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ABSTRACT: Anaerobic digestion (AD) systems are vital for
converting organic waste to green bioenergy but also serve as a
non-negligible environmental reservoir for antibiotic-resistance
genes (ARGs) and resistant bacteria of environmental and human
health concerns. This study profiles the antibiotic resistome of 90
full-scale biogas reactors and reveals that AD microbiomes harbor at
least 30 types and 1257 subtypes of ARGs, of which 16% are located
on plasmids showing potential mobility. The total abundance of
AD-ARGs ranges widely from 0.13 to 7.81 copies per cell and is
distributed into 42−739 subtypes, significantly influenced (P <
0.05) by operational conditions like digestion temperature and
substrate types. Compared with the ambient and mesophilic
digesters, the thermophilic digesters harbor a significantly lower
abundance and diversity as well as greatly reduced mobility and host pathogenicity levels (all P < 0.05) of ARGs, revealing that a
higher digestion temperature mitigates the overall resistome risks. The comprehensive analysis of basic traits and key traits of the AD
resistome is demonstrated to provide crucial quantitative and qualitative insights into the diversity, distribution pattern, and health
risks of ARGs in full-scale AD systems. The revealed knowledge offers new guidance for improving environmental resistome
management and developing oriented mitigation strategies to minimize the unwanted spread of clinically important antimicrobial
resistance from AD systems.
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1. INTRODUCTION
Anaerobic digestion (AD) is a broadly used applied green
technology for harvesting renewable energy from various
organic wastes, such as livestock manure, food wastes,
agricultural residues, and wastewater sludge. The digestate
generated from the AD processes contains high concentrations
of nutrient elements (i.e., N, P, and K) and is often applied as a
biofertilizer in agriculture. Using an AD effluent as biofertilizers
has been proved to significantly improve soil physicochemical
properties and promote plant growth.1 However, the direct
land application of AD digestates may lead to well-known
environmental issues, such as the emission of greenhouse
gases, nutrient leaching, and the spread of pathogens and
micropollutants. Notably, the potential risks of spreading
antimicrobial resistance (AMR) through digestate land
utilization became a heated debate.2,3 The AD systems are
widely used to valorize waste streams from human origins and
animal farming activities; therefore, they are tightly connected
to all major elements under One Health which recognizes that
the health of humans, animals, and ecosystems are

interconnected. It is widely accepted that AMR is an increasing
severe global public health concern, and it has affected human
health due to its detrimental role within clinical settings.4

Moreover, the AMR has recently been highlighted as not
simply a problem within healthcare facilities because various
pristine environments and engineering infrastructures contrib-
ute to the emergence, acquisition, and spread of AMR.5,6

The AMR is usually genetically encoded and occurs through
overexpression or duplication of existing genes, point
mutations, or the acquisition of entirely new genes via
horizontal gene transfer. Many mega-studies, which inves-
tigated animal or environmental resistome, i.e., the collection
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of antibiotic resistance genes (ARGs), on a broad geographical
or temporal scale, have been conducted to unveil the
distribution and dissemination potential of ARGs using
sequencing-based methods, covering nearly all habitats,
including guts7,8 soil,9,10 marine,11 freshwater,12 built-environ-
ment,13 and wastewater treatment plants.14,15 Different from
these mega studies, AD-ARG research primarily focuses on the
ARG removal during the digestion processes as well as the
practical mitigation measures that enhance the elimination of
ARG.3 Antibiotic exposure is one of the most important drivers
for ARG enrichment and dissemination in AD systems.16−19 In
addition, operational parameters, such as temperature,20,21

substrate types,22 and ammonia levels,23 have been also proved
to affect the fate of specific ARGs in AD systems. To further
control the health risks of AD-ARGs, various additives have
been shown to facilitate ARG removal with promising results,
including biochars,24,25 copper,26 zerovalent iron,27 iron
nanoparticles,28 and carbon materials.29 However, most AD-
ARG research focused on small-scale experimental setups and
specific ARGs (only a subset of resistome) in individual biogas
reactors. A global overview of AD-ARG in full-scale AD
infrastructures is an unmet need to guide resistome risk
assessment as well as the development of mitigation strategies.
Conventionally, AMR has been widely concerned in the

human microbiome, relating to the insufficient or failed control
on pathogenic bacterial infections. However, realizing the
importance of environmental reservoirs in combating AMR
under the One Health approach has launched extensive studies
on the environmental dimensions (e.g., fate, evolution, and
spread) of antibiotic resistance.4,30 The ultrahigh diversity of
environmental microbiomes (e.g., at least thousands of species
in 1 mg soil or 1 mL activated sludge)15 and difficulties in
microbial cultivation hinder classic phenotypic identification of
AMR. Luckily, recent advancements of high-throughput
sequencing-based metagenomic methods and bioinformatics
resources have significantly enhanced our abilities to detect
and study AMR in various environmental and human
microbiomes.8,13,31−34 The metagenomics-based resistome
characterization is typically performed on three levels: (1)
reads level, where the short reads generated from high-
throughput sequencing platforms (e.g., Illumina HiSeq or
NovaSeq) are directly aligned or mapped to reference
sequences in an ARG database (e.g., CARD35 and SARG36)
to identify ARG-like reads, (2) contig level, where the
metagenomic reads are de novo assembled to generate longer
contigs whose open reading frames (ORFs) are further
predicted and searched against an ARG database, and (3)
genome level, where the contigs are binned into metagenomic-
assembled genomes (MAGs) so that the host taxonomy and
functional potential of ARGs could be precisely identified and
further evaluated.
In the current study, we systematically characterized the

antibiotic resistome of 90 full-scale biogas reactors37 with
complementary metagenomic strategies on reads, contigs, and
genome level. The results reveal both quantitative basic traits
(i.e., ARG diversity and abundance) and qualitative key traits
(e.g., mobility and host pathogenicity) of the AD resistome.
The comparison of the resistome characteristics among
ambient, mesophilic, and thermophilic digesters leads to an
in-depth discussion on and insights into how operational
temperature affects the spread and mitigation of ARGs.

2. MATERIALS AND METHODS

2.1. Data Collection
Publicly available metagenomic sequencing data were collected for 90
full-scale biogas reactors covering 58 cities in Eurasia (Data Set S1).
The metagenomic data sets were generated from 10 individual
studies, and the detailed accession information for sequences as well
as the general operational conditions for these biogas reactors is listed
in Data Set S1. Briefly, the operational temperature of biogas reactors
ranged from 14 to 55 °C, and the reactors were categorized as
ambient (n = 17), mesophilic (n = 65), and thermophilic digesters (n
= 8). In addition, the substrates used for AD included agriculture
wastes (n = 12), food wastes (n = 3), animal manure (n = 75), and
wastewater sludges (n = 15). Considering animal feces contained a
considerable amount of inherent ARGs as well as antibiotic residues,
the biogas reactors were further divided into mature feed reactors (n =
75) and other reactors (n = 15) to facilitate statistical comparisons
between group differences. A summary of the physiochemical and
operational parameters of the biogas reactors is listed in Table 1.

2.2. Metagenomic Read-Based Analysis of Basic Resistome
Traits
To guarantee the quality of the downstream analysis, quality filtration
of raw metagenomic data was performed using Trimmomatic-0.39
with default parameters.47 Kraken2 was applied to conduct taxonomic
classification and quantify the corresponding relative abundance.48

Microbial community composition (at phylum and genus levels) of all
samples was provided in Figure S1 and Data Set S1. To profile the
basic traits of the AD resistome including ARG diversity and
abundance, ARG-like reads were predicted with ARGs-OAP3 using a
similarity search against SARG v3.0 database,36 with 80% of identity
and 25 of alignment length cut-offs. ARG copy per cell (GPC) were
used for the quantification of each ARG types.49 The high-risk ARGs
were identified with a previously proposed omics-based framework for
assessing the health risk of ARGs (ARG-ranker framework),50 as
recently applied in risk assessment of soil ARGs.10

To reveal the co-occurrence patterns among ARG subtypes and
microbial taxa, we constructed a correlation matrix by calculating all
possible pairwise Spearman’s rank correlation coefficients between the
ARG subtypes and microbial genera.3,51 A correlation between two
biological entities was considered significant if Spearman’s correlation
coefficient (ρ) was >0.8 and the FDR-adjusted P was <0.01 using the
code “Co-occurrence_network.R” implemented in MbioAssy1.0
(https://github.com/emblab-westlake/MbioAssy1.0).3,52 Network
analyses were performed in R environment using VEGAN,53 igraph,54

and Hmisc55 packages. Network visualization was conducted on the
interactive platform of Gephi.56

Table 1. Summary of the Physiochemical and Operational
Parameters of the Full-Scale Biogas Reactors Examined in
This Studya

ambient mesophilic thermophilic

reactor number 17 65 8
temperature (°C) 16.8 ± 1.8 34.3 ± 5.8 52.4 ± 1.3
feed type manure

(17)
manure (51) others
(14)

manure (7)
others (1)

pH 8.2 ± 0.3 7.9 ± 0.5 8.1 ± 0.2
HRT (days) 55 ± 73 37 ± 44 15 ± 8
TAN (g-N/mL) 1.6 ± 1.5 2.5 ± 1.9 2.5 ± 0.6
VFA (g/mL) 0.5 ± 0.4 0.8 ± 1.3 0.7 ± 0.5
reference of data
source

38 3,38−45 3,42,46

aThe detailed information on the sample metadata of each reactor
and data source is listed in Data Set S1. HRT: hydraulic retention
time, TAN: total ammonia nitrogen, and VFA: volatile fatty acids.
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Figure 1. Overall ARG distribution in 90 full-scale biogas reactors. (A) Abundance (gene per cell, GPC) of ARG types in ambient (14−20 °C, n =
17), mesophilic (20−45 °C, n = 65), and thermophilic (45−54 °C, n = 8) reactors and the abundance (GPC) of ARG types in the manure fed (n =
75) and nonmanure fed biogas plants (n = 15). (B) Number of unique ARG subtypes identified in ambient, mesophilic, and thermophilic biogas
plants. The statistical significance among different temperature and substrate groups was tested with the Mann−Whitney U test, ns: P > 0.05, *:
0.01 < P ≤ 0.05, **: 0.001 < P ≤ 0.01, ***: 0.0001 < P ≤ 0.001, ****: P ≤ 0.0001. The specific p values are provided in Data Set S4. (C) The co-
occurrence networks between ARG subtypes and microbial taxa (genus). Each node represents an ARG (gene GPC) or a microbial genus (%)
scaled by average relative abundance. Each connection or edge represents a strong (Spearman’s correlation coefficient ρ > 0.8) and significant (P <
0.01) correlation within or between an ARG and a microbial genus. The nodes of the ARG-taxon associations were highlighted in bold.
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2.3. Metagenomic Assembly-Based Analysis of Key
Resistome Traits

2.3.1. Metagenome Assembly and Mobility Analysis. The
quality-controlled sequences were assembled with metaSpades,57 and
the statistics of the metagenomic assemblies is provided in Data Set
S2. The assembled plasmids were further classified into chromosome,
plasmid, and viral contigs with geNomad using a marker set of

227,897 protein profiles specific to chromosomes, plasmids, or
viruses.58 The genome quality of Viral contigs was further evaluated
using checkV,59 and the results are listed in Data Set S3. The clean
reads of the each samples were mapped to the corresponding
metagenomes using bbmap60 to calculate the coverage of the contigs
as well as the genes on the contigs. The overall resistome risk score
(evaluated based on the mobility and pathogenicity of ARGs) was
calculated with the MetaCompare pipeline.61

Figure 2. Comparison between AD resistome and other typical ecosystems. The boxplots showing comparison of total abundance of all ARGs (A),
total abundance of high-risk ARGs (B) (i.e., Rank I and II ARGs determined in the ARG-ranker framework50), chao1 richness of ARGs (C), and
risk score (D) (calculated by the Metacompare61) between AD and other typical ecosystems including hospital environment (n = 9), human gut (n
= 9), livestock waste, activated sludge (n = 9), surface water (n = 9), lake sediment (n = 9), and forest soil (n = 9). The color shadows were used to
illustrate the microbiome types: the microbiome exposed to antibiotic selective pressure (red), the recently proposed ARG hotspot (blue), and
natural environment (green).
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2.3.2. Metagenome-Assembled Genome Construction,
Taxonomy, and Phylogeny. To further investigate the taxonomy,
phylogeny, and divergence of AD-ARGs, genome-centric metage-
nomic pipelines were used to recover metagenome-assembled
genomes (MAGs). Briefly, the assembled contigs of each
metagenomes were binned with metaBAT2.62 The draft genomes
were dereplicated using dRep with a similarity of 98%. This similarity
cutoff representing a subspecies level was chosen to recover the most
diversity of ARG hosts.63 The quality of each MAG was evaluated
based on the completeness and contamination estimated with
CheckM.64 The taxonomy affiliation of each MAG was evaluated by
GTDB-Tk (v0.3.2)65 classify_wf. The average coverage of ORFs and
MAGs was calculated based on reads recruitment by BBMap,60 and
the relative abundance of MAGs was calculated based on the average
coverage in each sample. The data throughput during the
metagenomic pipelines is presented in Figure S2.
2.3.3. Identification of Antibiotic Resistance and Virulence

Factor Genes. The ORFs were predicted from contigs using Prodigal
(v2.6.3). The ORFs were blast against SARG database using identity
> 80 and coverage > 75 as criteria to identify the ARGs in the
metagenomic-assembled contigs. The pathogenicity of MAG was
evaluated with a previously developed strategy.34 Briefly, the
pathogenic MAGs were identified based on their taxonomy
classification as well as the presence of virulence factor genes
(VFGs). The VFGs were identified by BLASTN search against
virulence factor database with identity > 70% as the cutoff.
2.3.4. Circular Genome Sequence Reconstruction and

Functional Annotation. The MAG of Escherichia coli MAG6120
contained the most ARGs and was further used to reconstruct the
complete, a circular chromosome sequence with MEDUSA using the
genome sequence of its closest relative E. coli str. K-12 substr.
MG1655 as a template.66 The genes on the MAG6120 genome were
predicted with Prodigal (v2.6.3) and functional annotated with
eggNOG-mapper v2.67 The genome of E. coli MAG6120 is visualized
in the Artemis genome browser.

2.4. Statistical Analysis
All statistical analyses were considered significant at p < 0.05. Seaborn,
statannot, and matplotlib libraries were used in Python to create the
box plots and bar graphs. The comparison between antibiotic
resistome of anaerobic digesters under many various operational
conditions and other typical ecosystem samples was examined using
the Mann−Whitney U test.

3. RESULTS

3.1. Diversity and Abundance of AD-ARGs in Global
Biogas Digesters

To illustrate the basic resistome traits (i.e., ARG diversity and
abundance) in AD systems, we first used ARGs-OAP336 to
profile ARGs in all 90 full-scale biogas plant samples. The
results show that the AD systems harbored 1.63 ± 1.43 GPC
(i.e., gene GPC) of ARGs with an abundance peak (7.81 GPC)
at an ambient manure-fed biogas plant (Figure 1 and Data Set
S2). Among the 30 ARG types detected, macrolide−
lincosamide−streptogramin (MLS, 0.55 ± 0.51 GPC),
tetracycline (0.48 ± 0.44 GPC), aminoglycoside (0.29 ±
0.31 GPC), and sulfonamide (0.07 ± 0.09 GPC) are the four
most abundant (Figure 1A), followed by multidrug, chlor-
amphenicol and polymyxin. Moreover, the Mann−Whitney U
test shows significant different patterns (P < 0.05) in both
ARG abundance (Figures 1A and S3) and diversity (Figure
1B) between the AD systems grouped by the digestion
temperature (ambient, mesophilic vs thermophilic) and
feedstock substrate (manure vs nonmanure). On one hand,
higher temperature biogas plants have significantly lower (P <
0.05) abundance in 11 ARG types, including tetracycline,
MLS, sulfonamide, and so on (Figure 1A). On the other hand,

manure-fed biogas plants (as the solo or a codigestion
substrate) show a significantly higher (P < 0.05) abundance
in 12 ARG types, especially for tetracycline, MLS, and
aminoglycoside (Figure 1A). Diversity wise, thermophilic
condition AD microbiome carries on average 155 ± 66 ARG
subtypes, which is significantly lower than ambient (421 ±
105) and mesophilic conditions (331 ± 114). Similarly, the
manure fed reactors (359 ± 119) show significantly higher
ARG subtypes compared with other biogas plants (200 ± 64)
(Figure 1B). There results suggest the digestion temperature
and feedstock substrate as two major operational parameters
influencing a resistome structure in global biogas plants.
The co-occurrence patterns between ARG subtypes and

microbial taxa (genus level) in the AD systems were
interactively explored with network analysis (Figure 1C).
The topological properties are summarized in Text S1. The
results of network analysis show significant and strong co-
occurrence associations (Spearman’s rank coefficient ρ > 0.8,
FDR-adjusted P < 0.01) among 84 ARG subtypes and 204
bacteria genera. On one hand, the large number of ARG−ARG
associations (118 instances) and the taxon−taxon associations
(894 instances) could reflect or be derived from (i) coselection
or genome collinearity of ARGs3 and (ii) microbial niche
overlap or biotic interactions,52 respectively. On the other
hand, a few significant ARG-taxon associations (22 instances)
implied potential community-wide host-ARG relationships.51

For example, Schnuerera, Tissierella, and Alkaliphilus are the
potential bacterial hosts of tetracycline-resistant gene tetT in
the global anaerobic digesters. The notable lack of significant
pairwise correlations between most ARG subtypes (11.48%)
and microbial taxa implies the high complexity and multi-
dimensionality of relationships among ARG subtypes and their
broad range of bacterial hosts, e.g., a microbial taxon could be
the host of multiple ARGs or an ARG subtype can be hosted
by multiple taxa.
3.2. Comparing AD Resistome with Other Ecosystem
Habitats

To rationally evaluate the selection level of antibiotic resistance
in the global AD systems, we further compared the abundance
and diversity of AD-ARGs with three groups of typical
reservoirs of ARGs, including (i) those under heavy antibiotic
selective pressure (hospital environments, human gut, and
livestock wastewater), (ii) the recently proposed hotspots of
ARG (activated sludge),14 and (iii) representative natural
habitats (surface water, lake sediment, and forest soil) (Figure
2A−C). Considering the overall ARG abundance, the AD
systems show a significantly higher ARG abundance than the
natural habitats but a lower ARG abundance than those
reservoirs under presumably heavier antibiotic selective
pressure. Specifically, ambient and mesophilic AD systems
show 3.5−5.9 times higher ARG abundance (1.59−2.44 GPC)
compared with activated sludge (0.35 ± 0.18 GPC), while
thermophilic AD systems have highly similar ARG abundance
(0.31 ± 0.07 GPC) with activated sludge, revealing that the
digestion temperature positively relates with a low ARG
abundance. Focusing on the high-risk ARGs (i.e., mobilizable,
pathogen-carriable, and clinically relevant ARGs10), it should
be noted that the ambient and mesophilic AD systems even
show a similar abundance with hospital environments.
Further, the diversity of AD-ARGs was estimated with

Chao1 richness and compared with the resistome diversity of
other ecosystem habitats. The results indicate that ambient and
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mesophilic AD resistomes show similar or higher ARG
diversity than hospital environments and human gut resistome,
while the thermophilic AD resistome show a similar ARG
diversity with the natural environmental (i.e., surface water,
lake sediment, and forest soil) resistomes (Figure 2C).
Moreover, compared with thermophilic AD systems, both
the ambient and mesophilic AD systems harbor a much higher
number and fraction of ARG subtypes that could coexist in
clinically relevant habitats (Figure S4). This result suggests that
the land application of AD digestate could potentially increase
the environmental antibiotic resistance level, posing an
additional health risk. Combined, the results conclude on a
significant role of temperature elevation in reducing the overall
diversity and abundance of ARGs including high-risk ones in
global biogas digesters.
The relatively high AMR risks of the AD system are also

evidenced by the integrated risk score calculated by

Metacompare software considering the mobility and pathoge-
nicity (Figure 2D). As the evaluation of the mobility and
pathogenicity incidence of ARGs required resistome profiling
on contig and MAG level (presented in the following sections),
the detailed results on the Metacompare risk assessment are
presented in the Discussion section.
3.3. Mobility Level of AD-ARGs in Global Biogas Digesters

Environmental microbiomes can harbor plasmid- and virus-
mediated ARGs of anthropogenic origins. These mobile ARGs
can be horizontally transferred among microbes through
plasmid conjugation and viral transreduction. To evaluate the
mobility level of AD-ARGs, the 90 metagenomes of AD
systems were de novo assembled using metaSpades algorithm,
resulting in over 10 million contigs with an average N50 of 13
kb. The contigs were further classified as the chromosome,
plasmid, and virus contigs using geNomad.58 As a result, 96%

Figure 3. Mobility of AD-ARGs. (A) Number of ARGs located on chromosomes, plasmids, and viruses contigs. (B) Relative abundance (rpkm) of
ARGs located on chromosomes, plasmids, and virus contigs. (C) Proportion of ARGs on chromosomes, plasmids, and viruses based on the number
of ARGs (the left three pies) and abundance (the right three pies) under ambient, mesophilic, and thermophilic conditions. (D) Relative
abundance (rpkm) of chromosomes, plasmids, and viruses encoding ARGs under thermophilic conditions. (E) Distribution of chromosomes,
plasmids, and viruses encoding ARGs (based on average rpkm) in different types.
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of the AD metagenome contigs are classified as chromosomes,
3% as plasmids, and 1% as viruses.
Further, protein-coding gene prediction from the above-

mentioned metagenome-assembled contigs resulted in a total
of 45,774,877 ORFs, of which 7779 are classified as ARGs
distributed onto 6839 contigs. The identified ARG-ORFs
belong to 21 types, corresponding to the abundant ARG types
detected with short read prediction (average GPC > 0.00006).
Among all the ARG-ORFs, more than 80% are located or
encoded on the chromosomes, ∼16% on the plasmids, and less
than 2% on the viruses. The diversity distribution among
chromosomes, plasmids, and virus-encoded ARGs shows
similar profiles in ambient, mesophilic, and thermophilic AD
systems (Figure 3A). Considering the relative abundance
(rpkm) of ARGs in each metagenome, a similar distribution
among chromosomes, plasmid, and virus ARGs is found in

ambient and mesophilic AD systems (Figure 3B). Notably,
plasmid ARG accounted for only 2% in abundance of overall
ARGs in the thermophilic digesters, which is significantly lower
than the portion (14%, P < 0.05) of plasmid ARGs among all
ARGs in the thermophilic digesters (Figure 3C). Specifically,
the plasmid ARGs show a significantly lower abundance in the
thermophilic AD microbiome than the chromosomal ARGs
(Figure 3D).
In addition, the distribution of ARG locations (chromo-

somes, plasmids, or viruses) shows notable differences among
ARG types (Figure 3E). In brief, a relatively large portion of
plasmid ARGs are assigned to florfenicol (27%), tetracycline
(20%), and MLS (16%). This result suggests a high possibility
for florfenicol, tetracycline, and MLS to horizontally spread
between bacteria within the AD microbiome through
conjugation. On the contrary, most aminoglycoside ARGs

Figure 4. Comparison between the ARG encoding and non-ARG encoding MAGs from the abundant (top 5%) orders in AD microbiome. (A)
Number of ARG-encoding MAGs and non-ARG-encoding MAGs in the abundant orders. (B) Relative abundance (rpkm) of ARG-encoding
MAGs and non-ARG-encoding MAGs in the abundant orders under thermophilic conditions. (C) Relative abundance (rpkm) of ARG-encoding
MAGs and non-ARG-encoding MAGs in the abundant orders under mesophilic conditions. (D) Relative abundance (rpkm) of ARG-encoding
MAGs and non-ARG-encoding MAGs in the abundant orders under ambient conditions.
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(>93%) were located on chromosomes, implying that they are
unlikely to horizontally spread among AD bacteria. In addition
to the ARG locations, the similarity between ARG-ORFs is
calculated to find the identical ARGs that are placed on
multiple contigs in individual biogas reactors (Data Set S8). As
a result, a total of 56 pairs of ARGs are identified in 30
samples. Those ARGs only account for a tiny fraction of the
overall resistome (less than 2% on abundance and less than
0.1% on diversity), implying a limited number of recent
horizontal ARG transfer events in the investigated AD
microbiome.
3.4. Host Identity of AD-ARGs in Global Biogas Digesters

To explore the host identity and pathogenicity of AD-ARGs, a
nonredundant set of metagenome-assembled genomes
(MAGs) consisting of 6750 members at a subspecies level
(98% similarity) was constructed and labeled “AD-MAG”.
Based solely on the completeness and contamination of AD-
MAGs,68 the data sets compose of 20.5% high-quality
(completeness > 90%, contamination > 90%), 40.8%
medium-quality (completeness > 50%, contamination <
10%), and 36.7% low-quality members (completeness < 50%,
contamination < 10%). Considering the number of reads
mapped, the AD-MAG set accounts for a total of 69%
metagenomic reads and thus represents the major microbiome
members in the AD system with various operational temper-
atures and substrate types (Figure S2). The list of all MAGs
and their quality are provided in Data Set S5.
Within the set of 6750 AD-MAGs constructed from 90 full-

scale biogas reactors, 762 ARGs are identified, among which
182 ARGs are prevalent and presented (average coverage > 1)

in more 50% of AD samples (n = 45). Specifically, more than
6% (n = 467) carry at least 1 copy of ARGs, accounting for
0.11 copies of ARG per genome on average. The hosts of AD-
ARG cover all major taxa in the AD microbiome, including 34
prokaryotic phyla broadly distributed into 54 classes and 96
orders. The number of ARG-encoding MAGs and all MAGs in
each bacterial order is listed in Data Sets S1−S8, and the
results of the representative taxa are presented in Figure 4A.
The results indicate that among all the abundant orders encode
ARGs, including the Clostridiales (31 MAG, 32% carrying
ARGs), Acetivibrionales (90 MAG, 20% carrying ARGs), and
Tisslerellales (83 MAG, 19% carrying ARGs). The above-
mentioned bacterial orders were well-known fermenting
members in AD consortia. Different from the above-mentioned
fermenters, the typical syntrophic acid oxidizing members,
such as Syntriohales (n = 101) and Synergistales (n = 132),
show generally lower richness of ARGs, with only 5% and 2%
MAGs-encoding ARGs, respectively. The order Bacteroidales
shows the highest species diversity among all orders with 857
MAG representatives, 7% of which carried at least one copy of
ARG (n = 61). The Bacteroidales members constitute the
largest portion of the ARG-encoding MAGs (13%).
Although only 6% of MAGs in the AD-MAG set carried

identifiable ARGs, they contribute to 15%, 10%, and 12% of
MAG relative abundance in thermophilic, mesophilic, and
ambient AD digesters, respectively. Figure 4B,C presents the
relative abundance most important AD orders and the
proportion between ARG-encoding and non-ARG-encoding
MAGs. The results show that the ARG-encoding Bacteroidales
members account for 71%, 16%, and 18% in thermophilic,

Table 2. Genome Quality, Taxonomy, Detection Frequency, and Resistance Profile of Pathogenic AD-MAGsa

MAG ID genome quality
taxonomy and
pathogenicity detection resistance profile

completeness % contamination % genus assigned

no.
of
VF mesophilic ambient

no.
ARG type subtype

MAG5509 94.27 2.28 Bacteroides 1 12:65 7:17 0 n.d n.d
MAG2206 93.25 0.95 Corynebacterium 5 2:65 2:17 1 multidrug mtrA
MAG759 94.54 0.33 Enterococcus 1 28:65 8:17 2 chloramphenicol acetyltransferase
MAG5418 84.57 1.32 Enterococcus 2 4:65 1:17 0 n.d n.d
MAG6120 97.88 0.35 Escherichia 76 1:65 2:17 70b multidrug,

polymyxin and etc.
emrY, eptA, and etc.

MAG5455 98.91 0 Morganella 7 0:65 1:17 7 bacitracin, multidrug,
beta_lactam

bacA, mdtG, rsmA, CRP,
_DHA-20, emrB

MAG4933 95.47 1.57 Pseudomonas 2 5:65 1:17 1 multidrug rsmA
MAG1488 95.28 0.5 Pseudomonas 1 9:65 1:17 1 multidrug,

polymyxin
rsmA

MAG256 95.24 1.15 Pseudomonas 3 6:65 0:17 1 multidrug rsmA
MAG1230 94.9 0.93 Pseudomonas 2 7:65 0:17 5 multidrug, bacitracin,

trimethoprim
rsmA, MuxB, bacA,
rsmA_dfrA1

MAG4998 93.93 0 Pseudomonas 44 5:65 4:17 2 multidrug MexD, rsmA
MAG500 87.84 1.45 Pseudomonas 60 1:65 2:17 2 multidrug MexB, rsmA
MAG3630 85.91 5.07 Pseudomonas 5 11:65 2:17 2 multidrug, bacitracin bacA, rsmA
MAG495 84.17 0.43 Pseudomonas 4 4:65 1:17 1 multidrug rsmA
MAG2742 82.05 1.44 Pseudomonas 2 14:65 2:17 1 multidrug rsmA
MAG5897 81.03 0 Pseudomonas 75 3:65 1:17 4 multidrug MuxB, YajC, bacA, rsmA
MAG4959 71.71 1.72 Pseudomonas 1 4:65 0:17 1 multidrug rsmA
MAG4843 63.16 1.75 Pseudomonas 40 2:65 1:17 5 multidrug, bacitracin mexK, bacA, mexW,

MexF, mexK
MAG 4819 61.4 0 Pseudomonas 75 2:65 0:17 5 multidrug, bacitracin mexK, CpxR, mexW,

bacA, YajC
aAD: anaerobic digestion; MAG: metagenome-assembled genome. The full resistance profile of MAG6120 was visualized in Figure 5 and Data Set
S6. bThe number reflects the ARGs annotated with both SARG and CARD databases using blast and RGI.
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mesophilic, and ambient AD microbiomes, respectively, which
is 2−3 times higher than the number of ARG encoding MAGs
among all MAGs in the same order (7%). The observation
suggests that the ARG-encoding Bacteroidales members show a
higher fitness in AD systems compared to the non-ARG
encoding members, especially under higher operational
temperatures. Additionally, the manure-fed biogas reactors
show a significantly higher abundance of ARG-encoding
Bacteroidales MAGs (Figure S5) than other biogas reactors,
suggesting those MAGs potentially come with the manure
feedstock and retain their relative abundance in the AD

systems. Nevertheless, this hypothesis needs to be confirmed in

future studies that perform large-scale sequencing investiga-

tions of AD feedstocks. Similarly, the relative abundance of

ARG-encoding Clostridiales, Tissierellales, and Peptostreptococ-

cales MAGs also shows a disproportionally high relative

abundance compared with the number of ARG-encoding

MAGs among all MAGs in this order under ambient and

mesophilic conditions.

Figure 5. Reconstruction of E. coli MAG6120 and the distribution of ARGs on the genome. The numbers before each ARG operon indicated its
position on the genomes. The color of genes was its function categorized by the clusters of orthologous groups. The red notation represents the two
high risk ARGs carried by E. coli MAG6120.
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3.5. Host Pathogenicity and Multiresistance Properties

The pathogenicity of the MAGs was evaluated based on the
taxonomy information evaluated by gtdbtk (v0.3.2)65 and the
presence of VFG in each genome. As a result, 21 pathogenic
MAGs are identified from the AD-MAG set, including
members from Pseudomonas (15), Enterococcus (2), Bacteroides
(1), Corynebacterium (1), Escherichia (1), and Morganella (1).
The pathogenetic MAGs are only detected in mesophilic and
ambient AD digesters. Among the 21 pathogenic MAGs, 19
MAGs encode at least 1 copy of ARGs. The detailed
information on AD-pathogenic MAGs is presented in Table
2. The results show that the most detected pathogen MAGs in
AD systems is an Enterococcus member encoding two copies of
chloramphenicol acetyltransferase, with 43% and 47%
detection rates in mesophilic and ambient reactors.
Among all the pathogenetic MAGs, an E. coli MAG carries

the largest number of ARGs, i.e.,50 ARGs from 6 types,
namely, Multidrug (40), Polymyxin (4), MLS (3), Beta_lac-
tam (1), Bacitracin (1), and Other_peptide_antibiotics (1)
according to SARG databases (V3.2). To further reveal the
location of the ARGs on the E. coli genome, the genome of E.
coli MAG6120 was chiralized using E. coli str. K-12 as a
reference. Moreover, the genes from E. coli MAG6120 were
further compared to CARD databases35 to find additional
ARGs. As a result, an additional 20 ARGs are identified. Most
of the ARGs uniquely identified by CARD databases are
subunits of antibiotic efflux pump proteins. The genome
reconstruction showed that the ARGs scattered on the E. coli
MAG6120 (Figure 5) and detailed ARGs lists are presented in
Data Set S6. The result showed that E. coli MAG6120 has
shown genetic potential for many types of effluent pump
systems including the major facilitator superfamily transporters
(n = 10), resistance-nodulation-division proteins (n = 7), ATP-
binding cassette transporters (n = 2), multidrug and toxic
compound extrusion transporters (n = 2), and small multidrug
resistance proteins (n = 1). Moreover, the MAG is also
equipped with multiple sensors and regulator proteins to
activate the effluent pumps. Among all the ARGs carried by
MAG6120, eptA and ermY are classified as “current threat”
ARGs.50 The former eptA was originally identified in
Salmonella enterica, mediating phosphoethanolamine modifica-
tion of lipid A and conferring resistance to polymyxin.69

According to the prevalence data in CARD databases, eptA has
been identified in the chromosome and plasmids of many
pathogens, including E. coli. The latter ermY, together with it
upstream ermK, has been previously proved to be active in E.
coli under subinhibitory concentration of tetracycline, chlor-
amphenicol, or salicylate, acting as a multidrug efflux pump. In
summary, the results suggest E. coli MAG6120 as a multidrug-
resistant pathogen that can pose substantial risks to human
health.

4. DISCUSSION
With the growing realization of the One Health concept that
integrates human, animal, and environmental health, the
various habitats, including the AD systems examined in this
study, are considered as important environmental reservoirs of
ARGs. In this study, we characterized the AD resistome of 90
full-scale biogas digester facilities and illustrated both basic
traits (i.e., abundance and diversity) and key traits (i.e.,
mobility, host identity, pathogenicity, and multiresistance) of
AD-ARGs shaping the overall resistome risks. The results show

that AD systems present a relatively high resistome risk profile
in terms of high diversity and high abundance for both all- and
high-risk ARGs, compared with natural habitats such as soil,
lake sediment, and surface water. Herein, we further assessed
the resistome risk of AD systems based on quantitative basic
traits and the qualitative key traits and highlighted an
important role of evaluated digestion temperature in ARG
reduction and risk mitigation.
4.1. AD Resistome Poses Critical Risks to the Environment

Based on metagenomic read-based analysis of basic traits of
AD-ARGs, we find that compared with the natural habitats and
engineered systems like activated sludge (Figure 2), mesophilic
and ambient AD systems harbor a significantly higher
abundance of both the total ARGs and high-risk ARGs
(which were priorly ranked as mobilizable, pathogen-carriable,
and clinically relevant by a ARG-ranker framework50),
suggesting a potential health risk in the release of their
resistance loads to the environments. The relative abundance
profiles of ARGs based on contig-level and MAG-level
metagenomic analyses also align with read-level analysis and
support the aforementioned discussion on the relative
abundance of ARGs. Besides the abundance, the AD system
also showed significantly higher ARG diversity than natural
environments (Figure 2).
In addition to the basic quantitative resistome traits

discussed above, the key qualitative traits such as the mobility
and host pathogenicity of ARGs are also considered. Within
the set of AD-MAGs, 16% ARGs are located on plasmid
contigs, implying their potential mobility, accounting for 16%
and 15% ARG abundance in ambient and mesophilic digestors.
It is known that the ARG encoding plasmid typically poses a
biosynthesis burden to the bacterial host, and such plasmids
were easily lost without selective pressure.70 The presence of
considerable ARG encoding plasmids implies a potential
antibiotic resistance pressure, possibly from the antibiotic
residues from farming or other anthropogenic activity. In
addition to the plasmid conjunction, viral transduction could
be another potential pathway for ARG spread in the AD
microbiome. In the current study, we identified 96 putative
viral contigs encoding ARGs mainly from unclassified
Caudoviricetes (Data Set S3). However, the viral contigs
identified in the current study are highly fragmented possibly
due to the lower coverage or insufficient sequencing depth to
effectively recover the viral genomes in AD microbiomes.
Future studies dedicated to unveiling the AD viral diversity are
encouraged to further reveal how much viral transduction may
promote the spread of AD-ARGs. Although the current study
mainly evaluated the mobility of ARGs by its location on a
plasmid or viral contigs, it needs to be clarified that
chromosomal ARGs also have mobile potentials through the
presence of mobile genetic elements (MGEs). In this study, we
failed to identify any high confidence (>80% identity and
>70% alignment percentage) MGEs by comparing all ORFs on
ARG-encoding contigs to the mobileOG database.71 However,
it is still possible that the chromosomal ARGs are mobile
through unidentified MGEs that do not meet the aforemen-
tioned high-confidence alignment cutoffs.
Besides mobility, host pathogenicity of ARGs is another risk-

associated aspect of resistome key traits. Most pathogenic
MAGs identified in AD systems (19/21) carry at least one
copy of ARGs, most of which are functionally assigned to a
multidrug effluent pump. The prevalence of ARGs in
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pathogenic bacteria alerts a potential health risk of an AD
effluent.
To comparatively evaluate the overall resistome risks, we

calculated the Metacompare risk score of the global AD
resistome (considering the mobility and pathogenicity
incidence). The result indicates that its average risk score
(32.0) is comparable with high-risk livestock wastewater (35.7,
P > 0.05), while being significantly higher than the activated
sludge (24.8, P < 0.05), forest soil (24.7, P < 0.05), lake
sediment (23.8, P < 0.05), and surface water (25.2, P < 0.05)
(Figure 2). These results suggest that the AD systems are
important ARG reservoirs and the resistome mitigation is
encouraged before the land application of AD digestate.
4.2. Thermophilic Operation Mitigates AD-ARGs and
Resistome Risks

Comparing the quantitative basic traits and qualitative key
traits of resistome in AD systems under different temperatures,
the results reveal that on a global scale thermophilic digesters
show 78% and 85% less abundant ARGs than mesophilic and
ambient digesters, especially from several types, including
tetracycline, MLS, and Phenicol. In addition to the relative
abundance, the thermophilic AD resistome also comprises 68%
and 62% less ARG subtypes than mesophilic and ambient
digesters, showing a significantly lower resistome diversity. The
finding consists of the priorly reported ARG reduction
improvements during the temperature transition from
mesophilic to thermophilic conditions,72 suggesting that a
high operational temperature could effectively reduce AD-
ARGs and mitigate the resistome risk. In addition to the overall
lower ARG abundance and diversity, the high temperature also
decreased the presence and abundance of super ARG hosts
and pathogens, leading to an overall reduced health risk. Our
results show that all pathogenic MAGs are not detected in
thermophilic AD digesters.
It is widely accepted that thermophilic AD systems could

efficiently mitigate the growth of pathogens because the
operational temperatures can effectively inactivate and
eliminate many pathogens.73 It is widely accepted that
thermophilic AD systems could efficiently mitigate the growth
of pathogens because the operational temperatures can
effectively inactivate and eliminate many pathogens. In
addition to pathogen control, the thermophilic operation
conditions mitigate AMR risks through an intricate mecha-
nism. A high operational temperature leads to a faster organic
conversion rate and consequently results in shorter HRTs and
higher organic loading rates than for the operation of
mesophilic and ambient reactors. Specifically, the average
HRT of thermophilic reactors in the current data set is 15 days,
which is significantly lower than the mesophilic (37 days) and
ambient (55 days) reactors examined in this study (Table 1
and Data Set S1). The shorter HRTs limited the exposure time
of AD functional microbes to the potential toxicants in AD
sludges (i.e., antibiotics, disinfectants, and heavy metals),
therefore posing a low selective pressure for the thermophilic
AD microbes to carry ARGs or disseminate them. In addition,
the thermophilic condition was also suggested to remove
ARGs by reducing the microbial diversity, considering the
prior study showing that potential ARG hosts from
Proteobacteria, Bacteroidetes, and Actinobacteria were suggested
to hardly survive under thermophilic conditions.21 In the
current study, the mobility analysis of ARGs showed a
significantly lower abundance of plasmid ARGs under

thermophilic conditions. One explanation of the ARG
mitigation under thermophilic conditions is that the high
temperature increases the metabolic burden on bacterial cells,
particularly when expressing recombinant proteins for plasmid
amplification in the hosts.74 This added stress can also
negatively affect plasmid stability and spread and therefore
hinder the mobility of ARGs.70 Although previous studies
argued against the rationale behind the further increase of the
temperature to thermophilic condition (55 °C) in specific
cases,20,21 the current results clearly demonstrated the overall
benefits of relatively higher temperature AD from an
underappreciated perspective of resistome risk mitigation.
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