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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Kinetic analysis showed antibiotic
exposure stimulated methanogenesis.

• Metagenome-assembled genomes
(MAGs) discovered functional
microbiomes.

• Network analysis revealed targeted
cooperation responding to antibiotic
exposure.

• Isotope tracing confirmed the domi
nance of acetoclastic methanogenesis.

A R T I C L E  I N F O
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A B S T R A C T

Understanding the source of methane (CH4) is of great significance for improving the anaerobic fermentation 
efficiency in bioengineering, and for mitigating the emission potential of natural ecosystems. Microbes involved 
in the process named direct interspecies electron transfer coupling with CO2 reduction, i.e., electrons released 
from electroactive bacteria to reduce CO2 into CH4, have attracted considerable attention for wastewater 
treatment in the past decade. However, how the synergistic effect of microbiota contributes to this anaerobic 
carbon metabolism accompanied by CH4 production still remains poorly understood, especial for wastewater 
with antibiotic exposure. Results show that enhancing lower-abundant acetoclastic methanogens and acetogenic 
bacteria, rather than electroactive bacteria, contributed to CH4 production, based on a metagenome-assembled 
genomes network analysis. Natural and artificial isotope tracing of CH4 further confirmed that CH4 mainly 
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originated from acetoclastic methanogenesis. These findings reveal the contribution of direct acetate cleavage 
(acetoclastic methanogenesis) and provide insightsfor further regulation of methanogenic strategies.   

1. Introduction

Atmospheric methane (CH4) is a powerful greenhouse gas, which
plays a major role in controlling the Earth’s climate. Depending on the 
approach used, total CH4 emissions from natural and anthropogenic 
sources range between 538 and 884 Tg yr− 1 (Saunois et al., 2020), ac
counting for 16–25% of atmospheric warming to date (Etminan et al., 
2016; IPCC, 2014). Specially, the latest comprehensive assessment from 
the International Energy Agency reported global CH4 emissions of about 
580 M metric tons in 2021, of which about 60 % comes from human 
activities (IEA, 2021). A better understanding of the anthropogenic 
contribution to global CH4 emissions is therefore critical for a more 
robust understanding of atmospheric CH4 change. On the other hand, 
optimizing biomethane production is also needed to develop sustainable 
fuels and waste/wastewater treatment (Cavalcante et al., 2021; Xiao 
et al., 2021a). Despite this importance, microbial CH4 production 
mechanisms in man-made environments remain poorly understood 
compared to natural ecosystems (De Bernardini et al., 2022; Hultman 
et al., 2015). 

Currently, mechanisms explaining CH4 production include aceto
clastic methanogenesis, hydrogenotrophic methanogenesis, and direct 
interspecies electron transfer (DIET)–CO2 reduction. Acetate is the 
classical intermediate in the organic biomass degradation to produce 
biomethane by acetoclastic methanogens in anaerobic niches (Eq. 1) 
(Conrad, 2005; Xiao et al., 2020b). Acetoclastic methanogenesis has 
been estimated to account for two-thirds of the one billion metric tons of 
CH4 produced annually in Earth’s biosphere (Conrad, 2005; Prakash 
et al., 2019), despite only a few methanogens, Methanosarcina and 
Methanosaeta, are known to transform acetate into CH4 (Holmes and 
Smith, 2016). Methanosarcina and Methanosaeta also have the potential 
to reduce CO2 to CH4 (Dong et al., 2022), and dominate in the artificial 
anaerobic system (Eq. 2) (Dong et al., 2022; Wang and Lee, 2021).  

Acetoclastic methanogenesis: CH3COO− + H+→CH4 + CO2(1)

Hydrogenotrophic methanogenesis: 4H2 + CO2 → CH4 + 2H2O(2)

DIET-CO2 reduction: 8H+ + 8 e− + CO2 → CH4 + 2H2O(3)

DIET involves the direct transfer of electrons from electroactive 
bacteria to methanogenic archaea, which reduces CO2 into CH4 (Eq. 3) 
with higher efficiency compared to mediated interspecies electron 
transfer (MIET) by the diffusion of H2/formate (Stams and Plugge, 
2009). DIET-CO2 reduction is thought to be an important process in 
anaerobic systems, especially in wastewater, because it does not rely on 
the exchange of diffusible molecules (Jin et al., 2022; Kumar et al., 
2021). Nevertheless, Geobacter is the only bacteria with evidence to 
establish syntrophism with methanogens via DIET (Rotaru et al., 2013; 
Van Steendam et al., 2019). Therefore, CH4 generation by DIET-CO2 is 
attributed to indirect evidence, and these experimental observations 
require validation (Van Steendam et al., 2019; Wang and Lee, 2021). 

Antibiotics, widely used in human medical practice and livestock 
husbandry, show a substantial increase in wastewater, threatening the 
environment and human health (Langbehn et al., 2021; Zhang et al., 
2021). Antibiotic residuals alter the composition of microorganisms in 
wastewater and affect the performance of anaerobic digestion (Yang 
et al., 2021; Zhi et al., 2019). The influence of different antibiotics on 
biogas production, however, is unpredictable. Some studies showed a 
stimulating effect on CH4 production with the highest increase of 
59.97% (Tang et al., 2022; Wang et al., 2022; Zhi and Zhang, 2019). In 
contrast, an inhibition effect of up to 40% was also reported (Mitchell 
et al., 2013; Zeng et al., 2021). Antibiotics inhibit the syntrophic or 

competitive bacteria of methanogenic archaea, which seems to fluctuate 
CH4 production in wastewater (Xiao et al., 2021b; Zhi et al., 2019; Zhi 
and Zhang, 2019). Yet the persistent knowledge gaps about the intrinsic 
methanogenic strategies have always limited the anaerobic wastewater 
treatment process and efficiency (Hua et al., 2022; Langbehn et al., 
2021; Xiao et al., 2021b). 

In this study, metagenome-assembled genomes (MAGs) analysis 
identified some functional units, such as electricigens and electron- 
accepting methanogens, but co-occurrence networks analysis sug
gested a marginal contribution from DIET-CO2 reduction. Two hypoth
eses were proposed: (1) microbiota more than individual microbe 
actively respond to antibiotic exposure; (2) acetoclastic methanogenesis 
outcompetes DIET to control wastewater methanation. 

2. Materials and methods

2.1. Microcosm experiments

The artificial wastewater for the subsequent experiments was 
referred to the previous study (Song et al., 2019). For all microcosm 
experiments, three cycles of vacuum/charging high-purity N2 were 
conducted to create the anaerobic environments. Norfloxacin or cipro
floxacin was added as the antibiotics-bearing wastewater. The concen
tration of the antibiotics was monitored by fixed-point sampling 
throughout the experimental process. Acetate was used as the substrate 
for bacteria and methanogen with a final concentration of ~30 mM. 
Vials were incubated at room temperature (25 ◦C) and mesophilic 
temperature (35 ◦C). Samples were sacrificed in triplicate to test the 
concentrations of acetate, CH4, H2, and CO2 after 24 days of incubation 
(Xiao et al., 2020b, 2020a). 

2.2. DNA extraction, separation, and sequencing 

About 0.5 g of sludge was collected on day 8 for metagenomic DNA 
sequencing, when the antibiotic had a significant effect on the CH4 
concentrations (P< 0.01). The total DNA was extracted using E.Z.N.A.® 
Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the 
manufacturer’s instructions. The extracted total DNA was eluted in 
nuclease-free water, sheared, and sent for paired-end library preparation 
with fragment insert sizes of approximately 400 nt. Paired-end (PE) li
braries were constructed using NEXTflexTM Rapid DNA-Seq Kit (Bio 
Scientific, Austin, TX, USA). Adapters containing the full complement of 
sequencing primer hybridization sites were ligated to the blunt end of 
fragments. The library was sequenced by using Illumina Hiseq Xten 
(Illumina Inc., San Diego, CA, USA) at Wefindbio Technology Co., Ltd. 
(Wuhan, China). Because one sample did not get enough sequencing 
data, only two of the triplicates in the control group were kept for the 
downstream analysis. Sequence data associated with this project have 
been deposited in the NCBI Short Read Archive database (Accession 
Number: PRJNA734822). 

2.3. Assembly of metagenomic data sets 

The de novo assembly of metagenomic sequences was conducted on 
a Linux server with 88 CPU cores and 1 TB RAM. Trimmomatic was 
applied to remove adapters and filter low-quality reads. The resulting 
reads were aligned to the human genome Hg38 by BBmap (https://sourc 
eforge.net/projects/bbmap/) to remove contaminations. The final clean 
reads of all eight samples were co-assembled using MEGAHIT with 
default parameters. The final contigs were filtered, and only contigs >
500 bp were selected for downstream analysis. The quality of the 

https://sourceforge.net/projects/bbmap/
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2.9. Isotopic analysis and inhibition of acetoclastic methanogenesis 

Carbon stable isotope fractionation and artificial abundance isotope 
tracing with 3% or 6% 13CH3COONa (Merck KGaA, Darmstadt, Ger
many) as substrates were conducted. Gases collected from the headspace 
were used to test the δ13C-values of CH4 and CO2. CH3F was applied to 
inhibit the progress of acetoclastic methanogenesis. Some amount of 
nitrogen was replaced with 1.5% CH3F gas as previously reported (Xiao 
et al., 2020a,b). 

2.10. Statistical analysis 

Data were presented as mean ± standard deviation of triplicate 
cultures. All statistical analyses were performed with SPSS 19.0 (SPSS 
Inc., Chicago, USA) and Origin 8.5 (Origin Lab Corporation, USA) soft
ware. A one-way analysis of variance with HSD’s test was used to 
analyze the significance level, and a p-value < 0.05 was considered 
statistically significant. 

3. Results and discussion

3.1. CH4 production with antibiotic exposure

Anaerobic treatment of eutrophic wastewater is one of the few 
proven, economical, and friendly strategies. Due to the production of 
abundant CH4 during this progress, partitioning of methanogenic 
strategy would be of great interest to allow better management (Guo 
et al., 2021; Mancini et al., 2021). Unlike the negative effects of anti
biotics on bacteria, these substances created a more favorable environ
ment for biogenic CH4 production (Figure 1a), especially from the 
influence of ciprofloxacin. Consequently, the maximum CH4 yield 
significantly increased (p = 0.015 for ciprofloxacin, p = 0.023 for 
norfloxacin). 

3.2. Microbiome composition 

To unveil the impact of antibiotics on microbial community, the 
microbial diversity was analyzed based on high-quality reads. The 
Shannon and Inverse Simpon Index, which reflex the complexity and 
evenness of the community (Hultman et al., 2015), demonstrated that 
antibiotics decreased microbial diversity (p = 0.0012 for ciprofloxacin, p 
= 0.0023 for norfloxacin, Figure 1b). The principal coordinates analysis 
(PCoA) on the Bray-Curtis distances, which can show the dissimilarity 
among samples (De Bernardini et al., 2022), further confirmed this 
tendency with noticeable community differences (p = 0.032, Figure 1c). 
On the phylum level, both norfloxacin and ciprofloxacin decreased the 
proportion of Proteobacteria (p = 0.033 for ciprofloxacin, p = 0.041 for 
norfloxacin) while increased Euryarchaeota (p = 0.041 for ciprofloxacin, 
p = 0.045 for norfloxacin) (Figure 1d). The favorable CH4 production 
performance could have resulted from the increased abundance of 
methanogens belonging to Euryarchaeota. 

Metagenomic binning technology was reported to isolate genomes of 
individual species (MAGs) from the mixed sequencing data based on 
sequence characteristics such as abundance, GC percentage, etc. (Chen 
et al., 2020). Similarly, MAG analysis was applied to further explore the 
microbiome variation at the species level in this study. Over 100Gbp of 
high-quality metagenome sequencing data were co-assembled, resulting 
in 284,942 contigs with an N50 of 9,179 bp (see supplementary mate
rial). 246 unique bacterial and archaeal metagenome-assembled ge
nomes (MAGs) were recovered through genome binning from the co- 
assembly step, including 57 high-quality MAGs (completeness > 95% 
and contamination <5%) and 189 medium-quality MAGs (completeness 
> 50% and contamination < 10%). The overall average completeness
and contamination were 84% and 2%, respectively. 220 MAGs were
classified as bacteria, and the prevalence phyla identified were Proteo
bacteria (46), Chloroflexi (37), Firmicutes (20), Planctomycetes (20),

assembly was assessed by QUAST. 

2.4. Genomic binning and annotation 

The binning process was performed with MetaWRAP. Briefly, the 
assembly was binned with MaxBin2, MetaBAT2, and CONCOCT using 
the binning module, respectively. The produced bins were refined using 
the bin_refinment module with completeness > 50, and contamination < 
10 as the thresholds. The filtered bins were further improved through 
the bin_reassembly module, which reassembled the bins by SPAdes. The 
final bins were quantified through the bin_quant module, which first 
quantified the contigs by Salmon and calculated the average counts of 
the whole bins, then normalized each bin as copies per million reads. 

The taxonomy annotation of the bins was performed with GTDB-Tk. 
It first predicted the ORFs of the bins by Prodigal, then 120 single-copy 
proteins of bacteria and 122 single-copy proteins of archaea were 
retrieved and aligned with the GTDB database. The concatenated 
alignment was used to build a phylogenetic tree. Meanwhile, the 
average nucleotide identity (ANI) of the bins was calculated by FastANI. 
The taxonomy annotation was performed based on their position on the 
phylogenetic tree and the ANI similarity. 

The ORFs of the bins were predicted by Prodigal, with the default 
parameters. The final protein sequence files were annotated with 
eggNOG-Mapper, which aligns the protein sequences to their pre-build 
database and annotates their function, KEGG assignment, GO assign-
ment, and COG assignment by the best hit. 

2.5. Phylogenetic analysis 

The genomes were subjected to GTDB-Tk to align the single-copy 
proteins. Then the concatenated alignments were used to build the 
phylogenetic tree using IQtree with 100 times bootstrap. Known syn-
trophic acetate-oxidizing bacteria (SAOBs) were obtained from experi-
ments validated studies (Yu et al., 2022). 

2.6. Composition analysis 

Kraken2 was applied to assess the microbial composition at the reads 
level. With Kraken2, the reads were aligned with the RefSeq database, 
and the taxonomy assignments were selected through the LZW ancestor 
algorithm. The alpha diversity was calculated at species levels with the 
Microbiome package (https://microbiome.github.com/microbiome) in 
R (https://www.r-project.org). The Bray-Curtis distance and PCoA 
analysis were calculated based on species count with the Vegan package 
in R. 

2.7. Potential c-type cytochrome prediction 

Proteins were considered c-type cytochromes if their sequence con-
tained at least one CXXCH motif for covalent heme-binding (where X can 
be anything except one of [CFHPW]). The motif screening on the protein 
sequences was performed with ScanProsite. 

2.8. Co-occurrence network analysis 

The co-occurrence networks of the MAGs in each group were con-
structed using the CoNet application in Cytoscape with duplicated 
abundance data. The Pearson, Spearman, Bray-Curtis, and Kullback- 
Leibler correlation methods were chosen to evaluate pairwise associa-
tions among the MAGs, with the initial threshold of 1000 positive and 
1000 negative edges from each method. The compositionality bias was 
alleviated by 1000 renormalized permutations and 1000 bootstrap 
scores. Edges with Benjamini-Hochberg adjusted p value<0.01 were 
kept for the co-occurrence networks, which were visualized with the 
igraph package in R. 

https://microbiome.github.com/microbiome
https://www.r-project.org


Spirochaetes (20), and Bacteroidetes (19) (Figure 1e). The relative abun
dance of one Proteobacteria (MAG.173) sharply decreased with the 
presence of antibiotics (p = 0.0003 for ciprofloxacin, p = 0.0002 for 
norfloxacin, Figure 1e). The abundance of other phyla showed slight 
improvements, such as Thermotogae (MAG.82, p = 0.023 for ciproflox
acin, p = 0.042 for norfloxacin), Planctomycetes (MAG.150, p = 0.037 for 
ciprofloxacin, p = 0.028 for norfloxacin), and Nitrospirae (MAG.22, p =
0.011 for ciprofloxacin, p = 0.035 for norfloxacin). 

3.3. Co-occurrence networks for bacterial and archaeal genomes 

Here, co-occurrence networks were constructed (Figure 2). A total of 
245, 243, and 243 nodes were retrieved in the control, norfloxacin, and 
ciprofloxacin groups, respectively, with similar archaeal and bacterial 
proportions: 89% for bacteria and 11% for archaea (Figure 2a). The 
network for the control group contained 3,359 edges (Figure 2b). In 
contrast, these links sharply decreased to 2,208 and 1021 in the groups 
with antibiotics (Figure 2b), implying weakened interactions between 
bacteria and archaea or strong selectivity by methanogens with anti
biotic exposure. 

Sub-networks among bacterial and the two most abundant metha
nogen MAGs (MAG.91 and MAG.3) were further retrieved (Figure 2c,d). 
The sub-networks of Methanolinea were constituted with 151 (control), 
130 (norfloxacin), and 41 (ciprofloxacin) nodes and 198 (control), 151 
(norfloxacin), and 41 (ciprofloxacin) edges. In contrast, the sub- 
networks of Methanosaeta had 221 (control), 60 (norfloxacin), and 48 
(ciprofloxacin) nodes and 220 (control), 116 (norfloxacin), and 46 
(ciprofloxacin) edges. The number of nodes and edges of both sub- 
networks decreased in the presence of antibiotics, especially for cipro
floxacin (Figure 2c,d). The proportion of Methanosaeta-related links 
exhibited a similarly decreased trend (7%, 5%, and 5%, Figure 2d), 

further indicating a simplified co-occurrence relationship between 
functional bacteria and Methanosaeta present in the treatments with 
antibiotics. 

3.4. Genomes for methanation by weak syntrophy via DIET-CO2 
reduction 

A phylogenetic analysis based on 120 conserved single-copy genes 
was performed to identify potential bacteria with DIET capacity (see 
supplementary material), which may connect a close network with 
Methanolinea and/or Methanosaeta. Ten MAGs were placed close to 
known exoelectrogens, six of which were Proteobacteria, with three of 
them within the Geobacter clade. MAG.156 placed in this clade was the 
most abundant genome and favored by norfloxacin (p = 0.037) and 
ciprofloxacin (p = 0.021) (see supplementary material), suggesting a 
potential DIET-CO2 reduction progress. However, after further analysis 
of multiple c-type cytochromes (CytCs) and e-pili, which generally 
participate in DIET, MAG.156 had only 17 CytCs and 2 MH-CytCs, less 
than most exoelectrogen candidates (see supplementary material). 

Among these 10 MAGs, the critical component of the conductive 
pilus, PilA, was also shown in their genome, yet its abundance was low 
and decreased to almost absent with antibiotics. CyCs and MH-CyCs 
were also identified in MAG.115 of the Rhodobacter clade, of which 
the abundance also decreased with antibiotics (p = 0.041 for cipro
floxacin, p = 0.033 for norfloxacin). MAG.154 was in third place of CytC 
numbers and contained two copies of PilA genes, but its abundance was 
negligible. The overall abundance of CytCs (p = 0.002 for ciprofloxacin, 
p = 0.003 for norfloxacin) and PilA (p = 0.041 for ciprofloxacin, p =
0.047 for norfloxacin) in the microbiomes showed decreasing tendencies 
with antibiotics treatments. 

A phylogenetic analysis was performed with the bacterial MAGs and 

Fig. 1. Antibiotics altered CH4 production and microbial composition. CH4 production kinetics under different antibiotics treatments (n=12, a). The α diversity index 
of each sample obtained from reads classification (n=8, b). The principal coordination analysis of the samples based on their Bray-Curtis distances of reads clas
sification (n=8, c). The proportion of the first ten abundant phyla in each sample (n=8, d). Maximum likelihood phylogenomic tree of the bacterial MAGs (e). The bar 
layers showed the average abundance (copies per million reads) in each group (black for the control group (n=2), orange for norfloxacin group (n=3), and green for 
ciprofloxacin group (n=3)); the contamination rate (purple, percentage), and the completeness rate (red, percentage); The color stripe outer ring layer showed the 
phylum levels with>5 MAGs labeled beside the ring. The blue box showed significantly decreased MAGs, and the red boxes showed significantly increased MAGs. 
Nor, norfloxacin; L-Nor, low concentration of norfloxacin (50 mg⋅L− 1); H-Nor, high concentration of norfloxacin (100 mg⋅L− 1); Cip, ciprofloxacin; L-Cip, low con
centration of ciprofloxacin (50 mg⋅L− 1); H-Cip, high concentration of ciprofloxacin (100 mg⋅L− 1). 



Fig. 2. Co-occurrence networks of MAGs. The percentage of 
different taxa in the nodes of the networks (a). The total number of 
nodes was shown on the top of the bars. Networks of bacterial and 
archaeal MAGs in each group (b). Networks of bacterial and 
Methanolinea MAGs (c). Networks of bacterial and Methanosaeta 
MAGs (d). The percentage in the parentheses showed the pro
portion of edges linked to Methanolinea or Methanosaeta in all 
archaea. Control, control group (n=4); Nor, norfloxacin (n=6); 
Cip, ciprofloxacin (n=6).   



et al., 2019), and even undetectable of approved electrogenic bacteria 
(Cui et al., 2021; Qi et al., 2021). No correlation between increased CH4 
generation and electrical conductivity was observed, suggesting that 
DIET is partly involved at most (Martins et al., 2018). Many in
vestigations lacked direct experimental evidence for the role of DIET in 
enhancing the anaerobic digestion performance (Van Steendam et al., 
2019). 

3.5. Genomes for acetate turnover and methanation 

Several bacteria regulated by antibiotics were not linked to MIET or 
DIET through phylogenetic analysis. Their genomic repertoire was 
explored, and variable metabolic characteristics were found. Most bac
teria stimulated by antibiotics were primarily acetate-producing bacte
ria by degrading macromolecules, such as polysaccharides (MAG.216), 
lipids (MAG.22), and proteins (MAG.253). Meanwhile, they all con
tained the first two enzymes of the Wood-Ljungdahl pathway to convert 

Fig. 3. Potential functional microbes and metabolisms for CH4 production. Maximum likelihood phylogenomic tree showing closest archaeal relatives of MAGs (a). 
The grey pie charts showed the proportion of MAGs in the corresponding class. Complete methanogenic pathway and closely related genes (b), marked with different 
colors and numbers for the reactions. Evaluation of the genes required for methanogenesis and the abundance of methanogens (n=8, c). Only the MAGs above 1% of 
the total archaea were shown. Green and orange boxes showed the presence and absence of the genes in a genome, respectively. Colored circles: acetoclastic 
methanogenesis (pink); hydrogenotrophic methanogenesis (light blue); methylotrophic methanogenesis (red). Open circles indicated predicted H2-dependent 
methylotrophic methanogenesis. The abundance was the average of two (control group, n=2) or three replicates (antibiotic groups, n=3) and normalized as copies 
per million reads. Ack, acetate kinase; Acs, acetyl-CoA synthase; CoB-SH, coenzyme B; Cdh, carbon monoxide dehydrogenase-acetyl-CoA synthase complex; CoM-SH, 
coenzyme M; Ech, energy-conserving hydrogenase; Eha and Ehb, energy-converting hydrogenase A and hydrogenase B; Fd, ferredoxin; Fpo, F420-H2-dehydrogenase; 
Ftr, formylmeth-anofuran-H4MPT formyltransferase; Fwd, formyl-methanofuran dehydrogenase; H4MPT, tetrahydromethanopterin; Hdr, heterodisulfide reductase; 
Mch, methenyl-H4MPT cyclohydrolase; Mcr, methyl-coenzyme M reductase; Mer, F420-dependent methylene-H4MPT reductase; MFR, methanofuran; Mta, methanol- 
specific corrinoid protein coenzyme M methyltransferase; Mtd, F420-dependent methylene H4MPT dehydrogenase; Mtr, Na+-translocating methyl-H4MPT-coenzyme- 
M-methyltransferase; Pta, phosphate acetyltransferase; Rnf, Na+-translocating ferredoxin-NAD oxidoreductase.

genomes of seven syntrophic acetate-oxidizing bacteria (SAOBs) species 
from different phyla. Five MAGs were closely placed with known SAOB 
species, belonging to Firmicutes, Proteobacteria, and Thermotogae (see 
supplementary material), indicating their acetate oxidizing potential. 
The most abundant MAG in the control group, MAG.173, was grouped 
with the experimentally proved SAOB Thiopseudomonas denitrificans (see 
supplementary material). However, the drastic decrease in abundance 
with the addition of antibiotics (p = 0.0003 for ciprofloxacin, p = 0.0002 
for norfloxacin) suggested that the consumption of acetate diminished 
(see supplementary material). With very low abundance, some other 
bins, such as MAG.39 and MAG.103, were grouped with Clostridium 
ultunense (see supplementary material). 

CO2 reduction to generate CH4 is presently considered a predomi-
nant process in artificial digestion systems (Ajay et al., 2020; Noori et al., 
2020). Of which, the core pathway is considered to be an increase in 
DIET. But many studies have only analyzed the 16S rDNA with some 
signal of potential electricigens (Martins et al., 2018; Van Steendam 



To validate these results from natural carbon, isotope-marked sub
strates (3% and 6% 13CH3COONa) were used. The CH4 production sce
narios were similar between 3% and 6% 13CH3COONa (Figure 5a,b), 
indicating the reliable performance of the floxacin in promoting meth
anogenesis. In general, CH4 produced in the original wastewater without 
antibiotics had a low 13C abundance (Figure 5c,d). For example, for the 
3% 13CH3COONa treatment, 13C-CH4 abundance in the middle (day 15) 
and end (day 21) was about 2% and 3%, respectively (Figure 5c). When 
the abundance of 13CH3COONa doubled, 13C-CH4 was about 3% and 8%, 
respectively (Figure 5d). Antibiotics significantly increased 13CH4 
abundance, with ciprofloxacin showing the highest performance 
reaching 12% (Figure 5c,d). For both 13CH3COONa addition treatments, 
CH4 yield and 13C-CH4 abundance showed a close positive correlation (p 
= 0.0001 and 0.0003, respectively; see supplementary material). 
Remarkably, 13C-CH4 isotope strongly predicted CH4 production rates 
(R2 = 0.779 and 0.828, respectively; see supplementary material). 

Compared with 13C-CH4 abundance, the 13C-CO2 abundance was 
very low. No difference in 13C-CO2 abundance was detected between 
antibiotic-containing and original wastewater (Figure 5e,f). In the 3% of 
13CH3COONa treatment, 13C-CO2 was below 1%, typical natural abun
dance, as well as in the presence of highly 13C-labelled sodium acetate 
(Figure 5e). Similarly, it also maintained a relatively stable and low 
value under 6% in the 13CH3COONa treatment (Figure 5f). Based on 
Pearson analysis of CH4 concentration and 13C-CO2 abundance, no 
correlation between increased CH4 yield and CO2 reduction for metha
nation was observed (p = 0.864 and 0.705, respectively; see supple
mentary material). 

If the CH4 production process is completed via the acetoclastic 
methanogenesis alone in an acetate-rich environment, the energy ob
tained can be fully utilized by methanogens. However, if it comes from 
DIET-CO2 reduction, the same small amount of energy needs to be 
shared by two kinds of cooperative microorganisms, fermentative bac
teria and methanogenic archaea (Roy et al., 2022; Xiao et al., 2020b). 
Combined with the energy release of methanogenic archaea, aceto
clastic methanogenesis releases more energy than CO2 reduction in a 
nominal environment. According to the data from a previous study 
(Bethke et al., 2011), when 1 mol of CH4 is produced, 32 or 1 kJ of 

Fig. 4. Isotopic of CH4. δ13C-CH4 (a) and α value (b) in natural carbon isotope fraction. Control, control group (n=3); L-Nor: low concentration of norfloxacin (n=3); 
H-Nor: high concentration of norfloxacin (n=3); L-Cip: low concentration of ciprofloxacin (n=3); H-Cip: high concentration of ciprofloxacin (n=3).

acetate to acetyl-CoA, showing the potential to provide substrates for 
methanogens. Methanosaeta sp PtaB.Bin018 (MAG.207 and MAG.3, 
Figure 3a), the second most abundant methanogen, contained the 
required enzymes for acetoclastic pathways (Figure 3b,c). Of particular 
importance, both antibiotics increased their abundance with the highest 
stimulated effect from ciprofloxacin (p = 0.003 for ciprofloxacin, p = 
0.023 for norfloxacin, Figure 3c). 

3.6. Prevalent acetoclastic methanogenesis evidenced through isotopic 
analysis 

To link CH4 production to its precursor, 13C values of CH4 and CO2 
were analyzed on the 6th, 8th, and 10th day (Figure 4a). There was no 
difference in δ13C-CH4 between the antibiotic-containing and original 
artificial wastewater with values around -40‰ (Figure 4a), the typical 
CH4 sources for acetoclastic methanogenesis. The α values were all 
below 1.030 at the mid-term of the experiment and maintained at 
around 1.02 at the late stage (Figure 4b). The natural abundance of 
carbon isotope fraction experiment showed typical δ13C-CH4 and α 
values ranging in acetoclastic methanogenesis (Conrad et al., 2021; 
Conrad and Klose, 2011; Xiao et al., 2020b), implying that ciprofloxacin 
acted as a positive motivating factor on acetate disproportionation fol-
lowed by norfloxacin. 

When applying the acetoclastic methanogenesis inhibitor methyl 
fluoride (CH3F), the acetate consumption (see supplementary material) 
and CH4 production (see supplementary material) were severely 
reduced. CH3F, an inhibitor of acetoclastic methanogenesis, signifi-
cantly reduced the efficiency of CH4 production by an order of magni-
tude. Furthermore, the isotope tracing analysis showed that 13C-CH4 
abundance was positively correlated with CH4 concentration (see sup-
plementary material), confirming that the methyl group of acetate was 
markedly transferred to CH4 rather than CO2 (Li et al., 2018; Xiao et al., 
2020b). Thus, acetate was directly cleaved to CH4 and CO2, rather than 
oxidized to two CO2 in this study. Increasing evidence already suggests 
that acetate-dependent methanogenesis is significantly enhanced by 
some conductive materials during anaerobic digestion, whereas CO2- 
dependent methanogenesis is reduced (Lü et al., 2020; Yu et al., 2022). 



energy is available by acetoclastic methanogenesis or hydrogenotrophic 
methanogenesis, respectively. In the present study, CO2 reduction seems 
to be not the optimal option in terms of survival strategy. 

The findings in this work underscore the contribution of acetoclastic 
methanogenesis to CH4 production during anaerobic digestion through 
genome-centric and isotope tracing, implicating that more direct evi
dence should be taken into account during the research of biomethane 
production. Nevertheless, this work has certain limits. The experiment 
was carried out with mimic wastewater at the microcosm level. Studies 
with industrial bioreactors and real wastewater should be taken in the 
future. 

4. Conclusion

Methanosaeta acted as the leading CH4 producer. The category of
acetate-consuming bacteria showed decreased numbers in wastewaters 
with antibiotics as well as their proportions in the sub-networks. Herein, 
the ratio of acetogenic MAGs was enhanced several folds by antibiotics. 
Methanogens tended to complete methanogenesis and were inspired by 
acetogenic bacteria. Therefore, it is pertinent that future laboratory or 
in-situ experimentation should attach importance to acetate turnover to 
better optimize wastewater treatment and energy recovery strategy. 

Fig. 5. CH4 production scenario at room temperature with 3% and 6% 13CH3COONa as isotope marked substrates. CH4 production kinetics (a, b), 13C-CH4 (c, d), and 
13C-CO2 (e, f) abundance with the presence of 3% and 6% 13CH3COONa, respectively. Wastewater with 3% 13CH3COONa (a, c, e), wastewater with 6% 13CH3COONa 
(b, d, f). Data in c, d, e, and f were collected on day 15 (left half) and 21 (right half). Control, control group (n=3); Nor, norfloxacin (n=3); Cip, ciprofloxacin (n=3). 
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Figures29 

30 
Figure S1 Evaluation of potential electricigens. Maximum likelihood phylogenomic 31 

tree showing MAGs close to known electricigens (a). The pie chart showed proportion 32 

of bacteria bins. The bin in red was with the most abundant. The abundance of the 33 

potential electricity producing MAGs (b). The numbers showed the average of three 34 

replicates in each group normalized as copies per million reads.35 



 

 

Figure S2 Evaluation of potential syntrophic acetate-oxidizing bacteria (SAOB). A Maximum likelihood phylogenomic tree showing MAGs 

closed to known SAOB (a). The coloured square showing presence (colour) or absence (white) of the WL pathway genes in the corresponding 

MAGs. The abundance of the potential SAOB (b). The numbers showed the average of three replicates in each group, which were normalized as 

copies per million reads. 



 
Figure S3 Correlation between CH4 concentration and 13C abundance. 13C-CH4 (a, b) 
showed positive correlation with CH4 production with 3% (a) and 6% (b) 13C-
CH3COONa. 13C-CO2 abundance (c, d) had no relationship with CH4 production. 
  



 
Figure S4 Acetate (a) and methane (b) kinetics under different concentration of 
antibiotics with acetoclastic methanogenesis inhibitor CH3F. 
  



Tables 

Table S1 Number of different MAGs linked with Methanosaeta. 

MAGs Control Nor Cip 

Acetogenic bacteria 58 18 11 

Anaerolineales 21 6 2 

Syntrophobacterales 16 6 4 

Phycisphaerae 16 4 3 

Spirochaetales 5 2 2 

Exoelectrogens 9 1 1 

Geobacterales 3 1 1 

Rhodobacterales 1 0 1 

Burkholderiales 1 0 0 

Bacteroidetes 1 0 0 

Acidobacteriota 1 0 0 

Firmicutes 2 0 0 

SAOBs 5 1 0 

Clostridiales 3 0 0 

Pseudomonadales 1 0 0 

Thermotogales 1 1 0 

Percentage of Acetogenic MAGs (%) 26.2 30 22.9 

Percentage of Acetate consumption 

MAGs (%) 
6.3 3.3 2.1 

Ratio of Acetogenic/Acetate 

consumption MAGs 
4.14 9 11 
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