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Abstract

Whether advanced biological waste treatment technologies, such as hydrothermal pre-
treatment (HTP) integrated anaerobic digestion (AD), could enhance the removal of dif-
ferent antibiotics remains unclear. This study investigated the outcome of antibiotics and
methane productivity during pig manure treatment via HTP, AD, and HTP + AD. Results
showed improved removal efficiency of sulfadiazine (SDZ), oxytetracycline (OTC), and
enrofloxacin (ENR) with increased HTP temperatures (70, 90, 120, 150, and 170 °C). OTC
achieved the highest removal efficiency of 86.8% at 170 °C because of its high sensitivity
to heat treatment. For AD, SDZ exhibited resistance with a removal efficiency of 52.8%.
However, OTC and ENR could be removed completely within 30 days. When HTP was
used prior to AD, OTC and ENR could achieve complete removal. However, residual SDZ
levels reduced to 20% and 16% at 150 and 170 °C, respectively. The methanogenic poten-
tial showed an overall upward trend as the HTP temperature increased. Microbial analysis
revealed the antibiotics-induced enrichment of specific microorganisms during AD. Fir-
micutes were the dominant bacterial phylum, with their abundance positively correlated
with the addition of antibiotics. Methanobacterium and Methanosarcina emerged as the
dominant archaea that drove methane production during AD. Thus, HTP can be a potential
pretreatment before AD to reduce antibiotic-related risks in manure waste handling.
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Introduction

The conventional practices of livestock husbandry have evolved into intensive livestock pro-
duction systems as the demand for animal protein increases worldwide, particularly in devel-
oping countries [1]. Using antibiotics as feed additives has been proved to be an effective
means to boost livestock production by stimulating growth and preventing disease infections
[2]. The most commonly detected antibiotics in pig manure include sulfadiazine (SDZ), oxy-
tetracycline (OTC), and enrofloxacin (ENR) [3, 4]. For example, in 2013, the use of ENR
was more than 3000 tons in Chinese pig farms [5]. Studies have shown that a large propor-
tion of the fed antibiotics, ranging from 30 to 90%, are excreted via the urine and feces of the
livestock because of animals’ limited digestive capability [4, 6, 7]. Their detected antibiotics
in pig manure can reach as high as 235.1 mg/kg SDZ, 59.06 mg/kg OTC, and 33.26 mg/kg
ENR, respectively [8, 9]. The presence of residual antibiotics in livestock manures can exac-
erbate the spread of antibiotic resistance genes across environmental media, posing unfore-
seeable risks to human health [10]. At the same time, antibiotics can affect the microbial
activity and disrupt the normal operation during the pig manure treatment process. Previous
report that OTC reduced the role of some microbial bacteria (such as Clostridium sp. and
Corynebacterium) in nitrogen conversion during aerobic treatment of pig manure [11]. Thus,
seeking effective means for mitigating the spread of residual antibiotics during the disposal
and handling of animal manure generated from the livestock farming industry is necessary.

As a sustainable alternative for biogas production, anaerobic digestion (AD) can reduce
certain antibiotic residuals in animal manure. Under anaerobic conditions, antibiotics can
be eliminated from the system through degradation, adsorption, volatilization, and hydroly-
sis [12]. The effects of AD on antibiotic removal are not always consistent. According to a
study, the removal efficiency of tetracycline in fecal liquid is approximately 29% [13]. By
contrast, erythromycin exhibits highly effective degradation with a removal efficiency of
99% within 40 days of pig manure AD under thermophilic conditions [14]. The inconsist-
ent effects of AD on antibiotics may be related to antibiotics in raw materials and digestion
conditions, such as temperature, inoculum, and residence [15]. Nevertheless, most antibiot-
ics remaining in raw livestock and poultry manure can inhibit microbial activities during
AD, compromising the efficiency of the entire AD system [16]. For instance, Hu et al. [17]
reported that at a concentration of 0.24 mg/L, sulfamethazine reduces methane production
by 48% during sludge anaerobic fermentation. Thus, a comprehensive approach along the
process is necessary because AD is inefficient in removing antibiotics completely.

Hydrothermal pretreatment (HTP) involves the partial degradation of raw biomass mate-
rials in saturated steam under high temperature and pressure; thus, the hydrolysis of dis-
solved macromolecular organic matter is ultimately enhanced [18]. HTP not only reduces
the hydrolysis half-life of antibiotics by increasing the pretreatment temperature but also
demonstrates effective removal capabilities for certain antibiotics, such as tetracyclines,
penicillins, erythromycins, and sulfonamides [19]. When used as a pretreatment process
for AD feedstock, HTP can intensify methane production and shorten digestion time [20].
Previous study has shown that HTP can effectively remove high concentrations of oxytetra-
cycline (OTC) and its intermediates in fermentation residue [21]. All these works empha-
size the beneficial effects of HTP on antibiotic degradation and the improvement of the
methanogenic performance during subsequent AD.

However, very few studies were conducted on antibiotic degradation in pig manure
through the integration of HTP with AD. Therefore, the present study aims to investigate
the removal efficiencies of common antibiotics, including sulfadiazine (SDZ), OTC, and
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enrofloxacin (ENR), during HTP, AD, and HTP+ AD of pig manure. Furthermore, the
response of methane production and microbial community to different antibiotics and HTP
temperatures were evaluated.

Materials and Methods
Raw Materials

Samples of pig manure, sourced from breeding practices that did not involve the use of antibiot-
ics, were collected from the Changping Base of Animal Husbandry Research Institute, Chinese
Academy of Agricultural Sciences. The total solid (TS) content of the raw pig manure sample
was approximately 35%. The sample was diluted and stirred using a blender for 5 min to cre-
ate a slurry. The initial feeding stock of AD had a TS of 21.6+0.1%. The prepared pig manure
sample was stored at 4 °C and used for subsequent HTP and AD. The inoculum sludge, sam-
pled from a full-scale AD reactor at the Beijing Drainage Group, was fed into the lab-scale AD
reactor along with pig manure at a dose of 0.75 gVS/L. The mixture was incubated under 37 °C
for 10 days. The characteristics of the pig manure and the inoculum are described in Table 1.

Preparation of Pig Manure Containing Antibiotics

Different concentrations of OTC, SDZ, and ENR were manually dosed into the antibiotic-free
pig manure samples to prepare of pig manure samples containing antibiotics. The doses of
these three antibiotics were estimated based on the doses administered for disease treatments
in pigs. The daily drug concentration (C) in fresh manure of each pig was calculated based
on Eq. (1), with the assumptions that 1 in 10 pigs received antibiotics every day, each pig
weighs 70 kg, and the volatile solids (VS) of the fresh manure was 16+0.3%. The typical

Table 1 Physicochemical

. ; Indicators Raw pig manure Inoculated sludge
properties of pig manure and
inoculated sludge TS (%) 21.58+0.09 6.33+0.16
VS (%TS) 78.68 +0.06 50.55+0.06
NH,*-N (mg/L) 2485.47+111.34 1292.31+20.20
pH 5.84+0.01 7.92+0.02
SCOD (g/L) 64.08+0.42 /
O (%TS) 29.10 20.00
N (% TS) 3.13 4.14
C (% TS) 38.40 27.70
H (% TS) 5.70 4.38
S (% TS) 0.39 1.46
P (% TS) 2.76 44.60
C/N 12.27 6.69
SDZ (mg/kg) ND 1.12
OTC (mg/kg) ND ND
ENR (mg/kg) ND ND

+ standard deviation
ND not detected
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doses administered included 15 mg/kgpoqy weigh tWice a day for OTC, 25 mg/kgqqy weight ONCE
a day for SDZ, and 2.5 mg/kgy,qqy weigh: tWice a day for ENR. Therefore, M was 2100 mg OTC,
1750 mg SDZ, and 350 mg ENR for each pig. The proportion of drugs excreted was assumed
to be 60%, and the daily excretion coefficient per pig was 3.95 kg/head-day.

_MxP 1 1 R

¢ E 10 1000xk V S

where C represents the drug concentration in fresh manure of each pig (mg/L), M represents
the total daily dose per pig (mg/head-day), P implies the proportion of drug excreted (%),
E means the excretion coefficient (kg/head-day), k represents the VS of the fresh manure, R
represents the pig manure added quality (gVS), and V represents the working volume (L).

Experimental Design and Operation
HTP Setup and Operation

The HTP of the prepared pig manure was conducted in a reaction kettle with a working
volume of 1 L. Heat transfer oil was used as the medium to conduct heat to the reaction
kettle. In each reaction kettle, 0.5 L of pig manure (Table 1) containing a mix of antibi-
otics, including 2.39 mg/L SDZ, 2.88 mg/L OTC, and 0.47 mg/L ENR, was added. Sub-
sequently, the pig manure with mixed antibiotics (MIX) was hydrothermally pretreated
for 30 min at 70, 90, 120, 150, and 170 °C in triplicate. The HTP-pretreated pig manure
samples were placed in a cold tank for forced cooling before being analyzed for TS, VS,
and the residual concentrations of OTC, SDZ, and ENR. The remaining pretreated sam-
ples were used as the feedstock for the subsequent AD experiments.

AD Setup and Operation

AD experiments were performed in 100-mL bottles, with each bottle having a working
volume of 80 mL. Inoculum sludge and pig manure were mixed and loaded into the bot-
tles with a sludge-to-pig manure ratio of 0.5 based on VS. Then, each bottle was sealed
by a rubber stopper with an outlet for biogas collection. Five experimental groups were
established, with each group having a distinct addition of antibiotics: control group
(CK; without antibiotics), SDZ group (2.39 mg/L), OTC group (2.88 mg/L), ENR group
(0.47 mg/L), and MIX group (2.39 mg/L SDZ, 2.88 mg/L. OTC, and 0.47 mg/L. ENR).
In addition, a blank group only with inoculum was prepared to provide a baseline. All
six groups were incubated at 37 +1 °C for 30 days in triplicate. The changes in antibi-
otic concentrations during AD were monitored every 5 days, and the collected biogas
were analyzed for methane content and yield determination.

HTP-Enhanced AD Setup and Operation
For the HTP and AD integrated study, the pig manure containing MIX from the “HTP

Setup and Operation” section was used as raw material. Moreover, six experimental groups
were created, with each group having a distinct temperature for HTP, i.e., CK without HTP
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and the experimental groups with HTP operated according to aforementioned methods at
70, 90, 120, 150, and 170 °C, respectively. The effluent from all six groups was incubated
at 37+ 1 °C for 30 days in the AD bottles described above in triplicate. In addition, a blank
group only with inoculum was prepared to serve as the baseline.

Analytical Methods and Statistical Analysis
Physicochemical Analysis

The analyses of TS and VS were conducted in accordance with the standard method of the
American Public Health Association [22]. The pH measurements were performed using a
pH meter (FE28, Mettler-Toledo, Switzerland). The biogas production throughout AD was
continuously monitored using glass syringes. The methane content was determined using
an SP-2100 gas chromatograph equipped with a ®10-m X 2-mm stainless steel column. The
parameters used for methane detection were as follows: sample volume injection, 0.5 mL;
nitrogen partial pressure, 0.6 MPa; flow rate, 60 mL/min; inlet temperature, 150 °C; col-
umn temperature, 230 °C; detector temperature, 150 °C.

Quantification of Antibiotics

The antibiotics were quantified using the online solid phase extraction combined with
high-performance liquid chromatography (HPLC) and UV detection. The HPLC system
(Dionex Ultimate U3000, Sunnyvale, USA) was equipped with a UV detector and an
Acclaim C g (5 pm, 4.6 mm X 250 mm) column. It used acetonitrile and 0.1% oxalate solu-
tion as the mobile phase operated at a flow rate of 0.8 mL/min. The liquid samples were
filtered through 0.45-pm water filter membranes. Phosphoric acid was added to adjust the
pH level within the range of 2 to 3, followed by filtering adjusted samples through 0.22-pm
filter membranes. The solid samples were freeze-dried at—80 °C for 10 h with acetoni-
trile + Na,EDTA-phosphate buffer solution (pH 3) with a volume ratio of 1. The superna-
tant was extracted and filtered through 0.45-pm organic filter membranes. Phosphoric acid
was added to adjust the pH level within the range of 2 to 3. The antibiotics were quantified
by the external standard method.

Microbial Community Structure Analysis

The samples for DNA extraction were collected on day 30 of the AD batch tests. The DNA
extraction was performed using the E.Z.N.A. Soil DNA Kit (Omega Bio-Tek, USA). The
DNA purity and concentration were analyzed using NanoDrop2000 and TBS-380. The
DNA integrity was measured using 1% agarose gel electrophoresis operated at 5 V/cm for
20 min. An M220 ultrasonic crusher (Covaris, Woburn, MA, USA) was employed to crush
the DNA into fragments with approximately 400 bp for PCR amplification and sequencing,
which were completed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. The PCR
amplification was performed using an ABI Gene Amp 9700 PCR thermocycler (ABI, CA,
USA). The 16S rRNA gene regions of archaea and bacteria were used for PCR-DGGE anal-
ysis. The bacterial 16S rRNA gene was amplified with specific primers 338F (5-ACTCCT
ACGGGAGGCAGCAG-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3’), whereas
524F10extF (5'-TGYCAGCCGCCGCGGTAA-3") and Arch958RmodR (5-YCCGGCGTT-
GAVTCCAATT-3") were used for the archaea 16S rRNA gene. The PCR reactions were
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performed using 4 pL of 5xFastPfu Buffer, 2 pL of 2.5 mM dNTPs, 5 pM of forward and
reverse primers, approximately 10 ng of template DNA, and ddH,O to achieve a total vol-
ume of 20 pL. The thermal cycle of the PCR process consisted of the following steps: initial
denaturation at 95 °C for 3 min, denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s,
extension at 72 °C for 45 s repeated for 30 cycles, and a final holding at 72 °C for 10 min.
The PCR products were detected using 2% agarose gel electrophoresis and quantified
using the QuantiFluor-ST Blue fluorescence quantification system (Promega, USA). Then,
sequencing was performed on the Illumina MiSeq platform (Illumina, San Diego, USA).
The results were analyzed using the Majorbio Cloud platform (https://www.majorbio.com).

Calculation of the Contribution Rate

The calculation of the contribution rate of AD and HTP to the antibiotic removal is as
follows:

_ I—AHT

HR i % )
AR = AHT ; AAD % 3)
PR = 1_#% )

where [ represents the initial antibiotic concentration (mg/L), AHT represents the antibiotic
concentration after HTP (mg/L), AAD represents the antibiotic concentration after AD (mg/L),
HR implies the contribution rate of HTP to the antibiotic removal (%), AR means the contribu-
tion rate of AD to the antibiotic removal (%), and PR is the percentage of antibiotic residue (%).

The Modified Gompertz Model

As demonstrated in a previous study by Yin et al. [4], the modified Gompertz model has
been proved to be a well-established kinetic model for methane production during AD,
which is shown as follows:

Rmax K
Mp = Pyexp| —exp 5 A-n)+1 (5)
0
where M), represents the cumulative methane yield (mL/gVS), ¢ represents the digestion time
(days), P, implies the ultimate maximum methane yield (mL/gVS), R, means the maxi-
mum methane production rate (mL/gVS-day), and 4 is the lag phase of gas production (days).

Statistical Analysis
All experiments in this study were conducted in triplicate. Microsoft Office Excel 2019
was used for data organization, analysis, and graphical representation. The significant dif-

ference of different treatments was compared using SPSS 18.0, and the p-value was consid-
ered statistically significant at p <0.05.
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Results and Discussions
Antibiotic Removal During HTP and AD
Effect of HTP on Antibiotic Removal

As depicted in Fig. 1, SDZ, OTC, and ENR in pig manure exhibited notable reduction
after HTP, and the removal efficiency of SDZ, OTC, and ENR showed a positive cor-
relation with HTP temperature. In particular, the removal efficiency of OTC (86.82%)
was higher than that of ENR (64.65%) and SDZ (67.23%) under an HTP temperature of
170 °C. This finding indicates that the resistance of SDZ and ENR to high HTP tempera-
tures was greater than that of OTC. However, the removal efficiency of SDZ and ENR
remained mostly unchanged within the 70-120 °C range. Moreover, their removal efficien-
cies increased dramatically beyond 150 °C. These findings are consistent with previous
reports indicating that OTC can be effectively removed as the HTP temperature increases.
For instance, the OTC concentration decreases from 3.9 mg/g to below the detection limit
when the HTP temperature is 130 °C for 5 min [23]. Most antibiotics are sensitive to heat
and even degrade at temperatures below 100 °C; however, certain antibiotic classes, such
as aminoglycosides, chloramphenicol, and tetracycline, can tolerate temperatures exceed-
ing 100 °C [24]. A previous study showed that with an initial concentration of 50 ng/g,
ENR can remain stable for 3 h when subjected to heating at 100 °C [25]. Thus, OTC can
probably be effectively removed by HTP. However, SDZ and ENR exhibited a certain
degree of resistance to degradation at low HTP temperatures.

Effect of AD on Antibiotic Removal

The removal of single antibiotics in pig manure during AD is shown in Table 2. The OTC
and ENR concentrations sharply decreased on day 15 and day 5, respectively. However, the
SDZ concentration reduced slowly, and the removal efficiency of SDZ remained unchanged
at 52.72% starting from day 30 of AD. These findings are aligned with previous studies show-
ing that OTC and ENR are more effectively removed than SDZ during AD [26]. In addi-
tion, an SDZ concentration of 1 mg/L. manure essentially remained unchanged during AD for
40 days [14]. Cheng et al. [27] also emphasized that SDZ is slightly susceptible to degrada-
tion during the AD of pig manure, despite achieving sufficient degradation. Therefore, the
resistance of SDZ to degradation during AD tends to be greater than that of OTC and ENR.
The liquid and solid fractions of digestate during AD were assessed to understand the
reduction performance of antibiotics. The degradation dynamics of MIX, including SDZ,
OTC, and ENR, during AD is illustrated in Fig. 2. Among these antibiotics, SDZ exhibited the
lowest removal efficiency of 41.65% after 30 days of AD (Fig. 2a). SDZ was predominately
distributed in the liquid fraction rather than in the solid fraction, and it was detected only
in the solid fraction on day 5. The SDZ concentration in the liquid fraction was reduced by
41.31% during the first 20 days. This reduction was followed by a much slower decline, with
the removal efficiency stabilizing at 41.65% until the end. OTC was detected only in the solid
fraction on day 5, and the removal efficiency of OTC in the liquid fraction reached 100% by
day 20 (Fig. 2b). ENR was detected only in the liquid fraction and was immediately removed
with the concentration dropping below the detection limit on day 5 (Fig. 2¢). Compared with
the degradation of single antibiotics, that of the mixed antibiotics did not substantially impact
the ENR removal (Table 2). By contrast, the complete removal of OTC in the presence of
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Fig. 1 Effect of HTP on removal
of typical antibiotics in pig
manure
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Fig.2 Dynamic of mixed antibi-
otics in liquid and solid fractions
during AD
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mixed antibiotics occurred 5 days later than that in the OTC-only environment. Similarly, the
removal of SDZ in the presence of mixed antibiotics was slower than that in the presence of
a single SDZ. The above results suggest that the presence of MIX had an inhibition effect on
the removal of individual antibiotics. The reason is that the antibacterial properties of antibi-
otics affected the anaerobic microorganisms in the digestive system, possibly inhibiting the
bio-removal and fermentation efficiency of organic matter [28]; this phenomenon may have
ultimately affected the removal of antibiotics.

Effects of HTP Integration with AD on Antibiotic Removal

As discussed in the “Effect of HTP on Antibiotic Removal” and “Effect of AD on Antibiotic
Removal” sections, the previous results demonstrated that OTC, SDZ, and ENR exhibited var-
ying degrees of degradation during standalone HTP and AD. SDZ could not achieve the ideal
treatment efficiency during HTP at 70-120 °C, with the contribution rate of HTP ranging only
from 22.36 to 24.87% (Table 3). During the subsequent AD, the residual SDZ was further
degraded, with the removal efficiency reaching 50.67% to 51.73% with 70-120 °C HTP. How-
ever, the contribution rate of HTP for SDZ removal was up to 55.34% when the HTP tem-
perature increased to 150 °C. The degradation efficiency of SDZ during AD also increased to
80.07% because of HTP enhancement. The removal efficiency increased to 83.75% (Fig. 3)
when the HTP temperature was further increased to 170 °C. Ultimately, the residual SDZ was
reduced to 0.48 and 0.39 mg/L at 150 and 170 °C HTP, respectively (Table 3). Given the

Table 3 Contribution of HTP and AD to mixed antibiotics removal during HTP coupled AD process

Antibiotic  Index Control 70 C 90C 120°C 150°C 170 °C
SDZ AHT NH 1.80+£0.06°  1.82+0.01®  1.86+0.06" 1.07+£0.09°  0.79+0.05¢
(mg/L)
AAD 1.39+0.51° 1.16+0.03°  1.18+0.07°  1.17+0.21° 0.48+0.09°  0.39+0.05¢
(mg/L)
HR (%) 0 24.87+2.50% 24.04+0.40° 22.36+2.50°  55.34+3.75° 67.22+2.00°

AR (%)  42.08+21.25° 26.86+125 26.63+2.92¢ 28.85+8.75° 24.73+3.75° 16.53+2.08'
PR (%) 57.92+21.25° 482743759 49334332 487941125 19.94+7.50° 16.25+4.08"

oTC AHT NH 0.86+£0.03'  0.76+0.06"  0.65+0.05 0.56+0.02¢  0.38+0.02°
(mg/L)
AAD 0.22+0.16 0 0 0 0 0
(mg/L)
HR (%) 0 69.99+1.04° 73.58+2.08) 77.44+174°  80.72+0.69" 86.82+0.69
AR (%) 92434000  30.01+0.00° 26.42+0.00° 22.56+0.00 19.28+0.00° 13.18+0.00"
PR (%)  7.57+0.00 0 0 0 0 0
ENR AHT NH 0.38+0.02°  0.37+0.03*  0.39+0.01° 0.30+0.02°  0.17+0.02°
(mg/L)
AAD 0 0 0 0 0 0
(mg/L)
HR (%) 0 19.96+4.17¢  23.97+625 19.01+2.08°  36.51+4.17° 64.65+4.17°
AR (%)  100.00+0.00° 80.04+0.00° 76.03+0.00 80.99+0.00°  63.49+0.00° 35.35+0.00"
PR(%) 0 0 0 0 0 0

+ standard deviation

NH, no hydrothermal pretreatment. The difference among six group samples was assessed by performing a
one-way ANOVA followed by Waller-Duncan’s multiple range test (p <0.05). The letters a, b, c, d, e and f
represent significant differences among groups, respectively
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Fig.3 Dynamic of typical anti-
biotics in pig manure via HTP
coupled with AD treatment
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energy consumption and economic cost, HTP at 150 °C appears to be appropriate for remov-
ing SDZ from the subsequent AD. On the contrary, HTP demonstrated a pronounced degra-
dation effect on OTC (2.88 mg/L), with the contribution rate of HTP ranging from 69.99 to
86.82%. After 30 days of AD, OTC was finally almost complete degraded during AD, fol-
lowed with the HTP being operated at 70, 90, 120, 150, and 170 °C, respectively. Under the
condition of MIX, ENR could reach levels below the detection limit in AD (CK). Moreover,
the treatment efficiency of AD was superior to that of HTP. These findings are aligned with
those in the “Effect of HTP on antibiotic removal” and “Effect of AD on Antibiotic Removal”
sections. In conclusion, the effect of HTP integration with AD on antibiotic removal surpassed
that of either a standalone process for SDZ or MIX.

Methane Production
Biochemical Methane Potential (BMP) of Pig Manure Containing Antibiotics

The pig manure samples, whether containing individual or mixed antibiotics, were sub-
jected to BMP tests. The methane production results are presented in Table 4. The R?
values fitted from the modified Gompertz model were all greater than 0.95, indicating
a decent fit of the model to the AD experiment. In line with the modeled results, the
cumulative methane production of the OTC group (380.23 mL/gVS) and the ENR group
(390.03 mL/gVS) was 1.1% to 3.7% higher than that of CK (376.11 mL/gVS). The ENR
group exhibited a superior methanogenic potential, which could be attributed to the low
ENR presence during AD. Zhi et al. [29] reported that the cumulative methane produc-
tion under minimal antibiotic conditions is significantly higher than that under condi-
tions without antibiotic presence. Their report indicated that sulfadimethoxine can stim-
ulate the growth of Methanosarcina, and this finding may be the reason for the strong
stimulating effect of sulfadimethoxine on methane yield. Yin et al. [4] found a strong
positive correlation between antibiotic reduction and methane production for ENR.
However, opposite results in methane production were observed in the SDZ and MIX
groups, with cumulative methane production decreasing by 2.44-5.92% (Table 4). This
observation may be attributed to the inhibition effect because of the high levels of anti-
biotic residues present in the SDZ and MIX groups during AD. This finding is aligned
with the study by Wu et al. [30]. They reported that antibiotics can reduce biogas pro-
duction during AD primarily by inhibiting the activity of methanogenic bacteria. The
study demonstrated that mixed antibiotics (OTC + tetracycline + tylosin) exhibited the
highest inhibition effect of up to 76% on specific methanogenic activity, resulting in
the most significant decrease in methane production (—56%) [31]. Therefore, OTC and

Table 4 Kinetic parameters of the modified Gompertz model for pig manure containing different antibiotics

Group R? R« mL/(gVS 4 (days) Py (mL/gVS) Mp (mL/gVS) P (%)

* day)
Control 0.969 18.52 <0.10 376.38 376.11 -
SDZ 0.968 18.01 <0.10 361.12 366.92 —2.44%
OTC 0.971 16.48 <0.10 389.26 380.23 +1.10%
ENR 0.967 18.63 <0.10 385.35 390.03 +3.70%
MIX 0.963 17.56 <0.10 338.84 353.83 -5.92%

P, cumulative methane production increased by percentage; +, increase; —, decrease
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ENR may promote the production of methane during AD, whereas SDZ and MIX may
exhibit inhibitory effects on methanogenesis.

According to previous report, antibiotics have various interference effects on anaero-
bic digestion, such as the accumulation of organic acids, inhibition of biogas production,
and imbalance of microbial communities [32]. Most antibiotics can inhibit methane pro-
duction and methanogenesis rates at low concentrations. Sulfamethazine at 0.24 mg/L
promoted the accumulation of VFAs by 73.2% mainly by increasing the content of acetic
acid, while reducing methane production by 48% [33]. Moreover, the combined effect of
multiple antibiotics also inhibited methane production from anaerobic digestion. However,
a few antibiotics (e.g., oxytetracycline) can have a positive effect on AD by increasing
methane production. The 100 mg/L. OTC antibiotic largely improved the CH, yield dur-
ing the high solid anaerobic digestion [34]. The effects of antibiotics on CH, production
might be due to the following. On the one hand, some antibiotics, as organic substrates,
are easily decomposed and metabolized by active microorganisms relating to AD during
biological processes. This phenomenon positively affects methane production. On the
other hand, given their broad-spectrum activity and proven ability to destroy and inhibit a
wide range of bacteria, some antibiotics can adversely affect AD microbial activity. Conse-
quently, some antibiotics adversely affect the AD methane production to some extent [4].
This study shows that the methane yield can be enhanced with the high removal efficiency
antibiotics in the AD process for OTC and ENR. The opposite result was obtained for SDZ
and MIX. The antibiotic reduction was strongly correlated with the effect of antibiotic on
AD methane production. It is possible that high antibiotic degradation efficiency reduces
the inhibitory effect of antibiotics on microorganisms and increases methane production.
Thus, the high removal efficiency of antibiotics may be increasing the methane production.
However, the effect of antibiotics on the methanogenic potential of AD also depends on the
type and concentration of antibiotics.

BMP of Pig Manure Containing Antibiotic via HTP

In this section, the effect of coupling HTP with AD on methane production was assessed.
Figure 4 shows the methanogenic potential predicted by the modified Gompertz model
and the methanogenic rate curves under different HTP temperatures (R?>0.95). As
shown in Table 5, the methanogenic potentials of pig manure containing mixed antibiot-
ics in CK and groups with different HTP temperatures (70, 90, 120, 150, and 170 °C)
was 348.76, 348.79, 362.95, 376.63, 380.83, and 379.91 mL/gVS, respectively. There
was no significant difference between the control and the 70 °C HTP group (p > 0.05).
The same was found in 150 °C and 170 °C HTP groups. However, the significant dif-
ferences were found in the groups with 90-150 °C HTP temperatures (p <0.05). The
results are in consensus with the findings regarding the methanogenic potentials in the
“Biochemical Methane Potential (BMP) of Pig Manure Containing Antibiotics” section.
As the HTP temperature increased, the methanogenic potential of each group showed
an overall upward trend. These results confirmed the substantial enhancing effect of
HTP on the AD of pig manure under specific conditions [35]. Huang et al. [36] also
reported that even a relatively lower temperature (110 °C) in HTP can improve the AD
of pig manure by 34% more CH, production. Additionally, Awad et al. [23] showed that
the BMP cumulative methane productions over 23 days of AD was 73.7, 215.9, 656.8,
and 439.0 mL CH,/gVS when the raw feedstock was pretreated at 110, 130, 150, and
170 °C for 5 min, respectively. For the groups with HTP temperatures less than or equal
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Fig.4 Gompertz fitted methanogenic potential and methanogenic rate curve of pig manure via different
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Table 5 Kinetic parameters of the modified Gompertz model for pig manure containing mixed antibiotics
after HTP

Group R? R« mL/(gVS A (days) Py (mL/gVS) Mp (mL/gVS) P (%)
» day)

Control 0.985 25.37 0.55 348.76" 371.28 -

70 'C HTP 0.968 21.60 <0.1 348.79% 373.13 +0.50%
90 ‘C HTP 0.974 22.45 <0.1 362.95° 381.06 +2.63%
120 ‘C HTP 0.986 23.92 0.27 376.63¢ 386.79 +4.18%
150 ‘C HTP 0.997 34.53 1.41 380.83¢ 397.92 +7.18%
170 °C HTP 0.993 22.89 3.31 379.91¢ 354.21 —4.60%

P, cumulative methane production increased by percentage;+, increase; —, decrease. The difference among
six group samples was assessed by performing a one-way ANOVA followed by Waller-Duncan’s multiple
range test (p <0.05). The letters a, b, c and d represent significant differences among groups, respectively

to 150 °C, the time required to reach the maximum methanogenesis rate was approxi-
mately 6 days. For the group with an HTP temperature of 170 °C, the time required
was extended to approximately 10 days. The group with an HTP temperature of 150 °C
exhibited the highest methane production rate (34.53 mL/gVS-day) among all compara-
tive groups (p <0.05). This observation aligns with the above findings of the high deg-
radation efficiency of SDZ in HTP (150 °C) coupled with AD (“Effects of HTP Integra-
tion with AD on Antibiotic Removal” section). HTP at high temperatures (> 170 °C)
may lead to the creation of chemical bonds and result in particle agglomeration [37].
One of the most known phenomena is the Maillard reaction. The Maillard reaction is a
complex chemical reaction that carbonyl compounds (e.g., reducing sugar) reacts with
the amino group of proteins, peptides, or amino acids to produce brown melanoidins,
which usually occurs at temperatures in the range of 140 °C to 170 °C. This reaction is
the nonenzymatic browning reaction widely found in the food industry [38]. There has
been previous study pretreatment of pig manure at temperatures higher than 110 °C.
They observed hardening and darkening of manure, which resulted in a low biogas yield
[39]. Hardening and the dark brownish color development of the substrate indicated
the occurrence of Maillard reaction [39, 40]. The decrease and lag phase of methane
production may be due to the Maillard reaction. Biomethane production decreased by
11.7% during fruit and vegetable residue AD with 175 °C thermal pretreatment [41].
Thus, our study suggests that HTP at 150 °C offers the most distinct advantages over
HTP at other temperatures in terms of antibiotic removal and AD performance, making
it a promising option for future studies.

Effects of Antibiotics on AD Microbial Structure

Bacterial Community Structure

Table 6 provides an overview of the a-diversity indices for bacterial and archaea communi-
ties during AD. The Chao and Ace values were used to estimate the number of operational

taxonomic units (OTUs) in the community and reflect the overall flora abundance. The
Chao and Ace values observed in the SDZ, OTC, ENR, and MIX groups were generally
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Table 6 The a-diversity indices

of microbial community Sample Ace Chao  Shannon Simpson Coverage

Bacteria CK 363.61 360.58 3.47 0.07 0.998
SDZ 350.61 346.49 3.07 0.13 0.998
OTC 345.47 34092 3.03 0.13 0.998
ENR 347.23 35585 298 0.16 0.998
MIX 351.93 341.11 3.37 0.10 0.998

Archaea CK 11.00 11.00 0.86 0.50 1.000
SDZ 11.00 11.00 0.88 0.49 1.000
OTC 11.00 11.00 0.85 0.48 1.000
ENR 13.11  12.00 0.73 0.57 1.000
MIX 11.00 11.00 0.84 0.50 1.000

lower than those in CK, suggesting that the presence of antibiotics contributed to a decrease
in bacterial diversity after AD. The Shannon and Simpson indices serve as metrics for
assessing relative germline abundance and microbial diversity. The values in Table 6 sug-
gest that antibiotics can reduce bacterial diversity. This observation may be attributed to
the selective enrichment of certain microbial species caused by the presence of different
classes of antibiotics [42]. As shown in Fig. 5a and b, the total number of bacterial OTUs
in the five groups at the phylum and genus levels was 15 and 109, respectively. Compared
with CK, the groups exposed to antibiotics exhibited several specific bacterial OTUs. The
MIX sample had a relatively high number of unique OTUs. This finding indicates that the
presence of multiple antibiotics exerted certain stimulating effects on bacterial diversity.

The bacterial community distribution is shown in Fig. 5. The predominant bacterial
phyla consisted of Firmicutes (63.6-86.2%), Caldatribacteriota (3.5-11.7%), Bacteroidota
(4.3-7.3%), Synergistota (2.5-11.4%), and Patescibacteria (2.3-4.9%) at the end of AD
(Fig. 5c). Firmicutes were the dominant bacteria in all groups, with their relative abun-
dance showing an increase in groups exposed to antibiotics. As a type of organic acid pro-
ducer, Firmicutes play a pivotal role in maintaining system stability because of their unique
physiological structure and robust adaptability [43]. Furthermore, Firmicutes demonstrate
efficiency in degrading complex organic compounds [44]. A slightly increased relative
abundance (86.2%) of Firmicutes was observed in ENR. This increase might be one of the
reasons why the CH, yield in the ENR group was higher than that in other groups. By con-
trast, the relative abundance of Caldatribacteriota and Synergistota decreased, indicating
an inhibitory effect associated with the presence of antibiotics during AD (Fig. 5d).

At the genus level, norank_f__norank_o_norank_c__DS8A-2 and Caldicoprobacter,
which belong to the phylum Firmicute, were predominant at 15.6-37.48% and 5.5-9.2%
relative abundances, respectively, as shown in Fig. 5d. The genera D8A-2 belongs to the
phylum Firmicutes and is classified as syntrophic acetate-oxidizing bacteria [45]. The rela-
tive abundance of norank_f__norank_o_norank_c__D8A-2 was extremely high in ENR
(37.48%), corresponding to the enhanced methanogenic potential observed previously in
the ENR group (Table 5). As a hydrolytic bacterium, Caldicoprobacter was affected by
the presence of different antibiotics during AD. The relative abundance of HN-HF0106
was 4.7-8.9% in different groups. HN-HF0106 can utilize cellulose for growth and ferment
saccharides to acetate and H, [46]. The relative abundance of norank_f_Dethiobacteraceae
in MIX (3.8%) was lower than that in SDZ, OTC, ENR (6.5-9.0%), and CK (4.9%). Li
et al. [47] predicted that Dethiobacteraceae is involved in the syntrophic acetate oxidation
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followed by hydrogenotrophic methanogenesis. Thus, MIX can inhibit Dethiobacteraceae
and reduce CH, production. Candidatus caldatribacterium and Acetomicrobium exhibited
a decrease in relative abundance because of their high sensitivity to antibiotics. In con-
clusion, Firmicutes played an important role in methane production during AD, and the
addition of antibiotics can further promote the abundance of Firmicutes. The presence of
multiple antibiotics appeared to have a certain combined inhibitory effect on microorgan-
isms and CH, production.

Archaea community structure

In contrast to bacteria, the archaeal richness remained relatively unchanged, as indicated by
the Chao and Ace indices. The total number of OTUs observed at the archaea level and genus
level was 4 and 9, respectively, with no distinct difference among the five groups (Fig. 6a and
b). These findings were in consensus with the results outlined in Table 6, reaffirming that the
presence of antibiotics exhibited a limited effect on the archaeal community structure.

Euryarchaeota and Halobacterota emerged as the predominant phyla of archaea, col-
lectively accounting for more than 99% of the relative abundance (Fig. 6¢). Given that
methanogens belong to Euryarchaeota at the phylum level [48], the abundance of Euryar-
chaeota and Halobacterota may be associated with the methane production during AD. The
results showed that Euryarchaeota exhibited the highest relative abundance in the ENR
group, which may correlate to the highest cumulative methane production, as mentioned in
Table 5. Halobacterota, a novel methanogenic archaeon found in recent studies, represents
one of the most primitive archaeal branches on the phylogenetic tree. It can convert H,/
CO,, methyl compounds (formate, methanol, and methylamide), and acetate into CH, [49].

As shown in Fig. 6d, Methanobacterium, Methanosarcina, and Methanobrevibacter
were the predominant genera within the archaeal community. As a typical genus of hydro-
trophic methanogens, Methanobacterium plays a key role by interacting with other genera,
such as Syntrophomonas and Clostridium [50]. This finding can be observed from Fig. 6d.
The relative abundance of Methanobacterium in the ENR group was the highest (70.36%)
among the five experimental groups. This finding corresponds with the highest cumula-
tive methane production achieved by the ENR group in this study (Table 5). No significant
differences were observed in the archaeal community distribution in other groups. Metha-
nosarcina is a hybrid methanogenic bacterium that can utilize acetic acid or hydrogen to
reduce CO, and produce methane [51]. The genus Methanosarcina was resistant to harsh
or even extreme conditions [52]. Therefore, all these findings underscore the close correla-
tion between the percentage of Methanobacterium and methane yield during AD.

Conclusions

This study explored the roles of different treatment processes (HTP, AD, and HTP + AD)
in antibiotic removal and methane production. The removal efficiencies of SDZ, OTC, and
ENR improved with the increase in HTP temperature. OTC was highly temperature sen-
sitive with the highest removal efficiency. SDZ exhibited high resistance, and OTC and
ENR could be removed completely during AD. For HTP+ AD process, there was a great
improvement in SDZ removal, with residual SDZ levels reduced to 20% at 150 °C. Com-
pared with the standalone AD, HTP augmented the methanogenic potential of AD in all
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groups. A significant (p <0.05) increase in methanogenic potential was observed in the
150 °C HTP groups. Microbial analysis revealed that ENR and OTC demonstrated a cata-
lytic effect on methane production, whereas the presence of SDZ and mixed antibiotics was
associated with an inhibitory effect. These findings revealed HTP’s potential application
values as a pretreatment process for AD in controlling antibiotic residuals in pig manure.
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