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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  

• Resistome characteristics of a coal 
source AMD passive treatment were 
investigated. 

• Multidrug efflux mechanism dominated 
antibiotic resistome. 

• MGEs exerted more effluence on dy-
namic of MRGs than that of ARGs. 

• Potential pathogens carrying multi-RGs 
were found. 

• passive treatment decreased relative 
abundance of RGs to different degree.  
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A B S T R A C T   

Heavy metal(loid) contaminations caused by mine activities are potential hot spots of antibiotic resistance genes 
(ARGs) because of heavy metal(loid)-induced co-selection of ARGs and heavy metal(loid) resistance genes 
(MRGs). This study used high-throughput metagenomic sequencing to analyze the resistome characteristics of a 
coal source acid mine drainage passive treatment system. The multidrug efflux mechanism dominated the 
antibiotic resistome, and a highly diverse heavy metal(loid) resistome was dominated by mercury-, iron-, and 
arsenic–associated resistance. Correlation analysis indicated that mobile gene elements had a greater influence 
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Multiple metal(loid) contaminations 
Passive treatment 

on the dynamic of MRGs than ARGs. Among the metagenome-assembled genomes, six potential pathogens 
carrying multiple resistance genes resistant to several antibiotics and heavy metal(loid)s were recovered. Pseu-
domonas spp. contained the highest numbers of resistance genes, with resistance to two types of antibiotics and 
12 types of heavy metal(loid)s. Thus, high contents of heavy metal(loid)s drove the co-selection of ARGs and 
MRGs. The occurrence of potential pathogens containing multiple resistance genes might increase the risk of ARG 
dissemination in the environment.   

1. Introduction 

Antibiotic resistance in microorganisms caused by antibiotic misuse 
and overuse threatens global public health [18,77]. The problem has 
gradually been recognized, and actions (such as limiting antibiotic use in 
stock farming and clinics) have been taken to control the spread of 
antibiotic resistance genes (ARGs) [37,58]. However, as antibiotic use 
control has not effectively reduced antibiotic resistance proliferation, it 
is now considered that other factors can also contribute to the envi-
ronmental diffusion of ARGs [28]. In addition, increasing evidence have 
shown that nonantibiotic agents such as heavy metal(loid)s can also lead 
to ARGs emergence because of the co-selection of antibiotics and heavy 
metal(loid)s [40,6,61]. Based on co-selection theory, heavy metal(loid)s 
can affect not only the occurrence of corresponding heavy metal(loid) 
resistance genes (MRGs) but also other ARGs through mechanisms of 
co-resistance, cross-resistance, and co-regulation [36,45,68]. Ji et al. 
[29] even reported that some ARGs correlate more strongly with heavy 
metal(loid)s than with corresponding antibiotics. Therefore, metal 
(loid)-enriched environments may be potential reservoirs of resistance 
genes (RGs). The problem becomes more concerning because of the 
persistent co-selection pressure with heavy metal(loid)s that are harder 
to be transformed than antibiotics in natural environments [60,62]. 

Mining activities generate large amounts of mine tailings and acid 
mine drainage (AMD), which are ideal settings for studying metals’ ef-
fects on ARGs. AMDs are the most typical metal(loid)-enriched envi-
ronments and are characterized by extremely low pH (<4) and high 
concentrations of SO4

2- and metal(loid) ions [32]. A global study recently 
reported that mining-impacted environments have multidrug 
resistance-dominated ARG resistome, with ARGs abundances nearly 
equal to those of urban sewage but much higher than those of freshwater 
sediments [72]. The study confirmed the hypothesis that metal 
(loid)-enriched environments are potential RG reservoirs, achieving 
huge improvements in helping understand the resistome characteristics 
of mine-environments. Yet, there is a minor drawback. As that study 
focused mainly on copper, Lead-Zinc, gold, pyrite and polymetallic, we 
are far from understating the resistome characteristics of coal source 
AMD. As one of the most important global energy sources, its substantial 
long-term demand has resulted in large-scale mining activities and se-
vere AMD problems [38]. The coal source AMD may be another source 
of potential ARG reservoirs, but relative study has not been reported. 

Different treatment systems have been developed to minimize AMD- 
caused environmental pollution. Passive treatments are the most 
promising tool because of relatively low input costs and easy mainte-
nance [3]. In Guizhou Province in Southwestern China, a pilot-scale 
passive treatment system was constructed in 2013 for in-situ bioreme-
diation of AMD. In a recent report, Chen et al., [15] analyzed variation in 
microbial communities along the system and evaluated its performance 
in removing Fe(II), while ignoring characteristics of resistome profiles in 
this treatment. Therefore, this study focused on this treatment system, 
investigated the resistome characteristics of the coal source AMD, 
analyzed correlations among ARGs, MRGs, mobile gene elements 
(MGEs), and environmental parameters, as RG’s dissemination between 
bacterial cells were mediated by MGEs [70], and environmental pa-
rameters such as pH were reported to influent dynamics of RGs directly 
or indirectly [78], We collected samples from different ponds of the 
passive treatment and metagenomic techniques and geochemical mea-
surements were conducted. Specifically, we aimed to: (1) investigate 

resistome characteristics of the coal source AMD; (2) analyze hosts of the 
main RGs; and (3) determine the role of MGEs in driving dynamics of 
ARGs and MRGs. Our study provides initial insight into the resistome 
characteristics of the passive treatment system and the potential risks of 
RG proliferation in coal source AMD-associated environments. 

2. Materials and methods 

2.1. Sample collection and processing 

Samples were collected from an AMD passive treatment system of a 
coal mine (26◦31′28.68′′N, 106◦34′13.72′′E) in Guizhou Province in 
southwestern China. The AMD flows from the mine adit into five ponds 
of the treatment system in succession. Fig. 1 shows a schematic and 
photographs of the five ponds and six sampling sites. The six sampling 
sites were at the influent of the first pond and outlets of all five ponds, 
named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, 
respectively. At each site, three samples were collected below the water 
surface (0–30 cm). Main anions and cations were measured for every 
sampling point, and 16 S rRNA amplicon sequencing and metagenomic 
sequencing were performed. 

pH and dissolved oxygen (DO) at each sample point were measured 
in situ with a multi-parameter Water Quality Analyzer (YSI, Ohio, USA). 
From each sample, 200 mL of water was filtered through a 0.45-μm 
sterile microporous filter membrane (Millipore, Massachusetts, USA) 
and separated into four 50-mL sterile centrifuge tubes to determine main 
anions and cations. To measure Mn, 50-mL samples were acidified with 
concentrated nitric acid (16 mol/L) and determined with an inductively 
coupled plasma-optical emission spectrometry (ICP-OES) analyzer 
(Optima 5300 DV, PerkinElmer, USA). To measure trace elements, 50- 
mL water examples were acidified with concentrated hydrochloric 
acid (12 mol/L) and then determined with inductively coupled plasma 
mass spectrometry (ICP-MS, PerkinElmer, USA). For SO4

2− , samples were 
directly measured with ion chromatography (ICS-90, Dionex, USA). A 
ferrozine method was used to measure Fe2+ and total Fe [63]. Values of 
environmental parameters and concentrations of heavy metal(loid)s are 
presented as the mean ± standard error. 

2.2. DNA isolation, amplicon sequencing, metagenomic sequencing, and 
bioinformatic analyses 

Approximately 5 L of raw water from each sample was filtered 
through a 0.22-μm sterile microporous filter membrane (Millipore, 
USA). Membranes were stored separately in sterile centrifuge tubes in a 
foam box with dry ice and sent to Sangon Biotech Company (Shanghai, 
China) to extract DNA using an E.Z.N.A™ DNA kit (M5635–02, Omega, 
USA) based on its protocol. 

In amplicon sequencing, the V3-V4 regions of the bacterial 16 S 
rRNA gene were amplified by polymerase chain reaction (PCR) using the 
paired primers 341 F/805 R with 2 × Hieff® Robust PCR Master Mix 
(Yeasen, China). Sequencing was conducted on an Illumina HiSeq 2500 
platform. The returned merged sequences were used directly in subse-
quent analysis with the free online platform Qiime2 (v2021.4, qiime2. 
org) [11], mainly following the established protocol. Briefly, dada2 
arithmetic was used to generate amplicon sequence variants (ASVs with 
clustering at 100% similarity) [13], and the latest Silva database (v138, 
not weighted) [9,54] was used to conduct taxonomic annotation. 
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Shotgun metagenomic sequencing of the 18 samples was conducted 
on an Illumina HiSeq 2500 platform with model of PE150, and the 
minimum sequencing depth was set at 10 Gb. The pipeline of Kneaddata 
(v0.6.1) (github.com/biobakery/kneaddata) embedded with Trimmo-
matic (v0.39) [10] was used to conduct quality control and host 
contamination filtration (key parameters were set as –trimmomati-
c-options ’ILLUMINACLIP: adapters/TruSeq3-PE.fa:2:40:15 SLI-
DINGWINDOW:4:20 MINLEN:50’). MEGAHIT (v1.1.3) was used to 
assemble reads into contigs, with kmer parameters set as –k-min 27, 
–k-max 141, and –k-step 12 and the minimum length of quality contigs 
set at 200 bp [35]. With the high-quality contigs, ORF (open reading 
frame) prediction, redundancy deletion, and counts quantification were 
performed by Prodigal (v2.6.3, with default parameters) [27], CD-HIT 
(v4.8.1, -aS 0.9 -c 0.95 -G 0 -g 0 -T 0 -M 0) [22], and Salmon 
(v0.13.1, with default parameters) [50], respectively. 

Diamond (v2.0.2) with blastp model was used to detect ARGs and 
MRGs by blasting protein sequences in the SARG Database [73] and the 
BacMet2 Database [46], respectively, with parameters set as identity 
≥ 70%, e-value = 10− 5, and alignment length ≥ 20. Blastn (v2.5.0 +) 
was used to detect MRGs by blasting nucleotide sequences (predicted 
ORFs) in the MobileGeneitcElement Database [49], with parameters set 
as identity ≥ 70%, e-value = 10− 5, and alignment length ≥ 28 and the 
blasting strand set as both. The CARD Database was used as a reference 
for the ARG mechanism category classification [30]. Abundance 
(coverage, ×/Gb) of RGs or MGEs in each sample was calculated based 
on the following formula [50]: 

Relative abundance(coverage, × /Gb) =
∑n

1
Nmapped reads×Lreads/LRG/MGE− like ORF

S 
where Nmapped reads is the number of the reads mapped to RG/MGE-like 
ORFs; Lreads is the sequence length of Illumina reads, which was 150 in 
this study; LRG/MGE-like ORF is the sequence length of target RG/MGE-like 
ORFs; n is the number of different RG/MGE-like ORFs belonging to the 
same RG/MGE types, which was calculated by Salmon in this study; and 
S is the size of the data set (Gb), which is the average of forward clean 
reads and reverse clean reads of each sample. 

Contigs longer than 1000 bp were used to carry out metagenome 
assembly separately according to sampling sites with the MetaWRAP 
pipeline (v1.3.2) [67]. The pipeline includes several modules and can 
conduct MAG assembly, refinement, and quantitation separately. The 
software checkM (v1.0.12) [48] was used to determine the completeness 

and contamination of MAGs. High-quality MAGs (contamination < 5%, 
completeness > 70%) were used to detect RGs and MGEs, and taxonomic 
annotation was conducted by GTDB-Tk (v2.0.0) with its reference 
database (version release_207) [47]. 

2.3. Statistical analyses and visualization 

R (v3.6.1) were used for statistical analysis and data visualization. 
Bar plots were drawn using a free online platform (ImageGP, ehbio. 
com). ANOSIM analysis (with Bray-Curtis distance), RDA analysis (with 
hellinger), Procrustes analysis and Spearman correlation heat map 
analysis were performed for comparing the difference of these samples 
on the free online platform (Tutools, cloudtutu.com). All qualified 
bacterial MAGs were collected to draw phylogenetic tree in the online 
platform iTOL (itol.embl.de), the tree file was produced by GTDB-Tk 
(v2.0.0) based on 120 bacterial marker genes. Network diagrams were 
drawn with the software Gephi (v0.9.2, github.com/gephi), and relative 
network properties were calculated by the same software. Matrix files 
were generated with the R package psych (v2.1.3), and the parameters 
were set as use = pairwise, method = Spearman, adjust = fdr, alpha 
= 0.05, p < 0.05, and r > 0.7. Abundances of RGs and MGEs are pre-
sented as the mean ± standard error. 

2.4. Nucleotide sequence accession numbers 

Sequences have been submitted to the National Center for Biotech-
nology Information BioProject with accession numbers PRJNA755874 
and PRJNA785287, including 18 metagenome samples (raw paired se-
quences) and 18 16 S rRNA amplicon samples (clean merged se-
quences). Sequence data release date was October 1st, 2022. 

3. Results 

3.1. Characteristics of pH, SO4
2− , dissolved oxygen, and heavy metal 

(loid)s at different sample sites 

Table 1 shows the dataset of pH, DO, and concentrations of SO4
2− and 

eight heavy metal(loid)s (iron includes total Fe and Fe2+) at the six 
sampling sites. Detailed information on each sample is provided in 

Fig. 1. Photographs of five ponds and schematic of the passive treatment of coal source acid mine drainage. Six sampling sites were at the entrance of the first pond 
and the effluences of five ponds, named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, respectively. 

Q. Huang et al.                                                                                                                                                                                                                                  



Journal of Hazardous Materials 448 (2023) 130898

4

Supplementary Table S1. The value of water pH increased slightly from 
3.03 ± 0.00 at the influent to 3.13 ± 0.00 in the effluent. DO increased 
from 4.19 ± 0.09 mg L-1 at the influent to 5.05 ± 0.11 mg L-1 in sam-
pling site of Pond 2 and then decreased to 3.86 ± 0.01 mg L-1 in the 
effluent. Concentration of SO4

2− increased from 4030.23 ± 199.93 mg L- 

1 at the influent to 6060.09 ± 209.79 mg L-1 in the effluent. Concen-
tration of Fe2+ changed slightly through the system, whereas total Fe 
increased from 5.92 ± 0.08 mg L-1 at the influent to 22.14 ± 0.98 mg L- 

1 in sampling site of Pond 1 and then decreased to 14.55 ± 0.03 mg L-1 

in the effluent. Concentrations of the heavy metal(loid)s Mn, Zn, As, Hg, 
Cu, antimony (Sb), and Pb decreased but then elevated as AMD flowed 
from the influent to the effluent. 

To summarize, pH, DO, and Fe2+ changed slightly throughout the 
system, whereas the other elements increased by different degrees from 
the influent to the effluent. As for microbial communities, Fig. S1 and 

Table S2 show the characteristics of microbial communities in different 
sampling sites. 

3.2. Characteristics of resistomes and mobile gene elements at different 
sample sites 

In ANOSIM analysis (Figs. S2a, 2b and 2c), significantly positive R 
values meant that dissimilarities between groups were bigger than dis-
similarities within groups, revealed significant variations of RGs and 
MGEs when AMD flowed through these six sites. 

Fig. 2a, 2b and Table S3 show ARG characteristics and variations. 
Sixty-nine types of ARGs resistant to 18 types of antibiotics were 
detected, including some clinically meaningful antibiotic groups, such 
as multidrug (30 ARGs), beta-lactams (8 ARGs), and the so-called last 
resort, vancomycin (4 ARGs). Multidrug-type ARGs predominated and 

Table 1 
Water pH, dissolved oxygen (DO), and concentrations of SO4

2- and main metal(loid) elements at different sample sites in the passive treatment of coal source acid mine 
drainage. Values are the mean ± standard error.  

Phases Entrance Pond1 Pond2 Pond3 Pond4 Effluence 

pH 3.03 ± 0 3.00 ± 0.00 2.97 ± 0.00 3.04 ± 0.00 3.08 ± 0.00 3.13 ± 0.00 
SO4

2- (mg L-1) 4030.23 ± 199.93 5337.03 ± 418.19 6167.26 ± 355.75 6122.6 ± 32.22 6217.91 ± 16.76 6060.09 ± 209.79 
DO (mg L-1) 4.19 ± 0.09 4.3 ± 0.07 5.05 ± 0.11 4.73 ± 0.05 3.05 ± 0.05 3.86 ± 0.01 
Fe2+ (mg L-1) 0.71 ± 0.07 0.77 ± 0.07 0.85 ± 0.05 0.65 ± 0.02 0.73 ± 0.04 0.72 ± 0.02 
Fe (mg L-1) 5.92 ± 0.08 22.14 ± 0.98 21.20 ± 3.93 16.48 ± 0.13 14.37 ± 0.09 14.55 ± 0.03 
Mn (mg L-1) 13.22 ± 0.17 14.08 ± 0.22 12.27 ± 0.11 20.30 ± 2.22 20.51 ± 4.49 20.82 ± 4.42 
Zn (μg L-1) 298.51 ± 6.46 291.27 ± 3.82 282.06 ± 10.97 301.88 ± 1.01 354.50 ± 13.45 347.03 ± 6.50 
As (μg L-1) 1.60 ± 0.49 0.70 ± 0.22 1.70 ± 0.142 2.38 ± 0.25 3.14 ± 0.71 4.41 ± 0.12 
Hg (μg L-1) 0.37 ± 0.24 0.06 ± 0.02 0.01 ± 0.01 0.05 ± 0.02 1.03 ± 0.74 2.04 ± 0.46 
Cu (μg L-1) 8.16 ± 0.28 7.78 ± 0.11 9.63 ± 0.24 15.98 ± 0.19 26.58 ± 3.88 26.38 ± 0.46 
Sb (μg L-1) 1.91 ± 2.09 0.13 ± 0.08 0.08 ± 0.03 0.36 ± 0.02 3.91 ± 1.62 5.20 ± 0.38 
Pb (μg L-1) 1.84 ± 0.74 0.99 ± 0.10 1.59 ± 0.31 1.45 ± 0.23 14.94 ± 8.71 24.22 ± 1.70  

Fig. 2. Characteristics and dynamics of (a) antibiotic resistome (ARGs, antibiotic resistant genes) and (b) average percentage of multidrug-resistant ARGs and other 
types in six sample sites of the passive treatment of acid mine drainage. Characteristics and dynamics of (c) heavy metal(loid)s resistome (MRGs, heavy metal(loid) 
resistance genes), and (d) mobile gene elements (MGEs) in six sample sites. The six sample sites were at the entrance of the first pond and the effluences of five ponds, 
named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, respectively. The values are the mean abundance of each antibiotic type. In (a), MLS is macro-
lide–lincosamide–streptogramin. In (c), multi-resistance included resistance to 21 types of multimetal(loid)s. 
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accounted for over 65% of all sampling sites. Genes mdtB, mexF, and 
mdtc had the highest relative abundances, accounting for over 25% of 
total abundance. Total ARGs abundance decreased from 30.609 × /Gb 
at the influent to 17.368 × /Gb in the effluent, a decrease of 43.26%. 

Fig. 2c and Table S4 show MRG characteristics and variations. 
Thirty-six types of MRGs (including 21 multimetal(loid) types) and 101 
subtypes of MRGs (including 37 multimetal(loid) subtypes) were 
detected. The RG fpvA resistant to eight types of heavy metals was 

detected, including Cd, Co, Cu, Fe, gallium (Ga), Mn, Ni, and Zn based 
on BacMet2, but only in the sampling site of Entrance. The most abun-
dant MRGs were those with Hg-, multiresistance-, As-, and Fe-related 
resistance, accounting for 21.23–49.15%, 12.74–26.86%, 
15.82–25.46%, and 9.40–14.03%, respectively. For single MRG di-
versity, fourteen types of MRGs had Cu-related resistance, followed by 
those with As- (9), Hg- (8), and Fe (7)-related resistance. The MRG merA 
with Hg-related resistance had the highest relative abundance, followed 

Fig. 3. (a) Co-occurrence relations among 
antibiotic resistance genes (ARGs), heavy metal 
(loid) resistance genes (MRGs), and mobile 
gene elements (MGEs) (Spearman correlations: 
r > 0.7, p < 0.05). (b) Co-occurrence relations 
among ARGs, MRGs, and genera (Spearman 
correlations: r > 0.7, p < 0.05). Blue nodes 
represent ARGs, brown nodes represent MRGs, 
and salmon nodes represent MGEs in (a) or 
genera in (b). The size of each node corresponds 
to the number of edges with other nodes. The 
red edges represent significantly positive cor-
relations between MRGs and MGEs in (a) or 
between MRGs and genera in (b); the black 
edges represent significantly positive correla-
tions between ARGs and MGEs in (a) or be-
tween ARGs and genera in (b); and the gray 
edges represent other significantly positive 
correlations between other types.   
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by arsH (As resistance), ruvB (Cr–selenium (Se)–tellurium (Te) resis-
tance), dpsA (Fe resistance), and arsA (As–Sb resistance). Total MRGs 
abundance decreased from 135.55 × /Gb at the influent to 50.859 × / 
Gb in the effluent, a decrease of 62.48%. 

Fig. 2d and Table S5 show MGEs characteristics and variations. Six 
types of MGEs were detected, including those for integrase, insertion 
sequences, qacEdelta, plasmid, transposition module, and transposase. 
In addition, 29 subtypes of MGEs were detected, of which IS91 and tnpA 
had the highest relative abundances, accounting for over 75% in all 
sampling sites. Similar to ARGs and MRGs, total MGEs abundance 
decreased from 501.005 × /Gb at the influent to 198.438 × /Gb in the 
effluent, a decrease of 60.39%. 

3.3. Correlations between antibiotic resistance genes, heavy metal(loid) 
resistance genes, mobile gene elements and microbial communities 

Fig. 3a and Table S6 show the MGEs–ARGs–MRGs (MAM) network, 
and Fig. 3b and Table S7 show the Genera–ARGs–MRGs (GAM) network. 
Structural properties (including clustering coefficient, average path 
length, and network diameter) of the real-world network were greater 
than those of an identically sized random Erdös–Réyni network 
(Tables S8 and S9), which suggested that the real network was non-
randomly distributed and had a highly connected topological structure. 

In the MAM network, 97 nodes (including 29 for ARGs, 32 for MRGs, 
and 17 for MGEs) formed 215 edges (including 81 ARG–MGE and 134 

MRG–MGE edges). Among the 29 ARGs, there were 19 multidrug- 
related ARGs and four beta-lactam-related ARGs. Among the 32 
MRGs, there were four As-related MRGs (1 As–Sb-related MRG), five Cu- 
related MRGs, four Fe-related MRGs, and five Hg-related MRGs. Among 
the 215 edges, 81 were the ARG–MGE type, within which multidrug- 
related ARGs accounted for the most edges at 51. By comparison, 134 
edges were the MRG–MGE type, including 22 Cu-related MRGs, 17 Fe- 
related MRGs, 21 Hg-related MRGs, and 19 As-related MRGs. In addi-
tion, multi-resistance genes (mainly arsA and ruvB) accounted for 43 
edges. The four MGEs that correlated with the most RGs were IS26 (19 
ARGs and 9 MRGs), istA5 (11 ARGs and 17 MRGs), tnpA2 (9 ARGs and 13 
MRGs), and ISRj1 (10 ARGs and 12 MRGs). Most MGEs were signifi-
cantly positively correlated with more MRGs than ARGs. The exception 
was IS26, which was correlated with 19 ARGs but only nine MRGs. 

In the GAM network, the multidrug-related ARG multi-
drug_ABC_transporter had the most edges with 28 genera, including 
several typical AMD species such as Ferrovum, Leptospirillum, Acidicaldus, 
Acidobacterium, Acidibacillus, Metallibacterium, and Desulfurispora. The 
As-related MRG pstB was also significantly positively correlated with 28 
genera. The genus with the most connections with RGs was Acineto-
bacter, which connected with 30 RGs resistant to nine types of heavy 
metal(loid)s and 21 types of antibiotics. The genera Desulfitobacterium 
(20 ARGs and 8 MRGs), Granulicella (12 ARGs and 9 MRGs), Syntro-
phobacter (12 ARGs and 7 MRGs), and Acidiphilium (4 ARGs and 11 
MRGs) also had high numbers of connections. Those genera could be 

Fig. 4. Procrustes analysis with Spearman correlations displaying significant correlations between (a) genera and antibiotic resistance genes (ARGs), (b) genera and 
heavy metal(loid) resistance genes (MRGs), (c) mobile gene elements (MGEs) and ARGs, and (d) MGEs and MRGs. In the passive treatment of coal source acid mine 
drainage, the six sample sites were at the entrance of the first pond and the effluences of five ponds, named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, 
respectively. 
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potential carriers of many types of resistance to antibiotics (such as 
multidrug, beta-lactam, aminoglycoside) and heavy metal(loid)s (such 
as As, Cu, Fe, and Zn). 

The Procrustes analysis based on relative abundances of genera, 
ARGs, MRGs, and MGEs showed that microbial communities were 
nearly equally correlated with ARGs (M2 = 0.3365, p = 0.001, Fig. 4a) 
and MRGs (M2 = 0.4692, p = 0.001, Fig. 4b). Although MGEs correlated 
closely with both ARGs (M2 = 0.5631, p = 0.001, Fig. 4c) and MRGs (M2 

= 0.2228, p = 0.001, Fig. 4d), the smaller value of M2 between MGEs 
and MRGs indicated the driving effect of MGEs on MRGs was stronger 
than on ARGs. 

Spearman correlation analysis (Fig. S3) indicated that most ARGs 
were weakly or significantly negatively correlated with heavy metal 
(loid)s. By contrast, several MRGs were significantly positively corre-
lated with not only corresponding metal(loid)s but also other metal 
(loid)s, including pstB (As resistance), merP (Hg resistance), merR (Hg 
resistance), and several multiresistance genes such as cueA, modC, wtpC, 
and nia. RDA analysis (Fig. S4) also revealed similar results, most ARGs 
and MRGs exhibited opposite relationship with heavy metal(loid)s. 

3.4. Resistance gene load at the genome level 

Metagenome assembly and binning were conducted to determine the 
RG load at the genome level. A total of 215 high-quality MAGs 
(contamination < 5%, completeness > 70%) were recovered from 18 
samples at the six sampling sites, including MAGs for 209 bacteria and 
six archaea (Fig. 5 and Table S10). Of the six archaea MAGs, only one 
contained a Cu-related MRG. Of the bacterial MAGs, 101 contained at 

least one type of RG or MGE. Multidrug-related ARGs also dominated the 
antibiotic resistome at the genome level, with eight of the 13 ARG- 
containing MAGs containing at least one multidrug-related ARGs 
(Table S11). 

The six MAGs with the most RGs were annotated as potential path-
ogenic bacteria, including one from Pseudomonas (entrance_MAG01), 
three from Mycobacterium (entrance_MAG11 and pond1_MAG02, anno-
tated as M. numidiamassiliense, and pond2_MAG16) and two from Aci-
netobacter (entrance_MAG06 annotated as A. junii and entrance_MAG29 
annotated as A. guillouiae). Entrance_MAG01 contained one MGE and 25 
RGs, with resistance to two antibiotics (multidrug and bacitracin) and 
12 heavy metal(loid)s. Entrance_MAG11 and pond1_MAG02 both 
included six MGEs and 13 RGs, with resistance to four antibiotics 
(multidrug, quinolone, rifamycin, and aminoglycoside), and four heavy 
metal(loid)s. Pond2_MAG16 contained 10 RGs, with resistance to two 
antibiotics (aminoglycoside, quinolone) and four heavy metal(loid)s. 
Entrance_MAG06 included two MGEs and eight RGs, with resistance to 
multidrug and two heavy metal(loid)s. Entrance_MAG29 contained one 
MEG and 14 RGs, with resistance to three antibiotics (multidrug, beta- 
lactam, and aminoglycodise) and four heavy metal(loid)s. 

4. Discussion 

4.1. Coal source acid mine drainage environment contained a multidrug- 
dominated antibiotic resistome and a highly diverse heavy metal(loid)s 
resistome 

The antibiotic resistome of the coal source AMD in this study was 

Fig. 5. Phylogenetic tree of bacterial metagenome-assembled genomes (MAGs) and loading of resistance genes, with MAG completeness > 70% and contamination 
< 5%. From inner to outer circles, colored bars of first circle represent the phyla of every MAG, blue bars of the second circle represent MAGs carrying antibiotic 
resistance genes (ARGs), green bars of the third circle represent MAGs carrying mobile gene elements (MGEs), and red bars of the fourth circle represent MAGs 
carrying heavy metal(loid) resistance genes (MRGs). 
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dominated by multidrug resistance (Fig. 2a and Fig. 2b), which is 
consistent with the results of Yi et al. [72]. Zhao et al. [76] and Malik 
et al. [39] also found multidrug-dominated resistomes in a slightly 
acidic, As- and Cu-polluted farmland environment and a low-pH soil 
environment without obvious metal contamination, respectively. Since 
multidrug-type resistance genes accounted for more than 65% of all 
sampling sites in this study, it was suggested that a 
multidrug-resistance-dominated antibiotic resistome likely cooperated 
with microbial communities to adapt the AMD environment. High 
occupation of multidrug-related genes might be attributed to their 
multiple functions, especially in acid resistance and metal(loid) resis-
tance. Some multidrug-resistant ARGs can form tripartite-like organi-
zations, which allow gram-negative bacteria to resist acid stress and 
maintain pH homeostasis [65]. For example, emrB–mdtB–tolC can help 
Escherichia coli survive under acid stress by regulating the expression of 
gadAB, a key component of acid resistance [20,57]. The genes mdtB and 
mdtC can help hosts resist Zn [33], while hosts with mexI can resist 
vanadium (V) [2]. Additionally, multidrug-related organizations have 
other functions, including biofilm formation, quorum sensing, and 
detoxification [4,44,74]. 

In other studies, rifamycin-, glycopeptide aminocoumarin-, and 
macrolide-related resistance were the main antibiotic characters in a 
copper mine tailing-polluted soil [31], and MLS- (macro-
lides-lincosamidsstreptogramins-), vancomycin-, and aminoglycos 
ide-related resistance dominated the antibiotic resistome in a gold 
tailing-polluted farmland [53]. Therefore, further investigations are 
needed to clarify which key factors regulate antibiotic resistome char-
acteristics in mine environments. 

Compared with the antibiotic resistome, the coal source AMD con-
tained a more diverse heavy metal(loid) resistome dominated by Hg-, 
multimetal(loid)s-, As-, and Fe-resistance genes. Some of the most 
abundant MRGs, including merA (Hg resistance), arsA (As–Sb resis-
tance), arsH (As resistance), ruvB (Cr–Se–Te resistance), and dpsA (Fe 
resistance), provide resistance to more than one type of metal(loid). 
MerA is mercuric reductase, which can convert toxic Hg2+ to the less 
toxic, relatively inert metallic Hg0 [56]. In addition, MerA has a weak 
reduction ability toward Au3+ and Au+ [64]. The gene arsA encodes a 
catalytic subunit of a pump protein, and it can move As and Sb through 
the membrane-spanning arsB protein, while the gene arsH catalyzes the 
NADPH-dependent reduction of Fe, Cr, and As [71]. The gene ruvB is a 
multimetal resistance gene with resistance to Cr, Se, and Te. The 
Fe-related dpsA encodes a protein that can protect chromosomal DNA 
against oxidative damage, whose expression increases under nutrient 
deficiency conditions, such as nitrogen or phosphorus limitation [41]. 
AMD is a typical oligotrophic environment [16], and thus, the enrich-
ment of dpsA can help microorganisms survive under such a low-nutrient 
condition. Like multidrug-resistance-related ARGs, the multifunctional 
metal(loid)-resistance-related MRGs also likely helped microbial com-
munities adapt to the coal source AMD environment. 

4.2. Mobile gene elements were the primary drivers of multifunctional 
resistance genes in the coal source acid mine drainage 

Compared with MGEs, microbial communities are generally 
considered to be more important in driving the dynamics of resistomes. 
However, in the AMD environment we investigated, M2 value between 
MGEs and MRGs (0.2228, p = 0.001) was smaller than that between 
microbial community and MRGs (0.4692, p = 0.001), suggesting MGEs 
were more critical in driving the dynamics of MRGs than microbial 
communities. Microorganisms generally acquire new resistance through 
horizontal gene transfer (HGT) mediated by MGEs under selection 
pressure and thus adapt to new ecological niches [7]. In the MAM 
network (Fig. 3a and Supplementary Table S6), MRGs were more 
frequently correlated with MGEs such as tnpA, tnpA2, IS91, ICSau1, istA, 
and intI1, compared with ARGs. Therefore, as indicated by the smaller 
M2 value of 0.2228 (Fig. 4d) than that of 0.5631 (Fig. 4c) in the 

Procrustes analysis, microorganisms tended to exchange more MRGs 
than ARGs through HGT to improve survival under metal(loid)s pres-
sure. The more significant horizontal transfer of MRGs might be because 
MRGs are more specialized than ARGs in resisting heavy metal(loid) 
pressure, which also explains the higher MRGs abundance than ARGs. 
The higher relative abundances of MGEs than MRGs and ARGs could be 
because, besides antibiotic and heavy metal(loid) resistance, microor-
ganisms also need to acquire or reinforce other abilities by HGT, such as 
acid tolerance, materials transport and metabolism to adapt to harsh 
AMD environments [17,24]. 

4.3. Coal source acid mine drainage contained several resistant gene- 
carrying potential pathogens 

Most potential multi-RG carriers were typical acidophilic hetero-
trophic microorganisms, including Acinetobacter, Desulfitobacterium, 
Granulicella, Syntrophobacter, Acidiphilium, Acidocella, and Acidibacter 
(Fig. 3b), which are frequently detected in acidic environments [16,26]. 
Carrying multiple MRGs and multifunctional RND-type (resistance-no-
dulation-cell division) RGs allowed them to better survive in the 
extremely acidic, multimetal(loid)-enriched AMD environment. 

By binning, the six MAGs that carried the most RGs were also an-
notated as potential pathogenic genera spp., namely Pseudomonas, 
Mycobacterium, and Acinetobacter. Species of those genera inhabit a wide 
variety of environments, and many are pathogens or opportunistic 
pathogens of humans, animals, and plants [21,51,66]. In addition to 
diverse types of resistance, many species are also acid tolerant. Several 
hydrothermal vent-sourced Pseudomonas strains can adapt to acidity and 
antibiotics [12], and P. aeruginosa is acid tolerant and cause nosocomial 
infections [34,42]. Mycobacterium avium can survive from pH < 3 [8], 
and M. tuberculosis and M. smegmatis can survive at pH 4.5 by 
down-regulation of transmembrane transporter activity and 
up-regulation of enzymes involved in fatty acid metabolism [43,55,59]. 
Acinetobacter was found in the skin of a Perez’s frog that inhabited an 
acidic, metal-polluted site [52]. 

Pathogens resistant to different antibiotics are a worldwide public 
health threat [5]. In addition, heavy metal(loid)s such as As, Cd, Cu, Hg, 
silver (Ag), Te, and Zn have been used in clinics because they may partly 
replace antibiotic therapy [14]. Therefore, potential risk of heavy metal 
(loid) therapy failure caused by heavy metal(loid)-resistant pathogens is 
also a concern [75]. Moreover, the threats of infections caused by 
pathogens carrying multi-RGs might be more severe than 
single-resistance pathogen infection. The problem may worsen if path-
ogens can survive in extreme environments. For example, a 
multidrug-resistant and mercury-tolerant pathogenic E. coli was recov-
ered from a mining-affected river, and its resistance to heavy metals was 
thought to be related to environmental pollution by mining activities 
[23]. 

Although only entrance_MAG06 was annotated similarly to A. junii, a 
pathogen of the urinary tract [1], the possibility still exists as the other 
five MAGs may be potential pathogens. Besides, concern remains 
because HGT events are more likely to occur between phylogenetically 
related species and cause RGs to transfer to corresponding pathogenic 
members in the same genus [19]. Thus, if AMD is discharged into the 
surrounding environment without proper treatment, multi-RG carrying 
MAGs might increase the risk of ARG diffusion, leading to therapy 
failure and threatening public health. Consequently, more attention 
should be paid to potential multi-RG carriers surviving in such acidic 
multimetal(loid) environments. 

4.4. Suggestion for passive treatment of acid mine drainage 

Reported studies on AMD passive treatment have not evaluate effects 
on resistomes yet. In this study, from the influent to the effluent of a 
passive treatment system, relative abundance of ARGs, MRGs, and MGEs 
decreased to different degrees. A possible reason is that co-selection 
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effects on RGs induced by heavy (metal)loids were less critical than the 
adverse effects of low nutrients [25] because many resistance mecha-
nisms (especially efflux pumps) are energetically costly. In addition, 
HGT efficiency might also decrease because acid solutions and heavy 
metal(loid)s can prevent gene transfer and the uptake of naked DNA in 
AMD [24,69]. AMD passive treatment systems operate differently under 
various environmental parameters. Thus the microbial communities and 
resistomes of different sites are expected to be somewhat different from 
the results in this study. Therefore, more studies are warranted to 
address the resistomes dynamics under AMD passive treatment to pro-
vide guidance and improve AMD treatment. 

5. Conclusions 

Current studies on resistome characteristics of typical metal(loid) 
mine environments have overlooked coal mine environments, which 
may contain many different types of metal(loid)s and thus are potential 
significant RG reservoirs. This study used metagenomic techniques and 
geochemical measurements to investigate resistome characteristics and 
dynamics in a passive coal source AMD treatment system. The major 
findings include: (1) the multidrug efflux mechanism dominated the 
antibiotic resistome, and the heavy metal(loid) resistome had a high 
diversity; (2) the microbial community survives in the acidic, 
multimetal(loid)-enriched environment likely through horizontal 
transfer of multifunctional RGs; and (3) the occurrence of multi-RG- 
carrying potential pathogens indicated that discharge of coal source 
AMD must be controlled to minimize risks to human health and ARG 
environmental proliferation. Additional investigations on AMD passive 
treatment systems with different metal(loid)s and SO4

2- content should 
be conducted to guide AMD treatment. 
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