
[23]. The acetate content in digestion suspension was tested by the
Trace 1300 GC (ThermoFisher, USA) with an Agilent DB-FFAP column
(30m x 0.25 mm x 0.25 pm). The digestion suspension was centrifuged,
acidized by 3 mol/L hydrochloric acid aqueous, and filtered via 0.22 pm
filter membrane before acetate content analysis.

The OTC concentration in the digestion system was measured by a
High-performance liquid chromatography-mass spectrometry (HPLC-
MS 8060) with column EC-C18 (2.1 x 50 mm, 1.9 pm). The column
temperature was 30 °C, and the used mobile phase was 0.1% formic acid
aqueous and acetonitrile [23].
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2.4. Microbial community analysis

The sludge before mesophilic AD (M-A), sludge after mesophilic AD
without OTC (M-B), sludge after mesophilic AD with 400 mg/L OTC (M-
C), sludge before thermophilic AD (T-A), sludge after thermophilic AD
without OTC (T-B), and sludge after thermophilic AD with 400 mg/L
OTC (T-C) were collected to analyze the microbial communities via the
high-throughput 16S rRNA sequencing by Illumina HiSeq 2500 (MoBio
Laboratories, Carlsbad, USA). The centrifuged digestion suspension was
adequately rinsed with phosphate-buffered saline. The V3-V4 region
bacterial and the V4-V5 region archaeal 16S rRNA genes were detected
by the primer sequences 338F, 806R, and primer sequences Univ519F,
Arch915R [23,24].

3. Result and discussion
3.1. Effects of OTC on methane production from anaerobic digestion

3.1.1. Mesophilic anaerobic digestion

The methane yield of mesophilic AD when different concentrations
of OTC were incorporated is shown in Fig. 1a. Only a tiny amount of
methane was produced on day 1, indicating that bits of low molecular
organics in swine manure were directly used for methane production.
The control group began rapidly producing gas with the continuous
hydrolysis of complex organics into easily degradable low molecular
organic matter. And the total methane yield increased significantly until
day 10, began to stabilize, and reached 166.1 mL/g VS on day 12.
Generally, the methane yield in the control group was in the range of the
AD methane yield (135-308 mL/g VS) calculated in the IEA report with
swine manure as the substrate [25], verifying that the methane yield of
the control group in this study was at a normal level.
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In Fig. la, once OTC was added in, it significantly affected the
methane production of the mesophilic AD system, as antibiotics would
directly influence the metabolic process of microorganisms. The lag
period of AD (the time when methane yield reached 10% total methane
production) did not change significantly, but the methane yield visibly
decreased when 1 mg/L OTC was added. The digestion stabilized on day
10 with 151.4 mL/g VS of total gas production, adding 1 mg/L OTC. The
decrease in methane yield might be due to limiting hydrolysis, acidifi-
cation, and methane production processes in the AD system by
destroying the microbial cell wall with the addition of OTC [26]. For
instance, Tian et al. [27] confirmed that OTC inhibited propionate hy-
drolysis acidification and methanogenesis during mesophilic AD.
Tetracycline, another widely used antibiotic, was proved to show no
significant effect on solubilization, hydrolysis, and homoacetogenesis
processes, while severely inhibiting the acidogenesis, acetogenesis, and
methanogenesis processes [28]. Furthermore, the methane yield grad-
ually decreased with the enhancement of OTC, which was similar to a
previous study focused on tetracycline antibiotic wastewater in AD [29].
The decline of methane yield was evident when the OTC concentration
was enhanced to 10 mg/L, indicating the increasing inhibition of OTC on
methane production. However, the mesophilic methane yield slightly
decreased when changed OTC between 10 and 150 mg, which implied
that the inhibition tended to a stable level except for enhanced OTC to
extremely high content.

The influence of OTC on the methane production rate is shown in
Fig. 1b. The control group without OTC had a noticeable methane
production rate on day 1. Its rate peaked at 29.7 mL/g VS/d on day 4 and
gradually decreased from day 5 until the end of gas production on day
12. When added OTC into the AD system, the methane production rate
was significantly reduced and peaked at a lower value (16.7-25.3 mL/g
VS/d) between days 4-6. Furthermore, with the increase in OTC, the
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Fig. 1. Effects of OTC on mesophilic anaerobic digestion.
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peak of methane production rate tended to move backward as more OTC
resulted in higher stress to suppress anaerobic methanogenic commu-
nities [29]. Regarding the inhibitory coefficient of OTC on the AD sys-
tem (Fig. 1c), the IC gradually increased from 27.6% to 62.6% with the
enhancement of initial OTC concentration. The energy conversion effi-
ciency of the AD system without OTC was 44.7%, comparable with the
previously reported 49% of pig manure anaerobic digestion [30].
Meanwhile, the efficiency decreased to 23.3% with the improvement of
initial OTC concentration (Fig. 1d), as the increased inhibition of OTC
reduced methane production during the AD process.

3.1.2. Thermophilic anaerobic digestion

The influence of different concentrations OTC on the methane pro-
duction of thermophilic AD is shown in Fig. 2a. The control group
started to produce methane from day 1 and entered the methane pro-
duction vigorous period on day 5. The methane production in the
vigorous period was significantly higher than in mesophilic AD, which
might cause by the high temperature accelerating the hydrolysis rate
during anaerobic fermentation [31]. Ge et al. [32] found that the hy-
drolysis rate increased by 1.5 times for every 10 °C increase. The final
methane production in the control group reached 245.6 mL/g VS with a
higher ECE of up to 66.1% (Fig. 2d). However, thermophilic AD showed
a relatively long lag period than mesophilic AD and gradually produced
methane from day 3. It might relate to the high content of free ammonia
in thermophilic AD (75-150 mg/L) than in mesophilic AD (lower than
10 mg/L), inhibiting enzymatic reactions of microbial cells and reducing
growth rates of microorganisms [33-35]. Furthermore, the lag period
was extended, and the methane yield was significantly reduced with the
increase in OTC concentration (Fig. 2a), indicating the thermophilic
microbial communities were more sensitive to OTC that their
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metabolisms were evidently impeded in the OTC environment initially.

The effect of OTC on the methane production rate of thermophilic AD
is shown in Fig. 2b. The maximum methane production rate of the
control group reached 42.6 mL/g VS/d, which was 1.4 times of the
control group in the mesophilic system. It is mainly due to the
strengthening of hydrolysis and acidification of macromolecular or-
ganics in the thermophilic process [31]. The peak of methane produc-
tion rate shifted one day later but did not decrease when the initial OTC
concentration was 1 mg/L, indicating that low concentrations of OTC
showed slight inhibition on thermophilic AD. The maximum methane
production rate tended to decrease and backward shift with increasing
OTC concentration. Likewise, a previous study confirmed that the
addition of 8 mg/L tetracyclines resulted in a reduction in the daily
methane production to 19.5 mL/d [36]. Additionally, when added 0-10
mg/L OTC, the highest methane production rate in thermophilic AD was
higher than that in mesophilic AD, since the thermophilic anaerobic
flora with higher metabolic activities could reduce the inhibition of low
concentration OTC [37,38].

The IC increased while ECE decreased gradually with increasing OTC
in thermophilic AD (Fig. 2c and d). Significantly, the ECE of thermo-
philic AD with adding OTC of more than 150 mg/L was lower than that
in mesophilic AD. It might relate to the significant decline of thermo-
philic anaerobic flora diversity at high concentrations OTC [39]. As well
known that thermophilic AD always requires more heat than mesophilic
AD to maintain the process. Therefore, mesophilic AD is assumed to be
superior in energy conversion than thermophilic AD when OTC con-
centration is higher than 150 mg/L.
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3.2. Effects of OTC on contaminant removal during anaerobic digestion

3.2.1. Mesophilic anaerobic digestion

The influence of different concentrations of OTC on removing COD
by mesophilic AD is shown in Fig. 3a. The COD of the control group was
significantly decreased with the prolonging of digestion, where the COD
was reduced to 1520.4 mg/L with 80.0% COD removal efficiency. The
consumption of organic matter in the AD system gradually fell off with
the increase in OTC concentration because the activity of the flora in the
system was inhibited by the addition of OTC [40]. For example, the final
removal efficiency of COD was only 44% at a high concentration of OTC
up to 400 mg/L. A previous study reported that the COD removal effi-
ciency was decreased from 94% to 84% when adding 80 mg/L OTC in
livestock anaerobic treatment [41]. Tetracycline, the same class as OTC,
was also confirmed to significantly affect COD removal during the AD
process [42].

As shown in Fig. 3b, the ammonia nitrogen in the control group
gradually increased from 205.0 mg/L to 261.5 mg/L, with a 27.6% of
increment. Swine manure contains many complex organics, where some
ammonia nitrogen compounds were produced in the progress of hy-
drolysis and acidification of organics, increasing the ammonia nitrogen
of the AD system [43,44]. The incorporation of a low concentration of
OTC had almost no difference with the control group, while adding a
high OTC caused a lower ammonia nitrogen value than the control
group. The ammonia nitrogen only increased to 234.5 mg/L with adding
400 mg/L OTC, relating to the inhibition of hydrolysis and acidification
processes of macromolecular organics such as proteins in AD by high
concentrations of OTC [27,45].

The influence of OTC on the acetate content of mesophilic AD is
shown in Fig. 3c. The higher initial concentration of OTC led to a lower
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acetate content in the early stage of AD, which might be due to the
addition of OTC inhibiting the acetylation of small molecular organics,
resulting in a decrease in acetate content [46]. Then the acetate content
gradually increased as the AD progressed and began to decrease after
reaching the peak of methane production rate with a slower declining
rate at a higher initial OTC concentration. Significantly, some acetate
remained after the end of AD, showing that the addition of OTC
inhibited the conversion of acetate to methane [42].

3.2.2. Thermophilic anaerobic digestion

The influence of OTC on COD removal by thermophilic AD is shown
in Fig. 4a. The COD with an initial value of 8450.9 mg/L was reduced to
750.1 mg/L, with the COD removal efficiency up to 91.1%. However,
the removal of COD decreased significantly with the increase of OTC, as
the thermophilic anaerobic flora were highly sensitive to OTC, and their
activity was reduced with the addition of OTC [47]. The removal effi-
ciency of COD was dropped to 44.6% when the initial OTC was as high as
400 mg/L, indicating that the activity of the flora in the AD system was
seriously inhibited, which resulted in the reduction of organic matter
consumption and the decline of methane production. This finding
differed from a previous study that the COD removal efficiency kept
around 40.9-44.4% when added 0-1000 mg/L OTC during the ther-
mophilic AD [48], which might relate to the better bioactivity but
weaker antibiotic-resistant ability of thermophilic flora used in this
study.

The influence of OTC on the ammonia nitrogen content of thermo-
philic AD is shown in Fig. 4b. The ammonia nitrogen value of the control
group increased from 205.0 mg/L to 319.5 mg/L, which increased by
about 55.9%. The main reason was that the hydrolysis process of
macromolecular organics in swine manure was strengthened under a
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thermophilic environment, resulting in an increase in ammonia nitrogen
[49]. In more detail, the change of ammonia nitrogen with adding
1-150 mg/L OTC in the thermophilic AD has no evident difference from
that of the control group. The free ammonia molecules can diffuse
through the microbial cell membrane [35], causing problems of changes
in intracellular pH, increased energy requirements for maintenance, and
inhibition of specific enzymatic reactions [34]. Therefore, the high
content of free ammonia at a high temperature led to a long lag period in
the early stage of the thermophilic process. The flora began to gradually
produce methane after they adapted to the environment of high
ammonia nitrogen and antibiotics in the AD system. However, the 400
mg/L OTC brought lower ammonia nitrogen content in the AD process,
which might cause by the significant inhibition of thermophilic flora at
high concentrations of OTC during the AD process.

The acetate content in thermophilic AD with adding different con-
centrations of OTC (Fig. 4c) increased at the beginning of four days and
began to decline with the prolonging of AD. Same with mesophilic AD,
the acetate content decreased in the initial stage at the higher initial
concentration of OTC. Acetate was confirmed to remain in all working
conditions after the finish of gas production. The higher amounts of
OTC, the more residual acetates were detected, indicating that the
methanogens activity was inhibited and resulted in the acetate accu-
mulation under the inhibition of OTC.

3.3. Removal of OTC during the anaerobic digestion

The removal of antibiotics in mesophilic AD with the addition of OTC
is shown in Fig. 3d. The OTC removal via AD was above 90% when the
OTC initial concentration was less than 10 mg/L, where it reached

93.8% at 1 mg/L of OTC, and gradually decreased with the increase of
OTC initial concentration. The removal of OTC in this study was higher
than 59% of OTC removal (9.8 mg/L initial concentration) in a previous
manure anaerobic digestion study [50], confirming the excellent ca-
pacity of the sludge to treat OTC. The removal rate declined to 63.0%
with adding 400 mg/L OTC. OTC could be effectively removed by AD
mainly via pathways of biosorption and biodegradation [51]. The
extracellular polymeric substances of microbial cells containing abun-
dant functional groups are significant in adsorbing OTC via interactions
such as cation exchange and surface complexation [19]. On the other
hand, co-metabolism is considered an essential pathway for the
biodegradation of antibiotics in AD, where antibiotics were used as
substrates and degraded by the flora metabolism [52]. It is assumed that
the OTC would be adsorbed by anaerobic sludge first and ultimately
biodegraded by microbial organisms second. The degradation of OTC
during AD relies on the synergistic cooperation of various microbial
groups, mainly associated with specific metabolic stages throughout the
biodegradation process [53]. Thereby, the different initial concentra-
tions of OTC were removed with different degrees.

The OTC was less than the 1 ng/L detection limit of HPLC-MS after
the thermophilic AD when the initial OTC concentration was 1 mg/L,
indicating the OTC was thoroughly removed. The removal of OTC was
above 90% when the initial OTC concentration was lower than 10 mg/L,
which gradually decreased with the increase of OTC concentration and
was about 75.5% with an addition of 400 mg/L (Fig. 4d). The removal
efficiency of OTC in thermophilic AD was higher than in mesophilic AD,
mainly because the thermophilic anaerobic flora had more active
metabolic activities [54], and the temperature increases resulted in a
shorter degradation half-life of OTC [55]. For example, the degradation
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half-life of OTC in swine manure AD was dropped to 19.8 h at 40 °C from
84.7 h at 25 °C in a previous study [56]. Additionally, the hydrolysis of
OTC was also significantly affected by temperature. Xuan et al. [57]
found that the contribution of OTC hydrolysis at high temperatures in
moist animal manure may become comparable and even more signifi-
cant than that of biodegradation.

3.4. Microbial community analysis during anaerobic digestion

3.4.1. Mesophilic anaerobic digestion

Alpha diversity indexes for evaluating mesophilic flora richness and
evenness are shown in Table 1. The Chao 1 indexes of bacteria and
archaea in the M-B increased when compared with M-A, indicating the
enrichment of microbial communities after AD treatment [24]. The
Chao 1 index of the M-C with the addition of OTC was lower than those
of the M-B. It demonstrated that OTC showed an inhibitory effect on
microbial communities, resulting in a decrease in the metabolism of
microbes. Therefore, the abundance of mesophilic anaerobic flora
decreased. The Shannon and Simpson indexes of M-C were also lower
than those of the M-B, implying that the diversity of mesophilic anaer-
obic flora decreased [58]. It showed that OTC could hinder the meta-
bolism of microorganisms because some microorganisms that could not
adapt to the OTC environment were eliminated.

The relative abundance of Clostridium sensu stricto 1 significantly
increased after the mesophilic AD (Fig. 5a), and it was the crucial bac-
teria for the biodegradation of organics in swine manure [59]. Addi-
tionally, the relative abundance of Terrisporobacter was also found to
increase, which bacteria could convert carbohydrates into acetic acid
and displayed a relationship with biogas production during AD [60].
Syntrophobacter, which could degrade acetate and propionate [61],
declined in relative abundance from 5.8% to 1.1% after the AD process.
Candidatus Caldatribacterium, another bacteria reported to function in
producing acid and hydrogen [60], was also decreased in relative
abundance. Significantly, the more OTC led to higher Clostridium sensu
stricto 1 and Terrisporobacter relative abundances, indicating that Clos-
tridium sensu stricto 1 and Terrisporobacter showed dominant properties
to progress the biodegradation process than Syntrophobacter and Can-
didatus Caldatribacterium during the mesophilic AD system.

The archaea community analysis of mesophilic AD is shown in
Fig. 5b, where Methanogens, such as Methanosaeta, Methanobacterium,
Methanomethylovorans, Methanolinea, and Methanomassiliicoccus, were
the dominant archaea. The relative abundance of Methanosaeta in the
control group increased from 59.4% to 85.0% after mesophilic AD. It is
an obligate anaerobic archaea, which is gram-negative and can use ac-
etate to produce methane [62]. The relative abundance of Methanosaeta
in the experimental group with adding OTC was lower than that in the
control group, indicating that OTC inhibited its metabolism and resulted
in limited acetate utilization by Methanosaeta. The relative abundances
of Methanomethylovorans and Methanolinea in M-C were 10.0% and
10.2%, higher than those in M-B. Methanomethylovorans is a methylo-
trophic methanogen with an optimal temperature range of 25-50 °C.
Methanomethylovorans can use methanol, monomethyl amine, dime-
thylamine, trimethylamine, dimethyl sulfide, and methyl mercaptan for
catabolism [63]. The increase in relative abundance of
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Methanomethylovorans may be due to the formation of methylamine and
other substances during the biodegradation of OTC. OTC is degraded via
demethylation, deamidation, ring-cleavage, decarboxylation, and
dehydroxylation reactions in biodegradation [16]. The methyl and
amine compounds generated in this process can provide raw materials
for the growth of Methanomethylovorans. Methanolinea is a hydrogen-
consuming methanogen that can produce methane by using formate,
Hs, or CO4, which requires acetate or yeast extract for growing [64]. The
increasing of Methanolinea relative abundance and decreasing of acetate
content in the AD system indicated that the generated acetate tended to
be consumed by Methanolinea when adding OTC in swine manure during
the AD process.

3.4.2. Thermophilic anaerobic digestion

The species richness and evenness of thermophilic flora are shown in
Table 2. The Chao 1 index in T-B increased compared with T-A after AD,
indicating the enrichment of both bacteria and archaea [65]. The Chao 1
index in T-C tended to decrease with the addition of OTC, even lower
than in T-A before AD. It demonstrated that OTC strongly inhibited the
metabolism of thermophilic flora. Furthermore, the Shannon and
Simpson indexes in T-C were also lower than those in T-A and T-B, which
might be related to eliminating some flora that could not withstand the
OTC under a thermophilic environment [58]. Compared with meso-
philic flora (Table 1), the OTC inhibition of thermophilic flora was more
severe than that of mesophilic flora.

The microbial community analysis of thermophilic AD is shown in
Fig. 6. Candidatus Caldatribacterium (17.5%) and Anaerolinea (10.8%)
were the dominant bacteria in T-A before thermophilic AD (Fig. 6a). The
relative abundance of Candidatus Caldatribacterium in T-B and T-C
decreased significantly in thermophilic AD, similar to that in mesophilic
AD. Anaerolinea showed a lower relative abundance (6.2%) in T-B but a
hugely higher relative abundance (29.3%) in T-C with the addition of
400 mg/L OTC after AD. Anaerolinea uses carbohydrates and proteins as
substrates and can be co-cultured with methanogens [66]. The increase
of Anaerolinea in T-C verified its strong adaptability toward OTC
environments.

Regarding archaea communities (Fig. 6b), Methanogens, such as
Methanosaeta, Methanobacterium, Methanolinea, Methanomassiliicoccus,
Methanosarcina, and Methanothermobacter, dominated the archaea in
thermophilic AD. The relative abundance of Methanosaeta increased
from 44.6% to 61.2% in T-B and 56.4% in T-C after thermophilic AD,
suggesting that high concentrations of OTC inhibited Methanosaeta
during the thermophilic AD. The species level of Methanolinea was
Methanolinea tarda NOBI-1, a thermophilic archaea. Methanolinea could
utilize a wide range of substrates for metabolism, including acetate and
methylated compounds [67]. The relative abundance of Methanolinea
with the addition of OTC increased after thermophilic AD, while the
Methanolinea in the control group almost disappeared. It might be
caused by the methylated compounds formed from the biodegradation
of OTC, which accelerated the enrichment of Methanolinea when OTC
was incorporated into the AD system. Compared with mesophilic AD,
the Methanomethylovorans had not been detected in thermophilic AD,
while Methanosarcina and Methanothermobacter, which had not appeared
in mesophilic AD, were discovered in thermophilic AD. It demonstrated

Table 1
Richness and evenness of mesophilic microbial community.
Sample Chao 1 Observed species Shannon Simpson Coverage
Bacteria M-A 1116.43 1017 6.05 0.95 1
M-B 1430.88 1322 6.77 0.97 1
M-C 1346.00 1190 6.31 0.96 1
Archaea M-A 67.88 68 2.12 0.62 1
M-B 72.20 66 2.12 0.61 1
M-C 69.75 66 1.07 0.28 1
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Fig. 5. Microbial community analysis of sludge before mesophilic anaerobic digestion (M-A), sludge after mesophilic anaerobic digestion without OTC (M-B), and
sludge after mesophilic anaerobic digestion with 400 mg/L OTC (M-C) at genus level.

Table 2
Richness and evenness of thermophilic microbial community.
Sample Chaol  Observed Shannon  Simpson  Coverage
species
Bacteria  T-A 738.27 660 6.25 0.96 1
T-B 777.49 714 6.87 0.98 1
T-C 613.77 570 5.43 0.91 1
Archaea T-A 82.17 82 2.61 0.74 1
T-B 106.25 80 2.27 0.64 1
T-C 70.23 66 1.86 0.58 1

that Methanosarcina and Methanothermobacter were more bearable to
high-temperature environments [68], while Methanomethylovorans was
tolerable in mesophilic OTC environments but unconformable to ther-
mophilic conditions [69].

3.5. Perspectives of manure anaerobic digestion with antibiotics

The presence of OTC (1-400 mg/L) in swine manure inhibited the
AD process. Avoiding the inhibition caused by OTC to improve the
recycling efficiency of manure waste is fundamental in AD technology.
Firstly, it would be helpful to reduce the use of antibiotics in livestock
and poultry to decrease the antibiotic content in manure. Secondly,
systematic studies about AD processes containing different antibiotics

should be conducted to confirm their synergistic influence on AD pro-
cesses. Next, the swine manure AD process with OTC less than 1 mg/L
should be further studied, as several swine manure contained OTC lower
than 1 mg/L. Then, different AD schedules can be selected according to
the antibiotics concentrations to improve biofuel yield and pollutant
treatment efficiency. For example, thermophilic AD is more suitable
when the OTC concentration in swine manure is less than 10 mg/L. The
appropriate AD process should be selected after considering the equi-
librium of energy consumption, biofuel yield, and OTC removal, when
the OTC concentration is 10-150 mg/L. In contrast, the mesophilic
process shows advantages when OTC concentrations are higher than
150 mg/L. Lastly, selecting microbial communities with strong adapt-
ability and treatment capacity of antibiotics will be significant for
developing the AD technology to reuse the livestock and poultry manure
for biofuel production.

4. Conclusion

The addition of OTC with concentrations from 1 to 400 mg/L
inhibited the AD process, where a higher OTC concentration would
cause less biomethane yield, lower energy conversion efficiency, and
reduced contaminants removal efficiencies. With adding 400 mg/L OTC,
the ECE of mesophilic and thermophilic ADs were reduced to 23.3% and
17.7% from 44.8% and 66.1%, respectively. The OTC can be efficiently
removed by mesophilic and thermophilic ADs, where 72.5-100.0% of
OTC was removed via thermophilic AD, higher than 63.0-93.8% via
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Fig. 6. Microbial community analysis of sludge before thermophilic anaerobic digestion (T-A), sludge after thermophilic anaerobic digestion without OTC (T-B), and
sludge after thermophilic anaerobic digestion with 400 mg/L OTC (T-C) at genus level.

mesophilic AD. Additionally, Clostridium sensu stricto 1, Meth-
anomethylovorans, and Methanolinea were bearable to OTC in high con-
centration during the mesophilic AD process, while Anaerolinea and
Methanolinea were tolerable in an OTC environment during the ther-
mophilic AD process.
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