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Abstract: In this study, we used a metagenomic approach to analyze microbial communities,
antibiotic resistance gene diversity, and human pathogenic bacterium composition in two typical
landfills in China. Results showed that the phyla Proteobacteria, Bacteroidetes, and Actinobacte-
ria were predominant in the two landfills, and archaea and fungi were also detected. The genera
Methanoculleus, Lysobacter, and Pseudomonas were predominantly present in all samples. sul2, sul1,
tetX, and adeF were the four most abundant antibiotic resistance genes. Sixty-nine bacterial pathogens
were identified from the two landfills, with Klebsiella pneumoniae, Bordetella pertussis, Pseudomonas
aeruginosa, and Bacillus cereus as the major pathogenic microorganisms, indicating the existence of
potential environmental risk in landfills. In addition, KEGG pathway analysis indicated the presence
of antibiotic resistance genes typically associated with human antibiotic resistance bacterial strains.
These results provide insights into the risk of pathogens in landfills, which is important for control-
ling the potential secondary transmission of pathogens and reducing workers’ health risk during
landfill excavation.

Keywords: municipal landfill; landfill excavation/mining; risk assessment

1. Introduction

Municipal landfills have a high diversity of microorganisms and can be considered as
bioreactors for producing biogas through biological degradation of municipal waste [1].
Because of their relatively lower operation cost, larger treatment scale, and eco-friendly
biogas resource utilization, sanitary landfilling is one of the primary methods of municipal
solid waste disposal in China. The output of urban waste in the country has increased
over the years, and the amount of domestic waste generated in more than 196 big and
medium-sized cities had reached 235.6 million tons by the end of 2019 [2]. Over 50% of total
municipal solid waste is treated in nearly 2600 sanitary landfills nationwide [3], and some
of them are operating at full capacity; however, building new landfills is troubled by scarce
land resources, especially in areas with rapid urbanization. The imbalance between waste
production and treatment capacity is intensifying the predicament of garbage siege. On the
other hand, due to historical factors, there are many non-sanitary landfills in China, and the
irregular waste disposal from these landfills has caused severe pollution threats to soil and
groundwater [4,5], as well as the risk on surrounding public health [6].
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Under increasing pressure caused by the imbalance between waste production and
treatment capacity in urban waste disposal, the government has been making an effort to
recycle the old landfills in China. Landfill excavation/mining is a typical way to recycle
material from landfilled refuse, which has been implemented in Europe and the USA in
the past era [7]. In brief, landfill excavation/mining is to excavate the old landfilled refuse,
sieve out the available matter, recycle it properly, such as composting or mulch, and the
unusable part of the refuse is usually incinerated [8]. The basic idea is to recover the recy-
clable material from the landfilled refuse, and reuse the landfill volume [7]. Conceivably,
the demolishment of the old landfill has accompanied some controversies, of which the
most critical issue by far is the considerable risk of spreading pathogen microbes.

Landfills differ from each other due to the different refuse sources and local environ-
ments, which significantly impact the distribution of microbial communities [1]. Municipal
solid waste might contain pathogens that may infect people when the landfilled refuse
is being stirred and excavated [9]. We cannot ignore the fact that during the exploita-
tion process, potential pathogens may come in contact with the human body, particularly
through dermal contact or aerosol inhalation which might pose a potential occupational
health and safety risk to the workers [10]. Though landfills’ environmental health risk is an
important topic facing human activities, detailed research on landfill pathogens and their
risk assessment are minimal.

Suzhou and Wuhan are both new first-tier cities in China. Urban growth brings
a rapid substantial increase in waste production and leads to the proximity of expanding
residential areas to landfills. Hence, there is a growing call for waste resource utilization
by ectopic disposal in these two cities. In this study, two typical landfills were selected.
The landfill in Suzhou, like most non-sanitary landfills, can be seen as an open storage
ground for surrounding urban waste without environmental pollution control measures.
On the contrary, the Wuhan landfill is a standard sanitary landfill, where urban waste
is covered by soil and industrial film, covering effective pollution treatment measures
such as the liner system, landfill gas conductive emission system, leachate collection, etc.
Samples were collected at different depths considering the differences in waste stability.
Metagenomic analysis was performed using the high-throughput Illumina HiSeq platform
to investigate the microbial community composition, the abundance distribution and
diversity of both antibiotic resistance genes (ARGs), and human pathogenic bacteria (HPBs)
in landfills. This study aimed to provide a greater understanding of the pathogenic risk
related to landfill excavation, which contributes to taking necessary measures to safely
treat landfill refuse.

2. Materials and Methods
2.1. Sample Collection

All samples were from Suzhou (East China) and Wuhan (Central China) landfills
(Figure 1). The Suzhou landfill (SZ) (31◦60′′ N 120◦50′′ E) is an open waste accumulation
site located in Wujiang district and has been in use for less than one year. The Wuhan landfill
(WH) (31◦21′′ N 114◦12′′ E) is a sanitary landfill, covered by high-density polyethylene film,
located in Jiangxia district and has been in use for more than three years. Both represent
typical landfill types in China. In total, we collected six samples, named SZ1, SZ2, and SZ3
(from SZ), and WH1, WH2, and WH3 (from WH), indicating the waste at vertical depths of
1.0, 2.0, and 3.0 m under the surface layer, respectively. In the SZ landfill, five sampling
points were opted for on a relative flat slope of waste body, including a central point
and four sub-points located 2.0 m around the central collection point. In the WH landfill,
the soil samples were collected from a landfill cell using the same sampling method as
that of SZ. For each sample, soils from five sampling points were gathered and mixed;
then, we removed large size waste through a 10.0 mm screen, and obtained the final soil
sample by the quartering method. Soil samples were collected at each landfill employing an
agricultural soil sampler. To avoid cross contaminations, we cleaned both the soil sampler
and the screen before excavating a new point. All soil samples were stored at −20 ◦C.
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Figure 1. The geographical location of two sampling landfills. Suzhou landfill (SZ) and Wuhan
landfill (WH) in China.

2.2. Illumina Sequencing

DNA was extracted from a 2.0 g sample using the DNeasy PowerSoil kit (QIAGEN,
Hilden, Germany). The DNA purity and degradation degree were evaluated by 1% agarose
gel electrophoresis, and the DNA concentration was determined using the Qubit 2.0 Fluo-
rometer (Life Technologies, Carlsbad, CA, USA). Qualified DNA samples were randomly
fragmented to 350 bp by Ultrasonicator (Covaris, Woburn, MA, USA), then the DNA
fragments were end-polished, A-tailed, and ligated with the Illumina sequencing adaptor
for purification and Polymerase Chain Reaction (PCR) amplification. The whole libraries
were initially quantified using the Qubit 2.0, the insert size was analyzed using the Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and quantified again by Quantitative
Real-Time PCR (effective library concentration >3 nM). The clustering of the indexed sam-
ples was performed on a cBot Cluster Generation System according to the manufacturer’s
instructions. After cluster generation, the libraries were sequenced on an Illumina HiSeq
platform at Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China).

2.3. Data Analysis

Readfq (V8) was used to preprocess the raw data from the sequencing platform
to obtain the clean data for subsequent analyses. The clean data were analyzed using
MEGAHIT (V1.0.4-beta, parameters used: –presets meta-large –min-count 2 –k-min 27
–k-max 87 –k-step 10) [11]. The obtained scaftigs with a minimum length of 500 bp were
subjected to open reading frame (ORF) prediction using MetaGeneMark (V2.10) [12],
following which ORFs with less than 100 nucleotides were removed. The CD-HIT software
(V4.5.8) was used to obtain a non-redundant gene catalogue from the predicted ORFs
(clustered with 95% identity and 90% coverage), and the most extended sequence as
the representative sequence was selected [13,14]. Next, the clean sequence data were
aligned against the gene catalogue using Bowtie2 (V2.2.4; parameters used [15]: –end-
to-end –sensitive -I 200 -X 400). A curated gene catalogue (unigenes) was subsequently
produced after discarding genes which were covered by less than two reads in each sample.
To generate the gene abundance table, we calculated the relative abundance of each gene
in each sample using the formula as described in [16].
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The obtained unigenes were aligned with bacterial, fungal, archaeal, and viral se-
quences, which were extracted from NCBI’s NR database (V20180102) using DIAMOND
(V0.9.9.110; parameters used [17]: blastp, 1e-5). Then, the LCA (lowest common ancestor)
algorithm was used for taxonomic classification of each gene [18–20]. For functional anno-
tation, we used DIAMOND software to blast unigenes to the KEGG database (V20180101;
parameters used: blastp, 1e-5), and the best blast hit was selected for subsequent anal-
ysis [15,21,22]. To analyze the relative abundance of each ARO (antibiotic resistance
ontology), we used the RGI (Resistance Gene Identifier) software to align our unigenes
against the CARD database [23–25]. To identify the correlation between AROs and MGEs
(mobile genetic elements) in our metagenomic data, we used Blastall (parameters used [26]:
-m 8 -a 4 -e 1e-30 -b 10) to align our scaftigs, which were annotated as ARO sequences; again,
searching in databases of NCBI Plasmids, NCBI NR, and Isfinder. The genomic database
of each HPB in our samples was obtained using the HPB database [27], and the HPB
information extracted from the databases could be found in NCBI GenBank (V20180102).
Sequencing data have been submitted to the NCBI’s Sequence Read Archive (SRA) under
accession number PRJNA718480.

3. Results and Discussion
3.1. Sequence Data

In this study, a total of 1,550,555 scaftigs were obtained by Illumina HiSeq sequencing
with a total length of 1,660,639,666 bp in six samples, an average length of 1071 bp, a maxi-
mum length of 280,023 bp, and an N50 of 1121.83 bp. Table 1 provides detailed information
on the assembled data.

Table 1. Summary of the sequence data for six samples.

Sample ID Scaftigs Total Length (bp) Average Length (bp) Max Length (bp) N50 Length (bp) GC%

SZ1 304,238 307,910,287 1012.07 73,348 1029 59.04
SZ2 322,415 318,058,282 986.49 280,023 974 57.94
SZ3 155,206 121,420,891 782.32 36,265 752 62.61

WH1 333,139 398,161,179 1195.18 95,020 1355 54.52
WH2 247,351 287,233,070 1161.24 179,900 1282 57.62
WH3 188,206 227,855,957 1210.67 105,958 1339 51.01

3.2. Microbial Taxonomy Composition at the Phylum Level

Refuse sources and local environments have a significant impact on the distribution
of microbial communities in landfills. In this study, bacteria, archaea, and fungi were
found in all six samples from both SZ and WH, demonstrating the landfills’ microbial
diversity (Figure 2a). One hundred and fifty-two phyla were identified in the six samples.
The most dominant prokaryotic phyla in SZ were Proteobacteria (67.59%), Actinobacteria
(12.06%), Bacteroidetes (5.98%), Euryarchaeota (4.01%), and Firmicutes (3.46%), and the
others were less than 1% of the total bacterial community. By contrast, phyla Proteobac-
teria (27.94%), Bacteroidetes (22.83%), Actinobacteria (16.83%), Euryarchaeota (10.43%),
Deinococcus-Thermus (4.49%), and Firmicutes (2.55%) were dominant in WH. Overall,
the two landfills were dominated by Proteobacteria, Bacteroidetes, and Actinobacteria.
In addition, Ascomycota was identified in all samples. The overall microbial composition
at the phylum level was relatively similar for different sampling depths in the same landfill
(Figure 2b).

Proteobacteria was the most abundant group in both landfill samples, and was over-
whelmingly abundant in the SZ landfill (67.59%) (Figure 2a). A high abundance of Pro-
teobacteria was previously found in landfills [28–30], which could play a vital role in
organic matter degradation [28]. For instance, Zainun et al. [29] found that Proteobacteria
were predominant in both active and closed non-sanitary landfills, and within this phylum,
Gammaproteobacteria were the most abundant class detected in the active landfill, indicat-
ing their potential role in the decomposition of organic matter. Besides, it was reported
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that the order Pseudomonadales, from Gammaproteobacteria, are associated with pollu-
tant removal and have been found to be dominant bacteria in aged landfill leachate [31]
further suggesting that the prominent function of Pseudomonadales spp. In degrading
organic substances.

Figure 2. Relative abundances at the phylum level: (a) Top 10 relative abundances in both landfills at the phylum level. SZ,
Suzhou landfill; WH, Wuhan landfill. (b) Top 10 relative abundances in each sample at the phylum level. SZ1, SZ2, SZ3
from the Suzhou landfill; WH1, WH2, WH3 from the Wuhan landfill.

In this study, the relative abundance of Bacteroidetes was higher in WH (22.83%) than
in SZ (5.98%). On the contrary, Proteobacteria was evidently lower in WH (27.94%) than in
SZ (67.59%) (Figure 2a). Since samples from the Wuhan landfill had a longer buried age,
the difference in the predominant bacterial profiles of the two landfills corresponds to the
scenario observed by KöChling et al., in which Bacteroidetes replaced Proteobacteria as the
most dominant bacteria in older landfills [32].

There was a low abundance of Deinococcus-Thermus in SZ (0.22%), which was
however enriched in WH (4.49%) (Figure 2b). The different richness of Deinococcus-
Thermus between SZ and WH is believed to be attributed to the different content of
refractory organics in landfills [33].

Euryarchaeota is a strictly anaerobic methanogen that belongs to the archaea. Methano-
genesis is the final stage of waste degradation in the landfill stabilization process [34],
and all methanogens detected in landfill samples so far belong to Euryarchaeota [1]. Thus,
the high abundance of Euryarchaeota (in WH 10.43% and in SZ 4.01%) indicates that
methanogenesis exists in both landfills. What should be of concern is that the Wuhan
landfill has excellent facilities for landfill gas controlment. In contrast, the Suzhou landfill,
a non-sanitary landfill lacking a gas discharge guiding system, which makes it difficult to
vent combustible landfill gas within the waste body, poses a potential threat to the safety
of the landfill operation environment.

Ascomycota fungi were found in two landfills with relative abundances of 0.08% (SZ)
and 0.97% (WH), respectively. It is worth mentioning that few studies have reported the
presence of fungal populations in municipal landfills, probably as bacteria and archaea have
the ability to metabolize a broader range of organic and inorganic substrates, and possess
functional dominance over fungi [1]. Since few studies have detected fungi in landfill
samples using culture-dependent techniques [1], and since culture-independent techniques
capture all intact DNA regardless of whether it comes from dead, living, or un-degraded
DNA, our results need to be further confirmed.

3.3. Microbial Taxonomy Composition at the Genus Level

At the genus level, 2451 genera were observed in all samples. Dominant genera pre-
sented in >1% of the total bacterial community in SZ were Brevundimonas (9.33%), Lysobac-
ter (8.45%), Thiobacillus (2.82%), Pseudomonas (2.43%), Psychrobacter (2.36%), Methanofol-
lis (1.63%), Microbacterium (1.38%), and Methanoculleus (1.02%); whereas WH samples
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were dominated by Methanoculleus (8.97%), Microbacterium (7.00%), Luteimonas (3.57%),
Truepera (3.07%), Lysobacter (1.81%), and Pseudomonas (1.13%). From the results, the micro-
bial genus composition differed significantly between the two landfill samples (Figure 3a).
Besides, there were some unique microbial compositions from different depths of the same
landfill. High richness of Brevundimonas (17.78%) was identified in the shallow layer SZ1,
then gradually decreased in the middle SZ2 (5.89%) and deep SZ3 (4.34%); while in WH,
relative abundance of Brevundimonas was <1% in all samples, which may be related to the
aerobiosis of these microorganisms (Figure 3b).

Figure 3. Relative abundances at the genus level: (a) Top 10 relative abundances in both landfills at the genus level.
(b) Top 10 relative abundances in each sample at the genus level.

Dominant genera identified in all the samples were Methanoculleus, Lysobacter, and Pseu-
domonas. Methanoculleus is a hydrogenotrophic methanogen that reacts with H2 and CO2 to
convert acetate to methane [35], described as major players in landfills and other anaerobic
digestion systems [34]. Methanoculleus was the richest genus in WH, but low in SZ in
comparison. Owing to the fact that methanogenesis is the final activity in landfill waste
decomposition [34], we speculate that the Wuhan landfill is in a more stable state overall.
It has been reported that Lysobacter was detected in various soils, river sludges, along with
old leachate [36–38]. Lysobacter has a strong proteolytic ability to lyse various microorgan-
isms, such as Gram-negative bacteria, Gram-positive bacteria (including actinomycetes),
cyanobacteria, fungi, green algae, and nematodes [39]. A variety of compounds with potent
antibacterial or antifungal activity have been isolated from Lysobacter, suggesting that this
bacterial group is a potential source of novel antibiotics [40]. In addition, Pseudomonas had
a similar abundance in both landfills, which is known as organic matter degrading bacte-
ria [41] with the potential to accelerate denitrification [42]. Some Pseudomonas cause disease
in diverse host organisms, including the opportunistic pathogen, P. aeruginosa, and the
plant pathogen, P. syringae. The pathogenicity of these bacteria has received widespread
attention [43].

Brevundimonas is a group of aerobic gram-negative bacteria [44] which contains some
emerging, global opportunistic pathogens [45]. We observed that Brevundimonas appeared
as the most abundant genus in SZ (9.33%) and was enriched in the shallow layer SZ1
(17.78%), but a lower count in WH (0.35%). Considering the potentially invasive infec-
tions caused by Brevundimonas, the Suzhou landfill may have a higher risk of exposure
to potentially infectious pathogens during the excavation/mining of landfilled refuse,
necessitating appropriate protective measures. Thiobacillus was moderately abundant in
the SZ samples (2.82%), on the contrary, barely found in WH (0.01%). Thiobacillus is a group
of sulfur-oxidizing bacteria that can oxidize sulfides to sulfates [46]. Thiobacillus’ richness
in SZ deep samples (SZ3 6.55%) indicates that landfill gas such as H2S is generated within
the waste body. Therefore, effective methods that control odor pollution during refuse
disposal are needed.



Diversity 2021, 13, 230 7 of 17

The second most dominant genus in WH was Microbacterium, which was found in high
abundance in the deep sample WH3 (18.72%), but low in the shallow WH1 (1.08%) and
middle WH2 (1.21%). Microbacterium is reported to be the dominant genus in landfills [47],
widely distributed in the environment and has recently been considered a rare pathogen in
humans [48]. For instance, Lau et al. reported and described the first culture-documented
central venous catheter-related Microbacterium bacteremia [49]. The low number of Microbac-
terium infections reported at present may be explained by the relatively weak pathogenicity,
from which we hypothesize that the environmental risk due to Microbacterium in Wuhan
landfills is relatively low.

Some Luteimonas (3.57%) and Truepera (3.07%) were identified in WH, but both with
abundance below 0.5% in SZ. The genus Luteimonas from Xanthomonadaceae had been
discovered in various environments such as compost generated from food waste [50],
hexachlorocyclohexane (HCH)-contaminated dumpsite [51], and wastewater treatment
plants [52], which indicates that these bacteria could have a versatile role in the soil ecosys-
tem. Recently, Zhou et al. isolated a Luteimonas sp. as a chitinolytic bacterium from landfill
soil [53], suggesting that members of this bacteria may have the ability to degrade insoluble
macromolecular organic matter. A previous study showed that Truepera from Deinococcus-
Thermus plays an essential role in cellulose degradation, acid production, and methane
production [54], and the enrichment of Truepera was related to the high concentrations of
refractory organics in the environment [33]. Thus, the difference of Truepera abundance
between SZ and WH probably reflect the relative abundance of refractory organics or
the different stability, as WH has experienced a more extended period of biodegrada-
tion, and the characteristic of landfilled refuse shifts slowly from promptly biodegradable
towards refractory.

3.4. Gene Function Prediction of the Microbial Communities

Genes of the same function were categorized into six putative metabolic pathways
by the KEGG database. The relative abundance of KEGG level 1 was similar in each
sample (Figure 4a). The KEGG pathways in both landfills showed a similar abundance of
genes that are involved in metabolism (amino acid metabolism, carbohydrate metabolism,
energy metabolism, cofactors and vitamins metabolism, and nucleotide metabolism),
genetic information processing (translation, and replication and repair), environmen-
tal information processing (membrane transport, and signal transduction), cellular pro-
cesses (cellular community—prokaryotes), organismal systems (endocrine system, aging,
environmental adaptation, nervous system, etc.), and human diseases (antimicrobial resis-
tance, infectious bacterial diseases, cancers, endocrine and metabolic diseases, antineoplas-
tic resistance, neurodegenerative diseases, cardiovascular diseases, infectious parasites,
immune diseases, and drug dependence) (Figure 4b).

3.5. ARGs Diversity

Although naturally originated antibiotic resistance is widespread in natural environ-
ments, it is considered that the misuse of antibiotics could promote the acquisition and
retention of resistance genes in indigenous microbes in human-impacted environments [55].
Therefore, ARGs are currently identified as environmental contaminants [56]. The main
sources of ARGs include the natural evolution of environmental microorganisms and hori-
zontal gene transfer between environmental microorganisms and pathogens. Most ARGs
in the environments can transfer to HPB via mobile genetic elements (MGEs) such as trans-
posons, integrons, and plasmids, resulting in drug resistance in pathogens [57]. During the
exploitation of landfilled refuse, antibiotic-resistant bacteria in the soil usually diffuse into
the air as bioaerosols; therefore, ARGs in the refuse can transfer to the environment and
lead to a severe threat on human health. Consequently, detailed investigations on the
abundance of ARGs in landfill soil can speculate the bioaerosol potential of ARGs, which is
necessary for the environmental risk assessment of landfills and waste resource disposal.



Diversity 2021, 13, 230 8 of 17

Figure 4. Gene function prediction by KEGG: (a) Relative abundances of KEGG level 1 in each
sample. (b) The number of genes annotated in KEGG level 2.

A total of 376 ARG subtypes, belonging to 28 drug classes, were detected in the
six samples. Among these, macrolide, aminoglycoside, cephalosporin, and tetracycline
were the dominant classes in both landfills (Table S1). As shown in Figure 5a, the ARG
abundance among the samples from both SZ and WH varied greatly, and the lowest was
found in SZ1 and the highest in WH3, respectively. Overall, more ARGs were observed
in WH. This result could reflect that WH has a longer landfill age, since the abundance of
ARGs may be positively related to landfill age, and the older landfill sites are considered to
serve as a reservoir for ARGs [58].

The relative abundances of the top 20 ARG subtypes among all samples are shown in
Figure 5b, accounting for 25.06–77.04% of the total ARG abundances. The resistance genes
sul2, sul1, tetX, and adeF were the four most dominant subtypes in the six samples, and sul2
was the predominant ARG subtype in all samples, ranging from 2.37 (SZ1) to 17.19% (WH3)
(Figure 5b). sul2 affiliates with the sulfonamide resistance genes, and a high abundance of
sul2 was previously detected in leachate samples [59]. In the present study, Proteobacteria
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was the most likely host of ARGs in all samples (Figure 6). Similarly, sul1 is commonly
present in leachate as well [60], and we found that sul1 co-occurs with Bacteroidetes in
the WH landfill (Table 2). tetX is a class of tetracycline resistance genes, Deinococcus-
Thermus and Actinobacteria were the possible main hosts of these genes in WH; while in
SZ, they were detected in the phylum Proteobacteria (Table 2). adeF is a fluoroquinolone
and tetracycline resistance gene, identified in the Proteobacteria in both landfills (Table 2).

Figure 5. Distribution of antibiotic resistance genes (ARGs) in each sample: (a) Relative abundance of the top 20 ARGs in
each sample. (b) The relative percentage of the top 20 ARGs of the total abundances of ARGs in each sample.

Figure 6. Relationship between ARGs distribution with taxonomic compositions at the phylum level in SZ (a) and WH (b).
The inner circle is the ARG distribution for each phylum. The outer circle is the taxonomic composition at the phylum level.

ErmF, Erm35, and tet33 were the three dominant ARG subtypes in WH (Figure 5b).
Both ErmF and Erm35 are multi-drug resistance genes, including macrolide, lincosamide
and streptogramin, which were detected in Bacteroidetes, and tet33, a tetracycline resistance
gene, mainly found in Actinobacteria (Table 2). In addition, the cephalosporin-penam
resistance gene Bcl, was found in the phylum Proteobacteria of WH samples, but absent in
that of SZ samples (Table 2). From our results, these detected antibiotic resistance genes
were mainly distributed in Proteobacteria, Bacteroidetes, and Actinobacteria (Figure 6).
Interestingly, tetX was present in the unique dominant phylum Deinococcus-Thermus in
WH, while in SZ, it appeared in Proteobacteria (Table 2).

To further explore the risk of ARG dissemination in the landfills, we investigated the
correlation between AGRs and MGEs. A total of 103 plasmids, 53 integrons, and 4 insertion
sequences were identified as ARG carriers in the two landfills (Figure S1). In our research,
we observed a higher diversity of both plasmids and integrons (plasmids 60; integrons 37) in
WH as compared to SZ (plasmids 43; integrons 16). Of the insertion sequences, two (IS5564
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and ISBbi1) were identified in SZ, and three (IS5564, IS6100, and IS401) were found in
WH. These four different insertion sequences were originated from Bifidobacterium bifidum,
Corynebacterium striatum, Mycobacterium fortuitum, and Burkholderia cepacia. Among the
antibiotic resistance plasmids identified, the Ralstonia solanacearum CFBP2957 plasmid
RCFBPv3_mp was most prevalent in SZ (Figure S2), which was correlated to 3 ARGs (lnuE,
adeF and OXA-50). Escherichia coli ACN001 plasmid pACN001-A was most prevalent in
WH (Figure S2), with correlation to four ARGs (AAC3-Iic, adeF, Mrx, and mphA). Of the
integrons, Pseudomonas aeruginosa VRFPA04 was the most abundant in both SZ and WH
(Figure S3), which was related to 18 ARGs.

A previous study has showed that MGEs had the greatest impact on ARG abundance
in landfills compared with the concentration of antibiotics and heavy metals, as well as
environmental factors [61]. In our study, MGEs conferring antibiotic resistance were more
diverse in WH, which suggested that ARGs in this landfill have a higher possibility to be
horizontally transferred among microbes, and it may lead to public health risks when they
are ultimately transferred into pathogens.

Table 2. The co-occurrence between top 20 ARG subtypes and microbial taxa in both landfills.

ARG Subtype Drug Class
Microbial Taxa in Both Landfills

SZ WH

sul2 Sulfonamide Proteobacteria Proteobacteria
tetX Tetracycline Proteobacteria Deinococcus-Thermus;

Actinobacteria
ErmF MLS 1 Unclassified Bacteroidetes
sul1 Sulfonamide Unclassified Bacteroidetes

OXA-347 Multidrug Unclassified Unclassified
Erm35 MLS Bacteroidetes Bacteroidetes

floR Phenicol Proteobacteria Unclassified
aadA Aminoglycoside Unclassified Unclassified
tet33 Tetracycline Actinobacteria Actinobacteria
adeF Multidrug Proteobacteria Proteobacteria

vanTmL Glycopeptide Proteobacteria; Bacteroidetes Bacteroidetes
mphD Macrolide Bacteroidetes Bacteroidetes

BcI Multidrug Not found Proteobacteria
cmx Phenicol Unclassified Unclassified

NDM-8 Multidrug Proteobacteria Proteobacteria
APH2-IIIa Aminoglycoside Proteobacteria Bacteroidetes

aadA3 Aminoglycoside Unclassified Unclassified
blaR1 Penam Proteobacteria Not found

APH3-Ib Aminoglycoside Proteobacteria Proteobacteria
Erm42 MLS Proteobacteria Proteobacteria

1 MLS: macrolide-lincosamide-streptogramin.

3.6. HPB Species Diversity

Several studies have shown that municipal waste landfills are a source of potentially
pathogenic bacteria for humans [10,62]. Understanding pathogens in landfilled refuse
can help assess the possible pathogenic risks in the landfill environment and develop
appropriate prevention measures [63]. In this study, a total of 69 different species of
bacterial pathogens were identified from all samples using the HPB database, of which
64 pathogens were detected in SZ and 39 in WH, respectively. The composition of the top
20 HPB species in the two landfills was characterized in Figure 7a, and Klebsiella pneumoniae,
Bordetella pertussis, Pseudomonas aeruginosa, and Bacillus cereus were the main composition of
pathogenic bacteria in both landfills, followed by Staphylococcus aureus, Bartonella quintana,
Brucella melitensis, Staphylococcus epidermidis, Enterococcus faecalis, Brucella suis, Bordetella
bronchiseptica, and Mycobacterium tuberculosis. All these HPBs had a relative abundance
of more than 1% of the total bacterial community. To further elucidate the differences
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among HPB distributions between SZ and WH, we obtained the biomarker species using
liner discriminant analysis effect size (LefSe) analysis. The distribution diagram of HPB
differences at all levels and the cladogram based on significantly different HPBs obtained
by LefSe analysis [64] showed that the abundances of 15 HPBs were significantly enriched
in the SZ landfill (liner discriminant analysis (LDA) score > 4). However, no significant
bacterial pathogen was identified in the WH samples (Figure 8a). The cladogram indicated
HPB species from the families Micrococcaceae, Moraxellaceae, and Pseudomonadaceae,
the order Pseudomonadales, as well as the class Gammaproteobacteria were enriched in
SZ (Figure 8b).

An abundant amount of the bacterial pathogens, K. pneumoniae and B. pertussis,
were found in both landfills, and their relative abundance was higher in WH (37.02%) com-
pared to that in SZ (9.38%) (Figure 7a). Klebsiella pneumoniae was the predominant pathogen
in WH. This species is an opportunistic pathogen as well, which can enter the blood cir-
culation or other tissues through the nasopharynx causing human infection [65]. Most K.
pneumoniae are antibiotic-susceptible, but studies have found that a type of carbapenem-
resistant hypervirulent K. pneumoniae may cause untreatable severe disease in the healthy
population [66]. Given the high abundance of K. pneumonia in WH, hypervirulent strains
are more likely to exist, posing potential health risks to workers.

Figure 7. Relative abundances of human pathogenic bacteria (HPB) at the species level: (a) Top 20 rel-
ative abundances of HPB in both landfills at the species level; (b) top 20 relative abundances of HPB
in each sample at the species level.
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Figure 8. LDA score diagram and cladograms by LEfSe: (a) The distribution of LDA score for differential HPB species
(LDA > 4). Red bars represent the more abundant HPB species in SZ; (b) cladogram for the different HPB species from SZ.
Circles radiating from inner to outer represent taxonomic levels from phylum to species. Yellow nodes represent the species
without significant differences, and red nodes indicate the microbial taxa that play an essential role in SZ.

A larger number of B. pertussis was detected in WH (15.49%) than in SZ (2.76%)
(Figure 6a), which is known as a highly infectious kind of respiratory pathogen with
hosts restricted to humans [67] and may be transmitted directly between hosts via aerosol
droplets [68]. Despite the widespread use of effective vaccines, B. pertussis can still be
transmitted asymptomatically via vaccinated individuals [69]. Since B. pertussis was the
second dominant pathogen in WH (Figure 6a), the risk of infection with B. pertussis cannot
be ignored during landfilled refuse excavation, especially its transmission among the
relevant workers.

Pseudomonas aeruginosa was similarly dominant in both landfills (SZ 29.56% and WH
11.13%), which is a common opportunistic pathogen and a major cause for nosocomial
infections. P. aeruginosa often infects the trachea and urinary tract, causes bloodstream
infections, and is considered as a “superbug”, which is very difficult to eradicate due to its
high resistance to multiple antibiotics [70].
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Two members of the genus Acinetobacter, A. calcoaceticus and A. baumannii, were found
in SZ (17.63% and 2.24%, respectively), while the relative abundance of these two pathogens
in WH was each less than 1%. Particularly, A. baumannii was barely detected in WH, thus we
consider these bacteria to be the characteristic pathogens of SZ. Both the bacteria are oppor-
tunistic pathogens that often appear clinically as A. calcoaceticus-A. baumannii complex [71],
can cause zoonosis, with a strong environmental adaptability due to their characteris-
tics of multi-drug resistance [72]. Previous studies have shown abundant numbers of
zoonotic pathogens in landfills, and interactions between humans, animals, and microor-
ganisms through landfills may be a factor contributing to public health risks [73]. Therefore,
their presence in large numbers suggests that there could be more zoonotic pathogens
present in the Suzhou landfill environment, prompting further concern for potential human
or animal infections.

In SZ, its higher abundance of the opportunistic foodborne pathogen L. monocytogenes
than that of WH, poses a severe threat to food safety (Figure 7a). Infection with such
pathogens predisposes people to highly lethal listeriosis [66], and there were reports of
community outbreaks of listeriosis caused by the consumption of unhygienic food [74].

We are usually more concerned with the risk of pathogenic bacteria in shallow waste,
as the excavation of this part of refuse is the first step in landfill excavation/mining.
According to the relative abundances of the top 20 HPB species in each sample (Figure 7b),
we found two pathogens, B. cereus and S. epidermidis, were more dominant in shallow
samples. Bacillus cereus is well adapted for growth in the intestinal flora of animals,
which are commonly found in food production environments, and they are one of the
main foodborne opportunistic pathogens [75]. This pathogenic bacterium was enriched in
shallow layers from both landfills SZ and WH, and its high presence may be related to the
undegraded food waste in the landfills. Besides, S. epidermidis was also highly abundant in
the shallow layer samples from both landfills. This group of bacteria is commonly found
in the human epidermis, mainly enriched in the axillae, head, and nares [76]. Although
S. epidermidis infections rarely cause severe diseases, it is currently seen as an important
opportunistic pathogen because of its high frequency and great difficulty to eradicate [77].
Therefore, prolonged and direct skin contact during landfill excavation/mining may cause
chronic infection by S. epidermidis.

4. Conclusions

The municipal landfill is a particularly effective and prevalent tool for disposal of the
urban garbage in China. However, it is not a once-and-for-all waste disposal, especially in
some fast-growing cities, where the rapidly increasing output of waste puts severe pressure
on local landfills. Nowadays, excavating/mining landfilled refuse is being implemented
in China to release landfill volume and to recover recyclable material. It is necessary to
evaluate the environmental sanitation risk to control and prevent the hazard of spreading
pathogens during the excavating/mining of landfilled refuse. Our study used metagenomic
analysis to investigate the microbial compositions, ARG diversity, and HPB risk in two
typical municipal landfills in China. Potential human pathogen risk was identified in both
landfills, and more types and numbers of pathogens were detected in the non-sanitary
landfill. To excavate landfilled refuse hygienically, we suggest that processing the more
stable and sanitary landfills first along with disinfecting the refuse before excavation would
potentially minimize the potential risk of secondary pathogen transmission to workers.
Protective measures for exposed skin are needed to prevent pathogen infection from
inhalation or skin contact during excavation/mining of landfilled refuse.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13060230/s1, Figure S1: The numbers of MGEs in six samples, Figure S2: The abundance of
integrons in six samples, Figure S3: The abundance of plasmids in six samples, Table S1: Numbers of
ARG drug classes detected in six samples.
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