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ARTICLE INFO ABSTRACT

Keywords: Landfills are one of the most important reservoirs of antibiotic resistance genes (ARGs), and ARG pollution in
Landfill landfills has been well investigated. However, the various factors contributing to the widespread prevalence of
Antibiotics ARGs in landfills have rarely been explored. Here, we quantified three classes of antibiotics, six kinds of heavy
ARGs

metals, eight types of ARGs, and five varieties of mobile genetic elements (MGEs) in refuse samples from 10
landfills in Zhejiang Province, China. Compared with sulfonamides and macrolides, fluoroquinolones were
present at much higher concentrations in all refuse samples, reaching a concentration of 1406.85 pg/kg in the
Jiaxing region. The relative abundances of gnrD, qnrS, mexF, ermA, ermB, mefA, sull, and sul2 in most landfills
were > 10~ copies per 16S rRNA, suggesting the presence of highly contaminated ARGs. No significant cor-
relations between most target antibiotics and their corresponding ARGs were found. Variation partitioning
analysis indicated that MGEs could be the determining factor in the spread of ARGs in landfills. This research not
only reveals high levels of ARGs and the ubiquitous presence of antibiotics in refuse, but also provides guidance
for controlling the spread of ARGs in landfills.

Mobile genetic elements

1. Introduction Landfills are widely used for municipal solid waste (MSW) disposal

(Ying et al., 2019). It is estimated that worldwide, landfills annually

Antibiotics play important roles in the development of medicine,
modern agriculture, and animal husbandry (Price et al., 2015; Zhou
et al., 2013). As one of the largest antibiotic producers and consumers
in the world, approximately 248,000 and 162,000 tons of antibiotics
are produced and consumed, respectively, per year in China (Zhang
et al.,, 2015a). These antibiotics are ultimately released into various
environments and increase the prevalence of both antibiotic-resistant
bacteria and antibiotic resistance genes (ARGs). The emergence of
multidrug-resistant “superbugs” has significant implications for mor-
tality rates worldwide, with the number of deaths caused by antibiotic-
resistant bacterial infections expected to exceed 10 million by 2050
(Release, 2017). As one of the most severe ecological risks, ARG pol-
lution has attracted a significant amount of attention worldwide
(Andersson and Hughes, 2014; Szabo et al., 2017).

receive approximately 350 million tons of MSW (Wu et al., 2017). As a
result of poor management of antibiotic use, considerable amounts of
expired antibiotics end up in landfills. For example, antibiotic con-
centrations > 1 mg/kg were detected in refuse from Shanghai, while
antibiotic concentrations in leachates from Hangzhou exceeded
100 mg/L (Wu et al.,, 2017; You et al., 2018). Both of these con-
centrations are high enough to promote the evolution of antibiotic re-
sistance in bacteria. In addition to antibiotics, various heavy metals and
organic pollutants are prevalent in landfills, and may also exert stress
on bacteria and induce the co-selection of antibiotic resistance (Sun
et al., 2016). Landfills are highly important half-open ecosystems; thus,
the abundance of ARGs in bacterial communities at these sites could
affect their corresponding abundance in other ecosystems. It is there-
fore imperative that we investigate ARG pollution of landfills.

Abbreviations: ARGs, Antibiotic resistance genes; FQs, Fluoroquinolones; MLs, Macrolides; SAs, Sulfonamides; MSWs, Municipal solid wastes; MGEs, Mobile genetic
elements; NH,*-N, Ammonia nitrogen; NO; ~/NO,-N, Nitrate/nitrite; TOC, Total organic carbon; DOG, Dissolved organic carbon; TP, Total phosphorus; 50427,

Sulfate; Cl~, Chloride
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ARG pollution of landfills has already been well studied. A study
from central China showed a high abundance of sulfamethoxazole-re-
lated ARGs but a low abundance of tetracycline-related ARGs in landfill
samples (Song et al., 2016), while B-lactam- and fluoroquinolones-as-
sociated ARGs were prevalent in landfill samples from Shanghai (You
et al., 2018). Overall, most studies have focused on mega-cities in
China, with few studies investigating ARG pollution in small- and
medium-sized cities, which may have a more complex waste input. This
complex input could induce co-selection of antibiotic resistance in
bacteria. However, how various factors, including environmental con-
ditions, antibiotics, heavy metals, and bacterial interactions, affect the
prevalence of ARGs in small- and medium-sized landfills is not well
understood, which limits our ability to control ARG pollution in these
ecosystems.

Therefore, in the current study we collected samples from 10 dif-
ferent landfills from small- and medium-sized cities in East China. We
examined the abundance of ARGs as well as the concentrations of an-
tibiotics and heavy metals in the samples. Moreover, the relationships
between various factors, including antibiotic concentrations (fluor-
oquinolones, macrolides, and sulfonamides), environmental factors (pH
and moisture), nutrient concentrations (dissolved organic carbon
(DOC), NH4*-N, NO;~/NO,-N, and total phosphorus (TP)), and
heavy metal contents (Pb, Zn, Cu, Cd, Cr and Ni), and the prevalence of
ARGs were analyzed. The effects of bacterial interactions on the
abundance of ARGs were also evaluated by exploring the relationships
between mobile genetic elements (MGEs) and ARGs. This study not only
enriches our knowledge on ARG pollution, but also provides guidance
on controlling the spread of ARGs in landfills.

2. Materials and methods
2.1. Sample collection and pretreatment

Refuse samples were collected from 10 small- and medium-sized
landfills in Zhejiang Province, China (Fig. 1). The locations (latitude
and longitude), capacities, and ages of all landfills are listed in Table S1.
At each location, five samples were collected within a 100-m? area at a
depth of 1.5 m. Approximately 10 kg of refuse from each of these five
sampling sites were combined into one sample per location. The sam-
ples were then shipped back to the laboratory on dry ice. All samples

Quzhou (QZ)
TT=5)

Fig. 1. Locations of the sampled landfills in Zhejiang Province, China.
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were collected from July to November 2018 (Table S1).

Each sample was divided into three portions. One portion was used
for physical and chemical index determinations, including pH,
moisture, DOC, NH,*-N, NO;~/NO, N, TP, Cl~, SO4>", and heavy
metals, while the second portion was stored at —40 °C for the detection
of antibiotics. The third portion was stored at —80 °C for DNA ex-
traction. Large particles, such as plastic bags and sandstones, were re-
moved. To reduce potential bias caused by the heterogeneous compo-
sition of municipal solid waste in subsequent analyses, refuse samples
were lyophilized (typically ~100-g aliquots) using a freeze-dryer. The
frozen samples were then ground and passed through a 0.15-mm sieve.

2.2. Physicochemical analysis

Physicochemical characterization of all samples was performed ac-
cording to standard methods for soil chemistry analysis (Lu, 2000). The
pH was measured from refuse-water suspensions (1:5, v/v). Refuse
moisture was measured gravimetrically. NH,*-N and NO;-N were
separately extracted using 2 M KCl and then analyzed by Nessler's re-
agent spectrophotometry and phenol disulfonic acid colorimetry, re-
spectively (Wang et al., 2017). NO,—N concentrations were determined
using the Brucine method (Tang et al., 2019). TP was measured using
the molybdenum blue spectrophotometric method (Song et al., 2016).
DOC was measured using a TOC analyzer (Ying et al., 2019). SO,>~ and
Cl~ were quantified using ion chromatography (Liu et al., 2018). All
samples were measured at least in triplicate.

2.3. Measurement of antibiotics

Twenty-one antibiotics belonging to three different classes, in-
cluding fluoroquinolones, macrolides, and sulfonamides, were quanti-
fied in this study (Table S3). The antibiotics were extracted using solid-
phase extraction with tandem cartridges. The first cartridge was a
strong anion exchanger (3 mL/200 mg; Supelco, USA) for cleanup,
while the second cartridge was a hydrophile-lipophile balance (6 mL/
500 mg; Waters, USA) for antibiotic absorption. Prior to extraction,
cartridges were preconditioned with 10 mL of methanol and 10 mL of
ultrapure water at a rate of 1 mL/min. The operational flow rate of
solid-phase extraction was maintained at 3-5 mL/min. A 1-mL aliquot
of the extracted sample was filtered through a 0.22-um hydrophobic
polytetrafluoroethylene membrane and stored at —20 °C. Antibiotic
concentrations were measured by ultra-performance liquid chromato-
graphy-tandem mass spectrometry. The mobile phase consisted of
eluent A (ultrapure water with 0.1% formic acid) and eluent B (acet-
onitrile). A triple quadrupole tandem mass spectrometer was used in
subsequent analyses with a Z-spray electrospray interface (Waters,
USA). The liquid phase and mass spectrometry conditions are described
in the Supplementary Information (Tables S2-54).

2.4. Heavy metal analysis

Six frequently-detected heavy metals (Pb, Zn, Cu, Cd, Cr, and Ni)
were selected for analysis and measured. In detail, 0.30 g of refuse was
mixed with hydrochloric acid, nitric acid, and hydrofluoric acid (1:3:2,
v/v/v) and then digested by microwave for 1 h. The digested solutions
were then placed on a hot plate for acid scavenging. The resulting mash
was rinsed using ultrapure water and resuspended in a final volume of
50 mL. Following filtration through a 0.22-ym aqueous membrane, the
heavy metals were quantified using inductively-coupled plasma-atomic
emission spectroscopy (novAA800; Jena, Germany) as previously de-
scribed (Sun et al., 2016).

2.5. DNA extraction

DNA was extracted as described previously (Staley et al., 2012),
with slight modification. Briefly, 0.25 g of refuse was vortexed in 5 mL
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of phosphate-buffered saline for 2 min. The mixture was centrifuged at
12,000x g for 10 min and then washed three times with ultrapure
water. The resulting precipitate was used for DNA extraction. Total
DNA was extracted from each sample using a Fast DNA Kit for soil (MP
Biomedicals, USA) according to the manufacturer's instructions. Ex-
tracted DNA with an ODyg9,/080 between 1.7 and 2.0 was used for
subsequent analyses. The qualified DNA samples were stored at —80 °C
for quantitative polymerase chain reaction (QPCR) analysis.

2.6. High-throughput real-time qPCR

Eight targeted ARGs, including three fluoroquinolone ARGs (gnrS,
qnrD, and mexF), three macrolide ARGs (mefA, ermA, and ermB), and
two sulfonamide ARGs (sull and sul2), were analyzed. In addition, five
MGE:s (intl1, intl2, tnpA01, tnpA02, and tnpA03) were examined. A TB
Green Premix Ex Taq II (Tli RNaseH Plus) Kit (Takara, Japan) was used
for high-throughput real-time qPCR amplification. Each 10-pL reaction
contained 1 pL of template DNA, 5 puL of TB Green Premix Ex Taq II (Tli
RNaseH Plus), 3 pL of double-distilled water, 0.4 pL of each primer, and
0.2 pL of ROX reference dye. All primer sets were designed and syn-
thesized by Wcgene Biotechnology Corporation (China). Primer se-
quences are provided in Table S5.

gPCR analysis was performed under the following conditions: 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s, with a
final extension at 60 °C for 10 min. A melt curve was automatically
generated by the StepOnePlus Real-Time PCR System (Applied
Biosystems, USA), with a cycle threshold (Ct) of 40 used as the detec-
tion limit.

The 272¢T method (Schmittgen and Livak, 2008) was used to cal-
culate the relative abundance of each of the ARGs, where ACy = Ct
(Genes) — Cr (16S rRNA)s Cr is the threshold CyCle, and Cr (Genes) and Cr (168
rna) Fepresent the threshold cycles of the targeted ARGs/MGEs and 16S
rRNA gene, respectively.

2.7. Statistical analysis

Pearson correlation analyses were conducted in SPSS version 23.0
(IBM Corporation, USA). Variation partitioning analysis was performed
using R software version 3.2 with the vegan package. Redundancy
analysis was performed using Conoco version 5.0 (Microcomputer
Power, USA) (Yang et al.,, 2014). GraphPad Prism version 8.0.1
(GraphPad Software Corporation, USA) was used to generate for bar
charts. All data were expressed as the means + standard deviation
(S.D.). Statistical significance was defined by 95% confidence intervals
(p < 0.05).

3. Results and discussion
3.1. Profiles of the investigated landfills

Ten landfills distributed across 10 small- and medium-sized cities in
Zhejiang Province, China, were investigated in this study. Excluding
those from Ningbo and Wenzhou, all landfills were situated in valleys.
All landfills in this study were classified as anaerobic, and pre-
dominantly received domestic garbage, kitchen waste, clinical refuse,
and activated sludge. As shown in Table 1, the refuse from these
landfills was slightly alkaline, and the moisture content ranged from
33.61% to 59.19%. The DOC, NH4*-N, NO;~/NO,-N, and TP con-
centrations varied considerably across the different landfills. Generally,
the DOC, NH;*-N, NO3;~/NO,-N, and TP concentrations in refuse
samples from Jiaxing, Hangzhou, Shaoxing, and Taizhou were higher
than those in samples from the other regional landfills.

Three classes of antibiotics, including fluoroquinolones, macrolides
and sulfonamides, were investigated in the landfill samples. As shown
in Fig. 2, all three classes of antibiotics were detected in all sampled
landfills. Fuoroquinolone concentrations were higher than those of
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macrolides and sulfonamides. For example, in the Jiaxing region,
fluoroquinolones were detected at a concentration of 1.4 mg/kg, while
macrolide and sulfonamide antibiotics were only present at ug/kg
concentrations. Interestingly, all three classes of antibiotics were pre-
sent at significantly higher concentrations in samples from the Jiaxing
region compared with those from other regions. This is likely the result
of rapid development of the livestock industry in this region (Zhu et al.,
2013). Previous studies have shown that antibiotic concentrations are
generally < 50 pg/kg in sediment (Chen and Zhou, 2014; Luo et al.,
2011) and soil (Wang et al., 2014). Similarly, antibiotic concentrations
in surface water (Li et al., 2014; Zhang et al., 2012) and samples from
wastewater treatment plants (Wang et al., 2019) are generally in the
ng/L to pg/L range. Landfills receive unwanted and unused drugs, il-
legal clinical waste, animal feces, used diapers, and toilet paper from
clinics, hospitals, and households (Eggen et al., 2010; Threedeach et al.,
2012; Zhao et al., 2018). As a result, antibiotics are often present at
much higher concentrations (ug/kg to mg/kg) in landfills compared
with other ecosystems. Thus, landfills are considered the main re-
positories for antibiotics (Song et al., 2016).

Our previous study showed that Cu, Cd, Cr, Zn, Ni, and Pb are
frequently detected in landfills (Long et al., 2011). Thus, these six heavy
metals were examined in the current study. As shown in Table 2, Cu, Cr,
Zn, and Pb were detected at concentrations > 100 mg/kg in all of the
landfills. The highest concentrations of Cu and Zn were detected in the
Jinhua and Taizhou regions, with concentrations of both metals ex-
ceeding 1000 mg/kg in these samples. In comparison, Cr and Pb were
abundant in samples from Wenzhou, with concentrations of
1179.71 mg/kg and 329.58 mg/kg, respectively. The high Cu and Zn
concentrations in Taizhou possibly result from the disposal of electronic
items, as Taizhou is one of the major electronic waste recycling and
disposal centers in China (Tang et al., 2010). High concentrations of Cr
and Pb in the Wenzhou samples are likely attributable to the active
leather working industry in the area (Song et al., 2012; Zhang and
Zhang, 2007). Based on Chinese environmental quality standards for
soil (Chinese National Standard: GB 15,618-1995; Cu, 100 mg/kg; Zn,
300 mg/kg; Cr, 250 mg/kg), this level of heavy metal contamination in
the landfills is considerable, and possibly induces stress that could
contribute to the evolution of antibiotic resistance (Wu et al., 2015;
Zhang et al., 2016).

3.2. Abundances of target ARGs in landfill refuse

We examined the abundance of eight different ARGs in the current
study, including fluoroquinolone-related ARGs (gqnrD, gqnrS, and mexF),
macrolide-related ARGs (ermA, ermB, and mefA), and sulfonamide-re-
lated ARGs (sull and sul2). As shown in Fig. 3, sulfonamide-related ARG
concentrations were generally higher than those of both fluor-
oquinolone- and macrolide-associated ARGs. The relative abundances
of sull and sul2 ranged from 2.19 x 1072 to 1.04 X 10~ copies/16S
rRNA and from 4.61 x 1073 to 2.88 x 10~ ' copies/16S rRNA, re-
spectively. Meanwhile, fluoroquinolone-related ARGs (gnrD, gnrS, and
mexF) and macrolide-related ARGs (ermA, ermB, and mefA) ranged in
concentration from 8.19 X 10 %t0 1.27 x 10! copies/16S rRNA and
from 4.94 x 10" °t0 2.16 x 10~ ! copies/16S rRNA, respectively. The
abundances of the sulfonamide-related ARGs (sull and sul2) were ap-
proximately one to two orders of magnitude higher than those of the
fluoroquinolone-related (qnrD, gnrS, and mexF) and macrolide-related
(ermA, ermB, and mefA) ARGs.

Typically, the relative abundance of ARGs in unpolluted environ-
ments ranges from 108 to 10 ~° copies/16S rRNA (Wang et al., 2015),
whereas concentrations in highly contaminated sites are often several
orders of magnitude higher (e.g., 10™%) (Graham et al., 2011; Munir
et al., 2011). In this study, the abundances of gnrD, qnrS, mexF, ermA,
ermB, mefA, sull, and sul2 in most landfills were greater than 107*
copies/16S rRNA. Previous studies suggest that the relative abundance
of qnrS and gnrD in soil is generally below 10~ * copies/16S rRNA
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Table 1
Physicochemical parameters in landfill refuse samples.
Sample Moisture pH Nutrients (mg/kg-dry refuse) Cl™ 504>~
Sites (%) (g/kg) (g/kg)
NH,*-N NO;™-N NO,™-N DOC TP
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Huz 42,59 = 11.76 7.82 = 0.29 2299 =+ 16.28 51.72 + 18.22 3.78 = 0.72 878.40 + 569.01 1382.14 = 846.81 0.79 = 0.36 8.39 *= 6.82
JH 51.16 + 10.83 7.91 = 0.01 293.85 * 66.42 37.36 = 19.30 7.17 = 0.74 1238.20 + 5.09 933.33 = 85.47 218 = 0.65 3.03 = 0.04
JX 59.19 + 7.33 8.08 = 0.44 19.58 =+ 15.63 102.04 = 11.97 5.00 = 3.67 6292 = 407.49 2704.58 *= 198.46 499 + 2.06 3.33 = 0.99
LS 51.84 + 6.01 8.43 + 0.13 219.31 = 37.84 87.68 *+ 7.24 1.85 = 0.53 1402.80 + 104.88 1890.85 + 102.33 1.02 + 1.21 233 * 1.03
NB 47.20 = 4.84 8.04 = 0.03 122.74 = 2.75 39.63 * 6.46 231 = 0.54 356.40 = 8.77 331895 + 338.11 1.71 = 0.26 1.95 + 0.28
QZ 55.98 + 24.24 8.09 = 0.24 296.85 * 83.79 48.87 = 543 12.18 + 0.67 899.07 * 58.14 1475.82 + 397.46 0.79 = 0.53 2.89 = 1.28
WZ 54.43 + 3.61 7.91 + 0.22 68.83 + 3.52 120.32 + 33.46 8.54 *= 0.60 1410.20 + 201.95 3822.22 + 462.16 0.55 * 0.37 3.86 + 0.58
HaZ 46.50 * 8.77 7.24 = 0.12 13251 = 35.78 2495 * 1.33 25.40 = 3.22 9164.93 *= 339.05 5265.94 + 249.01 4.62 = 0.99 4.35 = 2.08
SX 57.55 * 9.75 7.56 = 0.13 289.72 + 59.58 3.90 * 1.13 1.47 = 0.29 4118.67 = 30.88 3611.64 *= 369.73 4.16 = 0.58 15.93 *= 5.36
TZ 3361 = 1.84 7.96 + 0.02 210.67 * 6.61 14.76 *= 0.31 0.95 + 0.24  2066.37 = 148.39 6722.46 + 70.77 6.30 +* 0.84 10.12 = 1.86
All data shown are mean =+ standard deviation.
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Fig. 2. Total concentrations of (a) fluoroquinolone (FQ) antibiotics, (b) macrolide (ML) antibiotics, and (c) sulfonamide (SA) antibiotics in landfill refuse samples.

Table 2

Levels of heavy metals in refuse from different landfills.
Sample Sites Cu (mg/kg) Cd (mg/kg) Cr (mg/kg) Zn (mg/kg) Ni (mg/kg) Pb (mg/kg)
Huz 103.99 = 56.26 10.63 + 3.81 669.81 = 129.31 553.35 = 273.61 101.03 = 70.62 154.44 = 92.31
JH 1728.00 = 60.80 2.62 = 0.52 786.92 = 88.79 1773.36 = 182.42 196.36 = 7.12 240.95 = 77.95
JX 243.95 *+ 68.04 6.36 + 0.60 855.02 = 100.88 1407.32 = 398.19 82.09 + 7.88 283.22 = 58.03
LS 267.18 = 54.54 9.16 = 0.31 495.75 = 72.60 1031.19 + 248.08 110.51 *= 51.73 294.91 * 109.25
NB 756.83 = 2.44 6.77 = 0.01 168.48 + 5.68 880.11 = 41.11 256.67 = 1.22 139.88 = 5.87
QZ 234.34 = 76.85 2,52 * 0.11 208.90 = 59.23 637.78 *= 185.50 163.26 + 16.28 156.35 = 53.61
WZ 469.71 + 65.47 5.31 = 0.04 1179.71 = 177.60 1120.03 *= 56.80 120.89 *= 40.23 329.58 *+ 119.97
HaZ 154.39 = 48.97 591 = 0.93 432.57 = 28.39 788.59 * 429.59 11.95 + 6.05 119.08 = 21.83
SX 181.14 + 37.76 6.07 = 0.24 265.41 *= 103.08 1052.31 = 257.46 71.93 = 13.82 186.92 + 14.29
TZ 1074.79 = 84.79 4.88 + 2.22 232.30 = 21.28 1603.69 = 245.17 33.10 + 7.65 227.54 = 52.03

All data shown are mean * standard deviation.
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Fig. 3. Distribution of (a) fluoroquinolone (FQ) ARGs, (b) macrolide (ML) ARGs, and (c) sulfonamide (SA) ARGs in landfill refuse samples.
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Fig. 4. (a) Variation partitioning analysis differentiating the effects of mobile
genetic elements (MGEs), environmental factors, antibiotics, and heavy metals
on the alteration of target ARGs in landfill refuse. (b) Correlation between the
relative abundance of MGEs and the relative abundance of ARGs.

(Zhang et al., 2015b), while ermA and ermB are present at concentra-
tions below 10~° copies/16S rRNA in air (Li et al., 2018). In addition,
the abundance of sull ranged from 10~ to 10~ 2 copies/16S rRNA in
sediments, while sul2 abundance was less than 10~ ° copies/16S rRNA
in surface water (Ohore et al., 2019). Compared with other ecosystems,
landfills show a much higher level of ARG pollution. A considerable
amount of livestock manure, activated sludge, and illegal medical
waste, all of which contain high concentrations of ARG-carrying bac-
teria, is disposed in landfills (Ju et al., 2016; Wu et al., 2018). In ad-
dition, high concentrations of heavy metals and organic pollutants
contribute to the co-selection of the antibiotic resistance (Duan et al.,
2019; Sun et al., 2016). Together, these factors significantly contribute
to the higher levels of ARG pollution in landfills compared with other
ecosystems.

We observed significant variation in the prevalence of the different
ARGs among the different regions. As shown in Fig. 3a, gnrS and mexF
were most abundant in refuse from the landfill in the Lishui region,
followed by samples from Huzhou, Shaoxing, and Jiaxing. The average
relative abundances of gnrS and mexF in Lishui were 1.27 x 10~ ! and
3.90 x 10”2 copies/16S rRNA, respectively. As shown in Fig. 3b, the
greatest abundance of macrolide-associated ARGs (ermA, ermB, and
mefA) was observed in refuse from the Jiaxing landfill. The average
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relative abundances of ermA, ermB, and mefA were 1.24 X 1074,
1.41 x 107%, and 2.16 x 10~ ! copies/16S rRNA, respectively. As
shown in Fig. 3c, the greatest abundances of sulfonamide-related ARGs
sull and sul2 occurred in the Jiaxing (1.04 X 10™Y) and Wenzhou
(2.88 x 1071 regions, respectively. Overall, the relative abundances
of sull and sul2 exceeded 10~ 2 copies/16S rRNA in all regions except
for Huzhou, Jinhua, and Ningbo.

As demonstrated in previous studies, landfills are the main re-
positories for ARGs (Su et al., 2019). Of the genes investigated in the
current study, the abundances of fluoroquinolone-related ARGs gnrD,
qnrS, and mexF in samples from the Jiaxing and Lishui regions were
approximately one order of magnitude higher than those in samples
from Guiyang, Suzhou, and Nanjing (You et al., 2018). In comparison,
macrolide-associated ARGs ermA, ermB, and mefA and sulfonamide-re-
lated ARGs sull and sul2 were three-to five-fold more abundant in
samples from the Jiaxing and Wenzhou regions compared with those
from the Chongqing and Taiyuan landfills (Wang et al., 2015). Com-
pared with mega-cities, small- and medium-sized cities tend to show
higher levels of ARG pollution in landfills. The more complex refuse
sources in these areas possibly account for the increased ARG pollution
of landfills, as multiple types of pollutants can induce the co-selection of
antibiotic resistance (Sun et al., 2016). Notably, using Lishui as an
example, the concentrations of fluoroquinolones were low, while their
corresponding ARG concentrations were very high. This suggested that
ARG abundances were not always consistent with their corresponding
antibiotic concentrations (You et al., 2018; Wu et al., 2015). Therefore,
to better understand the occurrence of ARGs in landfills, factors con-
tributing to their abundance should be further explored.

3.3. Contributions of various factors to the abundances of ARGs

In a previous study, many factors were shown to possibly affect the
spread or occurrence of ARGs in landfills (Wu et al., 2015). Thus, the
contributions of these factors, including MGEs (integrons and transpo-
sons), environmental factors (pH, moisture, DOC, and NH,*-N, NO; ™~/
NO,-N, TP, SO,%>”, and Cl~ concentrations), antibiotics (fluor-
oquinolones, macrolides, and sulfonamides), and heavy metals (Cr, Cd,
Pb, Cu, Zn, and Ni), were individually examined by variation parti-
tioning analysis. As shown in Fig. 4a, the main factor contributing to
the occurrence of ARGs was MGEs, with a contribution of 50.6%.
Meanwhile, environmental factors, antibiotics, and heavy metals ac-
counted for 13.8%, 6.8%, and 2.1% of the abundance, respectively.

Although bacterial community shifts rather than MGEs are the
major factors shaping the antibiotic resistome in soil and groundwater
(Chen et al., 2016, 2017), most studies have shown that MGEs are the
determining factors in ARG pollution of landfills (Wu et al., 2018; You
et al., 2018). Consistent with these studies, we also found that MGEs
had the greatest impact on ARG abundance in refuse samples. In ad-
dition, there were significant positive correlations between the relative
abundance of ARGs and the relative abundance of MGEs (r = 0.818,
p < 0.001) (Fig. 4b). Compared with soil and groundwater, refuse
contains sufficient organic matter to sustain bacterial growth. Under
conditions of sufficient nutrition, horizontal gene transfer plays an
important role in ARG abundance within a relatively fixed bacterial
population (Zhou et al., 2018).

As the most important factor contributing to the occurrence of
ARGs, the correlations among various MGEs and ARG occurrence were
further analyzed by redundancy analysis. As shown in Fig. 5a, there was
a significant positive correlation between intll and sull in refuse
(p < 0.01). Because sull is embedded within the 3’-conserved region
of class 1 integrons (Luo et al., 2014b), intll drives the abundance of
sull in various ecosystems (Di et al., 2016; Wu et al., 2015; Yu et al.,
2016). intl2, the expression of which can be disrupted by the presence
of termination codon TAA, has previously only been shown to drive
increases in abundance of aadAla, dhfr, and sat. Consistent with these
observations, we found that intl2 was not correlated with the
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Fig. 5. Redundancy analysis (RDA) of the relationships between (a) MGEs and ARGs, (b) antibiotics and ARGs, (c) environmental factors and ARGs, and (d) heavy

metals and ARGs in landfill refuse samples.

abundance of the fluoroquinolone or macrolide resistance genes ex-
amined in this study (Li et al., 2017; Zhang et al., 2020). However,
transposons were closely associated with the abundance of fluor-
oquinolone- and macrolide-associated ARGs. In particular, tnpA03 was
significantly positively correlated with the abundance of gnrS, ermA,
ermB, and mefA (p < 0.01, Table S6). Because of their nonspecific
integration into the bacterial chromosome, transposons have been
correlated with increased abundance of various types of ARGs. In ad-
dition, because of their molecule structures, the abundance of ermA and
ermB is often affected by transposons.

Conventional wisdom holds that the prevalence of ARGs is mainly
affected by selective pressure from corresponding antibiotics (Shao
et al., 2018; Wu et al., 2015). As mentioned above, the contribution of
antibiotics in the refuse samples to the abundance of resistance genes

was only 6.8% (Fig. 4a). Further, no significant correlations were found
between most target antibiotics and their corresponding ARGs (Fig. 5b).
Both results suggest that, in contrast to previous thinking, antibiotics do
not drive the prevalence of ARGs in landfills (Zhao et al., 2018). The
concentrations of most of the target antibiotics in the landfill samples
were approximately one to two orders of magnitude lower than the
reported minimum inhibitory concentrations in the environment (e.g.,
sulfamethoxazole, amoxicillin, and erythromycin minimum inhibitory
concentrations are 64, 18, and 64 mg/L, respectively), and therefore
unlikely to be sufficient to rapidly select for antibiotic resistance
(Kibuule et al., 2016; Luo et al., 2014a). Actually, sub-inhibitory con-
centrations of antibiotics could act as a signal for cell-to-cell commu-
nication, which benefits horizontal gene transfer (Jutkina et al., 2018).
Under low selective pressure, horizontal gene transfer events are much
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more random than those that occur under high stress conditions, and
increases in abundance would not necessarily occur in exactly corre-
sponding ARGs (Andersson and Hughes, 2014). Furthermore, the ob-
served significant correlation between sull and sul2 and the macrolide
antibiotics examined in this study (p < 0.01, Table S7) provides evi-
dence of co-selection among the ARGs and other classes of antibiotics in
landfills (Chen and Zhang, 2013). Both the low selective pressure and
co-selection patterns explain the finding that antibiotic stress was not
the main factor contributing to the prevalence of ARGs in landfills.

The abundance of ARGs could be affected by environmental factors,
which accounted for 13.8% of the observed abundance in the current
study. As shown in Fig. 5c, there were significant positive correlations
between pH and both macrolide-associated ARGs (ermA, ermB, and
mefA) and fluoroquinolone-associated ARGs (qnrS and mexF)
(p < 0.05, Table S8). Compared with sulfonamides, fluoroquinolones
and macrolides demonstrate higher stability under weak alkaline and
solid-phase conditions (kq (FQs) > kq (MLs) > kg (SAs)) (Song et al.,
2016; Yu et al., 2016). This stability may promote the generation and
spread of macrolide- and fluoroquinolone-related ARGs. Nitrate con-
centration mainly affected the abundances of sull and sul2 (p < 0.01,
Table S8). According to Sun et al. (2016), levels of sulfonamide re-
sistance were higher than levels of macrolide and fluoroquinolone re-
sistance under restricted nitrogen conditions, with sull copy numbers
positively correlated with nitrate concentrations (Song et al., 2016).
Although the link between nitrate and sulfonamide resistance appears
obvious, this mechanism is still worthy of further study.

Our study indicated that heavy metals have less impact on the
presence and transfer of ARGs in landfills compared with other factors,
which is in line with findings from previous studies (Wu et al., 2017).
However, based on additional redundancy analysis (Fig. 5d), there was
a close relationship between certain ARGs and specific heavy metals.
Some ARGs were impacted by the presence of Zn and Cr. Notably, Cr
and Zn were significantly positively correlated with both sull and sul2
(p < 0.05, Table S9). Recent studies suggest that different metals (Cr
(VI) and Zn (II)) cause discrete and distinct types of injuries to micro-
bial cells as a result of oxidative stress, protein dysfunction, or mem-
brane damage (Lemire et al., 2013; Zhang et al., 2018). Reactive oxygen
species production induced by heavy metals likely contributes to the
promotion of conjugative transfer (Zhang et al., 2018), which in turn
promotes the spread of ARGs between different bacterial species
through horizontal gene transfer.

4. Conclusion

This study revealed that ARGs and antibiotics are highly abundant
in landfills across East China. Compared with macrolide and sulfona-
mide antibiotics, fluoroquinolone antibiotics were present at much
higher concentrations in the refuse samples, with a maximum fluor-
oquinolone concentration of 1406.85 pg/kg recorded in the sample
from Jiaxing. The abundances of gnrD, gnrS, mexF, ermA, ermB, mefA,
sull, and sul2 in most of the landfills were > 10~ * copies/16S rRNA,
indicating high levels of ARG contamination. There were no significant
correlations between antibiotics and their corresponding ARGs, while
MGEs were identified as the major contributors to the abundance of
ARGs in landfills. This study not only reveals that landfills are a re-
servoir of ARGs, it also provides a theoretical basis and guidance for
controlling the spread of landfill ARGs in the future.
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