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Abstract: Enrofloxacin (ENR) is one of the most commonly used antibiotics in pig farms. In this study,
using fresh pig manure and corn straw powder as substrates, the effects of different concentrations
of ENR (2.5, 10, and 20 mg/L) on anaerobic digestion in completely mixed anaerobic reactors were
investigated. A relatively low concentration of ENR (2.5 mg/L) increased methane production by
47.58% compared with the control group. Among the volatile fatty acids (VFAs) in the reactors, the
propionic acid content was the lowest, and the concentrations of acetic acid kinase and coenzyme F420
were highest in the first seven days during peak gas production. However, methane production in the
reactors with 10 mg/L and 20 mg/L ENR decreased by 8.59% and 20.25%, respectively. Furthermore,
the accelerated hydrolysis of extracellular polymeric substances causes a significant accumulation of
VFA levels. The microbial community in anaerobic reactors was analyzed by 16S rRNA sequencing.
Proteiniphilum was the dominant bacterial genus. In addition, ENR at 2.5 mg/L effectively increased
the abundance and diversity of anaerobic microorganisms, whereas a high concentration of ENR
(10 and 20 mg/L) significantly decreased these parameters. This study demonstrated that different
concentrations of ENR had significantly different effects on anaerobic digestion.

Keywords: anaerobic digestion; enrofloxacin; methane yield; microbial diversity analysis

1. Introduction

As the world’s largest pig-breeding country, China produces a large amount of pig
manure (PM) every year. These animal wastes cause serious environmental pollution unless
properly treated [1]. Anaerobic digestion (AD) is widely applied in pig-farm wastewater
treatment because of its high organic load tolerance and less sludge yield [2]. Furthermore,
China has begun to utilize anaerobic digestion of excess sludge to achieve carbon-neutral
operations goals [3]. Therefore, it is considered an economic and efficient energy recovery
technology [4,5]. However, only using PM as the substrate for AD often leads to high
ammonia nitrogen concentration in the system, which would make the pH value exceed
8, and then inhibit the generation of methane [6]. Therefore, by co-digestion of PM and
corn straw, the carbon–nitrogen ratio (C/N) was adjusted to an appropriate proportion and
ammonia inhibition was avoided [2].

Intensive pig raising on a large scale inevitably requires the frequent use of antibi-
otics to prevent diseases and promote animal growth. Consequently, various unabsorbed,
unmetabolized antibiotics are discharged in animal feces in large amounts into the environ-
ment [7,8]. China is the world’s largest producer and consumer of antibiotics, more than
half of which are used in animal feeding [9]. Excessive antibiotic use increases bacterial
resistance, and their feces also contain a reservoir for antibiotic resistance genes [10,11].
Enrofloxacin (ENR) is one of the most commonly used livestock and poultry antibiotics.
It has a strong, broad-spectrum bactericidal effect and its half-life in organisms is rela-
tively long. Furthermore, its metabolite, ciprofloxacin, is also an effective antibacterial
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and anti-inflammatory agent [12]. However, studies have shown that antibiotics in PM
significantly affect the methane production efficiency of AD systems. Sanz et al. [13] found
that treating PM with small amounts of penicillin and tetracycline significantly reduced gas
production, but there was no significant concentration-dependent effect. Bauer et al. [14]
found that both aureomycin and ENR at 200 mg/kg impaired the AD of PM; the methane
yield decreased by 49% and 44%, respectively. These studies reported that different classes
and concentrations of antibiotics have varying effects on gas production in AD. Moreover,
the natural degradation of ENR poses a higher environmental risk due to its slow natural
degradation compared with tetracycline antibiotics [15]. In previous studies, researchers
mainly investigated the effects of specific concentrations of ENR, focusing on biogas pro-
duction and organic matter degradation, but overlooked the mechanisms of anaerobic
co-digestion of various substrates at different concentrations of ENR [16–18]. Therefore, it
is imperative to study the underlying mechanisms of the inhibitory effects of ENR on AD
process efficiency.

Volatile fatty acids (VFAs) are some of the most important intermediates in AD, af-
fecting not only the overall biogas production, but may also cause adverse effects or even
collapse of the system due to excessive accumulation [19]. During AD, there are various
metabolic pathways to the production of VFAs during acid production, which can be
mainly divided into acetate-ethanol type, propionate-type, butyrate-type, and mixed acid.
Different pathways lead to different product concentrations [20]. Most previous research
focused on the effect of the accumulation of VFAs on the pH of the AD system [21–23].
Currently, there are few studies that have explained the excessive accumulation of VFAs
from the perspective of hydrolysis of extracellular polymeric substances (EPS). Huang
et al. [24] proved that clarithromycin promoted the destruction of EPS, which increased the
yield of VFAs by 28.88%. Furthermore, some studies have shown that residual antibiotics
in agricultural wastewater may affect the anaerobic microbial community by affecting
the microbial diversity or reducing their activity [25]. These bacteria, including fermenta-
tion bacteria, methanogens, acetogens, and hydrogen-producing bacteria, are the major
microbes involved in the AD process. Their activity and composition would significantly af-
fect the synthesis and energy conversion efficiencies of metabolic intermediates throughout
the entire biochemical reaction pathway, thereby affecting the overall efficiency of organic
matter degradation [26,27]. However, different classes and concentrations of antibiotics will
have different effects on the microbial composition and activity in AD systems. Therefore,
it is of great significance to study the effects of ENR on microbial communities during
the AD of PM, including identifying the dominant bacterial genera at different stages of
the process.

Herein, four groups of reactors were built to study the effects of different concen-
trations of ENR on the anaerobic co-digestion of PM and corn straw powder (CSP). To
elucidate the effects of different concentrations of ENR on the anaerobic co-digestion of
piggery wastewater, the parameters under investigation were methane yield, VFA content,
total organic carbon (TOC) content, EPS concentration, enzyme activity, and the richness
and diversity of the microbial population. The study aimed to provide theoretical guidance
for the AD of piggery wastewater containing antibiotics.

2. Materials and Methods
2.1. Substrates and Inoculum

The two substrates in this experiment were PM and CSP. PM was collected from the
Muyuan pig farm in Zhoukou (Henan Province, China), and mechanically stirred and
crushed to a uniform consistency. CSP was collected from a modern farm in Lianyungang
(Jiangsu Province, China), and passed through a 0.50 mm screen. Anaerobic sludge (inocu-
lum) was obtained from Yuexin Environmental Protection Technology Co., Ltd. (Shanghai,
China). ENR was purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). PM and ENR were refrigerated at 4 ◦C until use, and the inoculum was pre-cultured
in a 37 ◦C water bath for five days before the formal experiment was conducted to remove
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endogenous biogas and acclimate the microorganisms to the habitat. The properties of the
two substrates and inoculum are shown in Table S1 (Supplementary Material).

2.2. Experimental Design

The reactors used in this experiment, labeled R1–R4, were glass containers fitted with
an automatic agitator (1 L total volume; 0.9 L working volume). Each reactor had a liquid
sampling port sealed with a rubber plug at the bottom, a gas sampling port at the top, and
an airbag (E-switch) connected at the end (Figure S1, Supplementary Material).

According to the optimal C/N ratio and sludge load for the AD [2], 168.49 g PM,
19.53 g CSP, and 500 g anaerobic inoculum were added to each reactor. The initial values of
the C/N ratio and solid content were set to 26.52 and 6.41%, respectively. The stock solution
(1000 mg/L) was prepared by dissolving ENR in deionized water in the dark to prevent
photodegradation, before transferring it to the reactor. Subsequently, deionized water was
added to each reactor to a final reaction volume of 900 mL, and the reactor was flushed
with nitrogen for 5 min to ensure an anaerobic environment. Three replicates were set up in
parallel to each experimental group and the control group (Table 1), and the experimental
cycle lasted 30 days. During the experiment, the reactors of each group were placed in a
constant-temperature water bath at 37 ± 0.5 ◦C, and the rotating speed of the agitator was
set to 300 rpm. The airbag of each AD reactor was monitored every day to measure the
output and composition of the biogas. Liquid samples were collected regularly from each
reactor to determine the contents of VFAs, EPS, and coenzymes, and the solid phase was
collected to evaluate microbial diversity in the reaction volume.

Table 1. Experimental design.

Reactor Inoculum and Substrates ENR (mg/L) Abbreviation

R1 + − Control
R2 + 2.5 ENR-2.5
R3 + 10 ENR-10
R4 + 20 ENR-20

Note: +: addition, −: no addition.

2.3. Analytical Methods
2.3.1. Water-Quality Indices

The pH was measured using an AS600 pH meter (Shanghai As One Trading Co.,
Ltd., Shanghai, China), and the contents of C and N elements in PM and CSP were mea-
sured using an organic element analyzer (Vario Micro Cube; Elementar Analysesysteme
GmbH, Langselbold, Germany). TOC content was measured using a TOC-L CPH analyzer
(Shimadzu, Kyoto, Japan), and volatile solids (VS), total solids (TS), and total ammo-
niacal nitrogen (TAN) contents were measured using the standard methods [28]. The
concentrations of single VFAs (acetic acid, propionic acid, butyric acid, iso-butyric acid,
valeric, and iso-valeric acid) were measured using a gas chromatograph (GC-2010 Plus;
Shimadzu, Kyoto, Japan). Soluble EPS content was obtained by cryogenic centrifugation
(4 ◦C, 4000 rpm, 10 min), and bound EPS was obtained by sample heating [29]. The spe-
cific steps are to resuspend the remaining sludge particles in the centrifuge tube to the
original volume (3 mL) in 0.05% NaCl solution. The sludge suspension was heated to
60 ◦C for 30 min in a water bath, centrifuged at 4000 rpm for 15 min, and the supernatant
was collected as the sludge-bound EPS extract. The extracted polysaccharide content was
determined according to the method of Yu et al. [30]. The protein determination method we
use is the protein kit to carry out the determination and it takes the bovine serum albumin
as the standard [31]. The concentration of coenzyme F420 was measured according to
the method of Bashiri et al. [32], while the concentration of acetic acid kinase (ACK) was
measured according to the method of Luo et al. [33], and the aforementioned enzyme
activities were determined via absorbance spectroscopy using a microplate reader (Synergy
HTX; BioTek, Winooski, VT, USA).
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2.3.2. Biogas Measurement

The volume of gas was measured using a wet gas flowmeter (FER-0.5B; Beijing Jinzhiye
Instrument Equipment Co., Ltd., Bejing, China), and the methane content was analyzed
using a 7890BGC system (Agilent, Santa Clara, CA, USA). Helium was used as the carrier
gas, and the temperatures of the injector, detector, and oven were 120 ◦C, 110 ◦C, and 120 ◦C,
respectively. The modified Gompertz equation [34] was used to simulate the kinetics of
cumulative methane production. The formula is as follows:

G = Gmax∗ exp
[
− exp

(
Rmax ∗ e

Gmax
(λ− t) + 1

)]
(1)

where G (mL CH4/g VS) is the actual cumulative methane production at time t (day); Gmax
(mL CH4/g VS) is the final methane production; Rmax (mL CH4/g VS/d) is the maximum
methane yield; λ (d) is the lag time, and e is the constant (2.7183). In addition, the R2 value
was used to evaluate the goodness of fit of the Gompertz equation.

2.3.3. Microbial Community Analysis

To analyze the diversity of microorganisms in the anaerobic inoculum, sediment sus-
pensions were collected from each reactor on day 3 when gas production was obvious, and
on day 30 at the end of the experimental cycle. The suspension samples were centrifuged for
15 min at 10,000 rpm and the solid phase was immediately transferred to a sterile centrifuge
tube and frozen at −80 ◦C. High throughput sequencing of 16S rRNA was used to study
microbial diversity. The structure and abundance of the microbial community were mapped
and described using the online platform Personalbio Genes Cloud (www.genescloud.cn,
accessed on 1 March 2022).

2.4. Statistical Analysis

Methane production data were fitted and analyzed using Origin2018 (Origin Lab
Corp., Northampton, MA, USA). Graphs were constructed using GraphPad Prism 8.0.2
(GraphPad Software Inc., San Diego, CA, USA). IBM SPSS Statistics for Windows, version
23 (IBM Corp., Armonk, NY, USA) was used for the analysis of variance to compare the
significant differences between treatment groups. The significance level was set at p < 0.05.

3. Results
3.1. Methane Production

In our experiment, the daily methane unit yield in terms of VS (Figure 1a) reached a
maximum in each of the four groups of reactors on the third day, suggesting that after the
start of the experiment, the hydrolysis rate is not the main factor affecting the production
of methane. The daily methane yield (42.13 mL/g VS/d) of R2 was highest, which was
13.3% higher than that of R1, the control group; the daily methane yields of R3 and R4
were 7.5% and 37.1% lower than that of R1, respectively. In each group, the peak daily gas
production was followed by a rapid decline. After the thirteenth day, the daily methane
production of each anaerobic reactor was less than 10 mL/g of VS, which is attributable
to the gradual reduction of organic matter content available to the microorganisms in the
system, preventing the AD process from proceeding as before [6].

The modified Gompertz equation and its best-fitting curve for cumulative methane
yield in four groups of experiments are illustrated in Figure 1b. The key parameters of
the modified equation are shown in Table 2. The R2 values of the fitting curves of each
reactor were at least 0.98, indicating that the modified Gompertz equation effectively
described methane generation in the different stages of the AD process. During the whole
experimental cycle, the maximum potential methane production (Gmax) per unit of VS
of R2 (2.5 mg/L ENR) was 47.58% higher than that of R1, which may be because this
relatively low concentration of ENR enhanced the ability of microorganisms to resist the
adverse effects of antibiotics, so that fermentation bacteria, acetogens, and methanogens

www.genescloud.cn
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could make better use of the matrix in the system to generate methane [35]. However,
compared with the control group, the Gmax of R3 (10 mg/L ENR) and R4 (20 mg/L ENR)
decreased by 8.59% and 20.25% respectively. This may be because the higher concentration
of ENR inhibits the DNA gyrase of methanogens, which restricts methanogens division
and growth [36].
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Table 2. Kinetic parameters were obtained from the modified Gompertz equation for methane
production.

Reactor Gmax
(mL CH4/g VS)

Rmax
(mL CH4/g VS/d) λ (d) R2

R1 (Control) 193.88 ± 1.32 17.91 ± 0.87 0.21 ± 0.08 0.9850
R2 (ENR-2.5) 284.55 ± 2.11 23.87 ± 0.88 0.35 ± 0.14 0.9912
R3 (ENR-10) 176.57 ± 1.88 14.74 ± 0.72 0.12 ± 0.04 0.9841
R4 (ENR-20) 153.84 ± 1.63 18.02 ± 1.15 0.42 ± 0.26 0.9882

The volume of methane biogas production is an indicator of the reaction rate and
operational efficiency of AD [37]. The accumulation of VFAs would inhibit the formation
of methane, which is due to the existence of ENR [14]. Moreover, it was speculated that
the addition of ENR may have affected the composition of the microbial community in the
reaction system, thus affecting methane generation [25]. Under the same organic load, the
higher the methane yield per unit of VS, the better the operational efficiency of the AD
system [38].

3.2. Variation in VFAs

The concentrations of six kinds of VFAs (acetic acid, propionic acid, butyric acid,
isobutyric acid, valeric acid, and isovaleric acid) are shown in Figure 2. The concentration
of total VFA in each reactor remained below 10,000 mg/L, the pH of each of the four groups
was maintained between 7.2 and 7.9 (Figure 3a), and the total ammoniacal nitrogen (TAN)
are shown in Figure 3b, indicating that the digestion system is not significantly acidified
and the strategy of co-digestion of PM and CSP is feasible [39].

In the four groups, the VFA contents increased slowly from day 1 and reached the
maximum on day 5, and then decreased rapidly until it was below the detection limit
(10 mg/L). On day 3, at maximum gas production, the total VFA content of R2 was
6702.85 mg/L, which was not significantly different compared with the control group, R1
(6344.04 mg/L); however, the total VFA contents of R3 (7690.7 mg/L) and R4 (7871.7 mg/L)
increased by 21.23% and 24.08% vs. R1, respectively. In the first seven days, marked by
elevated gas production, the VFA profiles of the four groups differed mainly in the contents
of acetic acid and propionic acid. In general, the acetic acid concentration of R2 was highest,
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followed by those of R1, R3, and R4. Gas column chromatography indicated that propionic
acid accounted for more than half of the total concentration of VFAs in the four groups of
reactors, and was the short-chain fatty acid that contributed most to the reaction system.
On the fifth day, at the highest VFA concentration, the propionic acid concentrations of R3
and R4 were 20.66% and 35.43% higher than that of R1, respectively, whereas that of R2
was 19.07% lower vs. R1.
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Acetic acid is considered the main precursor of methane generation, as it can be
converted directly to methane. In a typical AD process, approximately 70% of methane
is generated by acetic acid trophic methanogens via the methyl group of acetate [40].
Furthermore, its concentration in the reaction system shows a significant positive correlation
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with the rate of methane production [23,41], which explained the higher methane yield
of R2 vs. R1. The accumulation of propionic acid in the VFA fraction is particularly
undesirable. The pKa of propionic acid, derived from Ka, the ionization constant, is 4.87 at
20 ◦C; furthermore, propionic acid is difficult to degrade to acetic acid under low-hydrogen
partial pressure [42].

VFAs are a very important intermediate product in AD, and their accumulation has
a significant impact on the overall methane production efficiency [43]. According to the
research of Ji et al. [44], the accumulation of VFAs is related to the decrease of the activity of
methanogens, with the rate of VFA utilization decreasing, thereby acidifying the reaction
system. Analysis of Figures 1 and 2 showed if the consumed propionic acid is finally
converted into methane, the acetic acid concentration of the R3 and R4 groups should
increase significantly compared with R1 from the 3rd day to the 10th day, but the actual
detected acetic acid concentration in R2 is higher than the R3 and R4 groups. At the same
time, excessive propionic acid concentration will indeed reduce methane production. We
speculate that not all propionic acid will be converted into acetic acid, and propionic acid
has multiple metabolic pathways in the anaerobic digestion system. Low concentrations
of ENR (2.5 mg/L) promoted the conversion of propionic acid to acetate, while high
concentrations of ENR (10, 20 mg/L) caused the accumulation of propionic acid, and other
conversion pathways (non-acetic acid) of propionic acid were enhanced.

3.3. Variation in TOC and EPS Levels

The TOC concentration in wastewater is an indirect measure of the performance
efficiency in an AD system [45]. The variation in TOC concentration over the first 3 days
and 30 days is shown in Figure 4a,b. There was no significant difference in the initial TOC
concentration of the four groups of reactors (p < 0.05). By the third day, the TOC levels
in R2 and R1 (control) were similar, whereas the TOC levels in R3 and R4 were 17.54%
and 17.68% higher than in R1, respectively. In the initial stage of digestion (0–3 d), some
macromolecular organic matter in PM and CSP is converted to soluble, small molecular
organic matter by fermentation bacteria, in a process called solubilization [46]. In this
process, the concentration of dissolved organic matter in the system increases, which is
reflected in the obvious increase of TOC content in the digestive solution. Throughout the
experimental cycle, the TOC degradation rates of R1–R4 were 40.26%, 43.51%, 31.46%, and
28.55%, respectively. Overall, the results showed that the addition of a lower concentration
of ENR (2.5 mg/L) had no obvious effect on the degradation of organic matter, but higher
concentrations of ENR (10 mg/L and 20 mg/L) impaired the degradation of organic matter
in the reactors in a dose-dependent manner.

EPS generally occurs in the interior and on the surfaces of anaerobic inoculum flocs,
which can enrich nutrient levels in the environment, and its main components are polysac-
charides and proteins [47]. In this study, the polysaccharide content of the reaction system
would have increased in the initial stage of AD (Figure 4c) because of the hydrolysis of a
large number of complex macromolecules supplementing the content of EPS [48]. However,
on the third day, the polysaccharide contents of R3 and R4 were 5.70% and 6.07% lower
than in R1, respectively, whereas the polysaccharide content of R2 was 6.94% higher than in
R1. Over the first three days, the protein content of each group displayed the same trend as
the polysaccharide content (Figure 4d). It could be inferred that a higher concentration of
ENR promotes the hydrolysis of polysaccharides and proteins in EPS. They are degraded
into small molecules by extracellular enzymes secreted by cells, and then absorbed and
utilized by cells [49].

The protein in EPS and propionic acid content in four groups are shown in Figure 4e.
The results verify that when the protein concentration decreased, the propionic acid content
rose rapidly. This proves that the degraded EPS is largely converted into VFAs, especially
propionic acid which is not easily degraded by bacteria. Huang et al. [24] found that the
presence of antibiotics can promote the degradation of EPS, thereby increasing the TOC
levels in the AD system. During the acidification stage of AD, these polysaccharides and
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proteins serve as precursors of organic acids and promote the accumulation of VFAs [50].
As the main component of EPS, protein provides attachment sites for many bacteria and
archaea [51]. Protein can combine with toxic substances (such as antibiotics) to enhance
microorganisms’ resistance to external adverse factors [52]. However, this ameliorative
effect is limited, because increasing the ENR concentration accelerated the hydrolysis of
protein, which would cause the accumulation of VFAs and slow down the degradation of
organic matter.
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3.4. Microbial Diversity Analysis

In this study, 16S rRNA sequencing was used to analyze the microbial diversity in the
anaerobic inoculum. The Chao, Shannon, and Simpson indices of the four groups decreased
significantly from day 3 to day 30 (Table 3), indicating that the substrate was depleted
as the reaction progressed, and the richness and diversity of the microbial community
decreased to a certain extent [53]. The Chao indices at day 30 decreased in the order of
R2 > R1 > R3 > R4, and the ranking of Shannon indices was as follows: R2 > R3 > R1 > R4,
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indicating that ENR at 2.5 mg/L increased microbial richness in the AD system, while
higher concentrations of ENR (10 mg/L and 20 mg/L) significantly reduced the microbial
richness in a dose-dependent manner. On day 3 and day 30, there was a significant
difference between the Shannon indices of R2 and R1 (control) (p < 0.05), whereas the
Shannon indices of R3 and R4 were not significantly different compared with R1 (p < 0.05),
indicating that ENR at 2.5 mg/L (R2) had a positive effect on microbial community diversity,
while higher concentrations of ENR (10 mg/L and 20 mg/L) had no significant effects on
microbial diversity. In addition, the Good’s coverage index of each group was greater than
0.99, which showed that the sequencing results reliably reflected the diversity and richness
of microbes in the current samples [54].

Table 3. Summary of microbial α diversity indices of the samples.

Reactor Chao Shannon Simpson Good’s Coverage

R1_3d 1701.11 6.930 0.9788 0.9955
R2_3d 1891.87 7.382 0.9854 0.9952
R3_3d 1720.22 6.983 0.9836 0.9957
R4_3d 1619.77 6.874 0.9826 0.9953

R1_30d 1464.68 6.410 0.9428 0.9968
R2_30d 1526.69 6.858 0.9435 0.9954
R3_30d 1289.75 6.466 0.9338 0.9955
R4_30d 1209.17 6.403 0.9312 0.9955

A Venn diagram (Figure 5a) intuitively represents the differences and overlap of
microbial species in each group of samples [55]. The number of independent operational
taxonomic units (OTUs) observed in eight groups showed that antibiotics significantly
affected the microbial diversity in the AD systems. Furthermore, R2 displayed the highest
number of independent OTUs on day 3 and day 30 of the experimental cycle.

Microbial distribution analyses of R1–R4 at the genus level (Figure 5b) showed that
Proteiniphilum was the dominant bacterial genus on day 3, accounting for more than 30% of
the bacterial community in each of the four groups of reactors. Studies have shown that
Proteiniphilum plays a vital role in AD that most of them utilize acetate, propionate, and
butyrate to reduce the accumulation of VFAs [56]. On day 30, Proteiniphilum remained
the dominant genus in R1 and R2, accounting for 31.48% and 30.49% of the microbial
communities, respectively, while the proportion of Proteiniphilum in R3 and R4 dropped to
17.05% and 13.83%, respectively, which indicated that a low concentration of ENR had little
effect on Proteiniphilum, whereas higher concentrations of ENR significantly inhibited the
growth of Proteiniphilum. This was consistent with the obvious accumulation of VFAs in R3
and R4 in the middle stage of AD. Furthermore, Ruminiclostridium is a genus of bacteria
used to degrade cellulose and pectin [57], and we speculated that organic substances
such as cellulose and pectin in CSP increasingly participate as substrates in AD as the
reaction proceeds, enabling this kind of microorganism to gradually become dominant in
the microbial community. On day 30, the abundance of Rikenellaceae was also significantly
increased at the genus level; studies showed that these are typical methanogenic bacteria
that utilize propionate as a substrate [58]. Herein, the proportions of Rikenellaceae in the
four groups decreased in the order of R2 (9.93%) > R3 (6.91%) > R1 (6.18%) > R4 (5.61%).
This once again proved that the methane production of R2 is significantly higher than that
of R1, which was probably due to the proliferation of these bacteria that use propionic acid
as a substrate in the AD system.

Overall, the results showed that ENR at 2.5 mg/L increased the richness and diver-
sity of bacterial species, and promoted the growth of methanogens. Conversely, ENR at
10 mg/L and 20 mg/L had an obvious dose-dependent inhibitory effect on microorganisms,
with the changes in the richness and diversity of the microbial community closely related
to the concentration of ENR in the AD system.
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3.5. Enzyme Activity

The AD of agricultural wastewater involves a variety of microorganisms including
fermentation bacteria, acid-producing bacteria, and various methanogens that produce
extracellular hydrolase, ACK, and coenzyme F420 to participate in the digestion process [59].
The concentrations of the ACK and enzyme F420 in the digested sludge were measured
and are shown in Figure 6.
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The concentration of ACK and F420 of R2 stayed ahead for most of the time, fol-
lowed by R1, and then R3 and R4. The ACK concentration of all four groups increased
initially, reached the maximum on the fifth day, and then decreased. Combined with
Figure 2, the ACK concentration is highly consistent with the changes in the acetic acid
and propionic acid content in VFAs. On the fifth day, the concentration of acetic acid in R2
(2063.12 mg/L) was 2.2 times that of R1 (953.62 mg/L), while the content of propionic acid
in R2 (3367.85 mg/L) was reduced by 19.41% compared to R1 (4179.02 mg/L). Moreover,
the changing trend of F420 concentration was consistent with that of the ACK levels, the
difference is that it reaches its maximum value on the third day. The rapid increase in daily
CH4 yield (Figure 1a) was associated with a rapid increase in the concentration of coenzyme
F420. At the peak of methane production (day 3), R2 (45.93 µg/kg) was significantly higher
than R3 (28.45 µg/kg) and R4 (28.28 µg/kg), and the concentration of F420 increased by
61.44% and 63.41%, respectively.

The levels of ACK in an AD system could indicate the acidification rate of organic
matter as well as the methane conversion rate of acetic acid [60,61]. The ACK concentration
of R2 remained highest throughout the entire experimental cycle, further supporting the
notion that a low level of ENR in the system (2.5 mg/L) promoted the activities of ACK,
which was consistent with the observation of R2 displaying the highest proportion of
acetic acid during the period of peak gas production. Conversely, higher concentrations of
ENR (10 mg/L and 20 mg/L) inhibited the activity of acetogens, resulting in decreased
acetic acid and methane production rates. Coenzyme F420, an electron carrier, occurs
in various methanogenic archaea and is mainly involved in methane synthesis in the
methanogenic stage; therefore, it can be used as an index of AD process efficiency. Thus,
methane production was positively correlated with the coenzyme F420 concentration; the
higher the activity of coenzyme F420, the higher the rate of methane production, i.e., the
higher the AD process efficiency [62].

The change in enzyme activity confirmed that the addition of ENR stimulated the
activity of key enzymes. Low concentrations of ENR promoted enzyme production and
significantly increased methane production, while high concentrations of ENR inhibited
this process, and as the concentration increased, the inhibitory effect increased.

4. Conclusions

ENR had a dose-dependent effect on the anaerobic co-digestion of PM and CSP. The
low concentration of ENR (2.5 mg/L) significantly improved the operational efficiency
of AD, which proved to be a 47.58% increase in total methane production. In addition,
Rikenellaceae is a genus that specifically degrades propionate, and the abundance of R2
(9.93%) was significantly higher than that of R1 (6.18%), helping to alleviate the adverse
effects of propionate accumulation. The accumulation of propionic acid was the lowest
in the first 10 days of the experiment, the levels of ACK and coenzyme F420 were the
highest, and the organic matter degradation rate in R2 (43.51%) was also higher than
that in control R1 (40.26%). However, ENR at 10 mg/L and 20 mg/L was detrimental to
AD because the increase in ENR concentration led to excessive protein hydrolysis in EPS,
which in turn resulted in a marked increase in propionic acid content in the R3 and R4
groups and suppressed methane production. Furthermore, ENR of 2.5 mg/L had a positive
effect on microbial community diversity. The species and proportion of dominant bacteria
genera in R1 (control) and R2 (2.5 mg/L ENR) were highly similar. Proteiniphilum was the
dominant bacterial genus, displaying significantly higher abundance in R2 (30.49%) than
in R3 (17.05%) and R4 (13.83%). These results provide a theoretical basis and reference
for the further study of anaerobic co-digestion of agricultural wastewater containing ENR.
Considering the environmental risk of ENR, future work should focus on the degradation
products of ENR and clarify the specific pathways in which ENR participates in metabolism.
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