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Abstract: Landfill leachate is regarded as a significant point source of pollutants that may pose a
hazard to the environment, particularly to surface and ground waters. Leachates are highly variable
and heterogeneous. Our study was focused on the characterization of landfill leachates derived
from young (YDS) and matured (MDS) dumpsites in terms of the abundance of micropollutants,
antimicrobial resistance genes (ARG), and microbial community structure. The concentrations of
poly- and perfluoroalkyl substances (PFASs) were found to be higher in MDS compared to YDS, i.e.,
13.19 and 7.16 µg/L, respectively. Among pharmaceutical compounds, ibuprofen was detected at
the highest concentrations, i.e., 12.54, 12.81, and 13.13 µg/L, in the leachates derived from MDS,
YDS, and ponds. The distribution of bacteria, archaea, eukaryotes, and viruses in the three leachate
samples was as follows: 85.15 ÷ 88.04%, 9.13 ÷ 12.29%, 2.20 ÷ 2.68%, and 0.12 ÷ 0.15%, respectively.
In total, 31 distinct families of ARGs were identified, comprising a total of 80 ARGs. Incubation of
P. putida MSCL650 in sterile leachate from the pond resulted in decreasing the minimum inhibitory
concentrations for six antibiotics as compared to cells incubated in nutrient broth. Hydrological
processes, i.e., runoff and infiltration, can increase the dissemination of ARGs.

Keywords: antimicrobial resistance genes; biodiversity; landfill; microbial community structure

1. Introduction

The worldwide use of antibiotics stimulates the evolution of bacterial resistance to
antibiotics due to selection pressure, which poses a global health burden. In this respect,
the dissemination paths of antibiotic resistance genes (ARG) from anthropogenic sources
represent an important area of research. The main sources of antibiotics, antibiotic-resistant
bacteria (ARB), and ARG are as follows: wastewater treatment plants, sewer runoff, pharma-
ceutical manufacturers, hospitals, agricultural and animal industrial sources, and estuaries,
as well as landfill leachate [1–3].

According to EU Council recommendations in 2022, strengthening the environmental
monitoring of antimicrobial resistance (AMR) in groundwater and surface waters is needed
to combat AMR according to the One Health approach [4].

Furthermore, the role of environmental (ambient) waters in the development, trans-
mission, and spread of AMR should be prioritized as well [5]. Several critical issues related
to effectively tackling the spread of AMR still remain unclear, e.g., (i) what kind and levels
of ARGs in water carry a risk of acquiring resistant infections; (ii) what are the key hotspots
for horizontal transfer of ARGs; (iii) which environmental factors elevate the selective
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pressure for maintenance of ARGs; and (iv) what are the best monitoring approaches [6,7].
The impact of four domains, i.e., mankind, livestock, agriculture, and the ecosystem, should
be recognized [8].

Micropollutants act as stressors, sharing a similar stimulating mechanism through
several changes in bacterial gene expression. Among the stressors affecting ARG dissemi-
nation in waters are pharmaceutical compounds (PC), plastics, poly- and perfluoroalkyl
substances (PFAS), heavy metals, and others [9–12].

Since these stressors are present in wastewater almost everywhere at trace levels,
controlling the conditions that cause stress is extremely difficult [13].

Over 1000 ARG subtypes have evolved and multiplied because of prolonged antibiotic
treatments, and the diversity of the microbial communities in wastewater sludge has been
reduced [2,9,14]. The potential impact of PC on the spread of AMR through wastewater
effluents can be evaluated by “predicted no-effect concentrations” (PNECs). The list of PCs
currently published by the pharmaceutical manufacturing industry includes 125 antibiotics.
However, this list does not encompass all known antibiotics [15]. A recent statistical
evaluation of the data has been performed using 0.05 µg/L of antibiotics as the default
PNEC [15].

The high ubiquity, resistance to degradation, and potential toxicity of PFAS have
recently received a lot of attention from environmental regulators and the general public.
These micropollutants are derived from the textile finishing, semiconductor, paper, and
chemical industries [10,16].

The EU Commission recently proposed to amend the Directive on Environmental
Quality Standards (EQS) with additional quality standards for groundwater priority pollu-
tants, e.g., PFAS (0.0044 PFOS equivalents), carbamazepine (0.25 µg/L), sulfamethoxazole
(0.01 µg/L), a sum EQS for PC (0.25 µg/L), and a sum EQS for non-relevant pesticide
metabolites (nrMs). It has been proposed by the Commission to assess PFAS substances, for
which the sum of EQS shall be expressed as PFOA equivalents, using the Relative Potency
Factor (RFP) approach [17]. The total PFOA emissions from landfills in the United States in
2013 were estimated to be 52 kg/year [18].

At present, the assessment of AMR hazards in the community remains challenging
due to the heterogeneity of the sources and the lack of data on the genomic, biochemical,
and community levels [8]. The relative impact of the environment versus the influence
of different stress-inducing factors (e.g., bacteriophages, biocidal agents, heavy metals,
detergents, pesticides, temperature, pH level, and others) should be evaluated in the
context of AMR [8,19]. The transmission routes of ARG in the environment are studied
for informing and improving policy and monitoring systems, as well as identifying the
relevant sampling locations and potential intervention points [20]. Among the potential
routes of ARG transmission are surface waters (designated bathing areas, lakes, estuaries),
groundwater resources and their vulnerability, municipal water supplies, and others [20].

Landfill leachate is regarded as a significant point source of pollutants that may pose
a hazard to the environment, particularly to surface and groundwater. In the context of
AMR dissemination risks, recent studies have characterized landfill leachates in terms
of microbial community structure [12], viral abundance and related bacterial hosts [21],
AMR abundance [22], the concentration of micropollutants (e.g., PC and PFAS) [23–26],
seasonal variations [27], and a comparison between different landfills [28]. Nevertheless,
more research is needed to evaluate the potential risks of AMR dissemination from landfills
in order to reveal common trends and specific differences regarding local landfills.

Our study was performed with leachates from the Getlini landfill, which has served
Riga and the surrounding municipalities since 1973, collecting about half of the municipal
waste volume produced in Latvia. It was hypothesized that landfill leachates derived
from young (YDS) and matured (MDS) dumpsites, as well as leachate ponds, would differ
in terms of micropollution, ARG abundance, microbial community structure, and the
risks of AMR induction by leachates. The dumpsites of different ages differed by waste
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composition and stage of waste decomposition and might have distinct differences in the
aforementioned parameters.

2. Materials and Methods
2.1. Characterization of the Getlini Landfill and Leachate Collection

Landfill leachates were obtained at the Getlini municipal solid waste landfill, which
is managed by SIA Getlini EKO (Riga, Latvia) (Figure 1). Getlini MSW landfill area is
87 hectares, and it currently receives 700–1000 tons of waste daily, amounting to ~215 thou-
sand tons per year. Getlini landfill operations started in 1973 as a municipal and industrial
waste dumpsite for the city of Riga. The initial dumpsite was located in an abandoned sand
quarry, but later, it expanded on the adjacent Getlini Bog. Major changes in the landfill
operation started in 1996 when a project financed by the World Bank was launched. The
project included the closure and remediation of the old dumpsite (ODS in Figure 1) and the
construction of modern, environmentally responsible waste disposal cells with leachate and
landfill gas collection systems. Nowadays, the Getlini landfill continuously implements
solutions that are environmentally friendly and minimize the volume of landfilled waste.
The old dumpsite area does not have a leachate collection system, but some of the leachate
seeping from the “waste hill” is collected in the leachate collection pond, where it mixes
with the leachate from waste cells (MDS and YDS areas—see Figure 1). The MDS and YDS
differ by waste composition and the duration of operation. In particular, the MDS has
received mixed municipal wastes, inert wastes, and treated wastes for 10 years, then closed
for 13 years until the sampling time. In turn, the YDS has received biological waste and
operated since 2015 until the sampling time, i.e., May 2020. Leachate samples were taken
in a collector manhole where outlets from the MDS leachate collection system (sample G1)
and the YDS leachate collection system (sample G2) are accessible. A sample containing a
mixture of all leachates, including leachate seeping from the old dumpsite area, was taken
from the leachate collection pond (sample G4) (Figures 1 and A1). All three samples were
taken on one day, and the composite samples were obtained from ten individual samples
taken for one hour.
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2.2. Physicochemical Testing of Leachates

The pH value and electrical conductivity (EC) were measured using a WTW Multi9620
IDS with the SenTix 940 P and TetraCon 925 electrodes, respectively. The total nitrogen
concentration was measured by Koroleff’s method and reaction with DMP, using a WTW
photoLab S12 and WTW CR 420 thermoreactor, as well as the Spectroquant Nitrogen (total)
10–150 mg/L N kit (1.14763.0001). For measuring the N-NH4, a Spectroquant Ammonium
Cell Test 4.0–80.0 mg/L N-NH4 kit (1.14559.0001) was applied based on the reaction with
hypochlorites in a strong alkaline solution, followed by photometric determination with
sodium nitroprusside using WTW photoLab S12. The chemical oxygen demand (COD)
was determined using the Spectroquant COD Cell test 300–3500 mg/L kit (1.14691.0001)
based on the reaction with potassium dichromate, sulfuric acid, and mercury (II) sulfate at
148 ◦C for 2 h, using the WTW photoLab S12 and WTW CR 420 thermoreactor.

2.3. Analytical Determination of Micropollutants

PFASs were analyzed according to the method described in [29], with some mod-
ifications in order to extend the scope of the analysis. Modifications were made in the
HPLC gradient program, and detailed gradient ramps are provided below. Briefly, 5 mL
of the leachate sample was diluted to 200 mL with ultrapure water and spiked with a
methanolic solution containing 13C-labeled PFAS surrogates (5 ng of each component).
The resulting sample extract aliquots were added to Strata-X-AW 33 m 200 mg/3 mL SPE
(Phenomenex, Torrance, CA, USA) cartridges that had been provisionally preconditioned
with 3 mL of 1% NH4OH in MeOH, 3 mL of MeOH, and 3 mL of reagent grade water at a
flow rate of less than 5 mL min−1. After loading the columns with the sample, they were
washed with 2% formic acid (1 mL) and MeOH (3 mL), dried for 30 min under vacuum,
and then the analytes were eluted with 6 mL of 1% NH4OH in MeOH into a 10 mL glass
vial. Before the HPLC-Orbitrap-MS analysis, the eluted extracts were concentrated to
dryness under a moderate nitrogen stream at 30 ◦C and reconstituted with MeOH (100 µL).
High-performance liquid chromatography coupled with Orbitrap high-resolution mass
spectrometry (HPLC-Orbitrap-HRMS) was used for PFAS analysis. A Kinetex-C18 reversed-
phase column (50 mm × 3.0 mm, 1.7 µm) was used to separate the target analytes with an
injection volume of 5 µL for standard solutions and sample extracts. Analyte separation
was performed at 40 ◦C with a mobile phase consisting of (A) 10 mM ammonium formate,
0.2% formic acid, methanol/water (1:9, v/v), and (B) methanol/acetonitrile (50:50 v/v).
The effective gradient began at the initial composition (A/B) of 90:10 (v/v), which was
held for 1.0 min, and then linearly ramped to an A/B ratio of 5:95 (v/v) over an 8.0 min
period, where it was held for 4.0 min before returning to the initial conditions over 0.5 min.
The column was equilibrated with the initial A/B ratio of 85:15 (v/v) for 3.0 min between
the runs. The mobile phase flow rate was held constant at 0.3 mL min−1. The heated
electrospray interface (HESI-II) operating in negative ionization mode was applied for the
analysis. The parameters of HESI-II were the following: capillary temperature, 250 ◦C;
electrospray voltage, 4.5 kV; sheath gas flow rate, 20 arbitrary units (AU); auxiliary gas
flow rate, 5 AU. The mass spectrometric ion detection was performed in parallel reaction
monitoring (PRM) mode with a resolving power of 17,500 FWHM; automatic gain control
(AGC), 1.0 × 105 with a maximum injection time of 200 ms. Two m/z→ m/z transitions
were used for each analyte. The isotopic peak ratios and retention periods of the monitored
ion transitions were used to identify the analytes. The permissible range for the isotope
ratio of the target and confirmation transitions was established at 30% of the average value
attained for the calibration standards from the same sequence. Spiked samples and materi-
als from earlier proficiency tests (PT) were routinely incorporated into the QC technique as
well as each sample sequence to assess the continuous recovery of target analytes. In each
sample sequence, procedural blanks with added internal standards were evaluated. These
blanks were prepared without a matrix, using only the chemicals specified in the analytical
protocol, and subjected to the full analytical procedure.
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A previously described procedure was used to test the PC [30]. Briefly, SPE and
dilute-and-shoot techniques were used for sample preparation. On a 2D-HPLC–MS/MS
device operating in PRM mode, instrumental analysis was performed by scanning two ion
transitions for each chemical. On deionized water, multiple-level procedural calibration was
used for quantification. In the reconstitution process, internal standards of salbutamol-d3
and ibuprofen-d3 were employed to account for the matrix effects in LC-MS/MS studies.

2.4. Characterization of Culturable Microorganisms

Using Biolog EcoPlate™ (Biolog, Inc., Biolog, Hayward, CA, USA), the catabolic
diversity of the microbial population in leachates was identified. With EcoPlate™, the
redox indicator tetrazolium dye produces a color that may be used to assess the metabolism
of the substrate. Leachates were inoculated (100 µL) into each well, diluted with a sterile
0.85% NaCl solution, and then incubated for 72 h at 23 ◦C with periodic shaking and
measurement (once per 24 h) using a TECAN Infinite F50 microplate reader (Switzerland).
The results of Biolog profiles were presented by the Shannon diversity index, which was
calculated by the following Eq1: H′ = −Σ pj log2 pj, where pj = relative color intensity of
the individual well [31]. The ratio of the usage of N-containing substrates in the EcoPlate™
to the overall substrate utilization was computed to determine the nitrogen use index
(NUSE) [32,33].

2.5. Testing of Microbial DNA in Leachates
2.5.1. DNA Extraction and Shotgun Sequencing

Using the manufacturer’s instructions, the FastDNA SPIN Kit for Soil (MP Bio-
Medicals, Irvine, CA, USA) was used to isolate DNA from the samples. Normalized
to the initial library input of 500 ng, DNA samples for the shotgun metagenomic studies
were then sheared with a Covaris S220 Focused Ultrasonicator (Covaris, Woburn, MA, USA)
to achieve an average fragment size of 400 bp. Following the manufacturer’s instructions,
libraries were created using the MGIEasy Universal DNA Library Prep Set V1.0 (MGI Tech
Co., Shenzhen, China). Using the Agilent High Sensitivity DNA kit on an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and the Qubit High Sensitivity
dsDNA assay kit on a Qubit 2.0 instrument (both from Thermo Fisher Scientific, Waltham,
MA, USA), quality control of the libraries was performed. The depth of the sequence was
calculated to be at least 20 million reads per sample (paired-end read length of 150 bp). In
order to prepare DNA nanoballs (DNBs), pooled and circularized libraries were employed
as templates. The PE150 flow cell was loaded with DNBs via an automated DNB loading
method. According to the established protocol, the libraries were sequenced with the
DNBSEQ-G400 sequencer using the DNBSEQ-G400RS High-Throughput Sequencing Set
(MGI Tech Co., Shenzhen, China).

2.5.2. Shotgun Sequencing Data Analysis

Trimmomatic v.0.39 [34] was used to perform quality trimming on the collected raw
paired-end reads. Sequences less than 36 nt were ignored, and the leading and trailing
quality levels were set to Q30 and Q30, respectively. Sequences were first quality-filtered,
after which they were matched to the human genome reference (hg19), and bowtie2 [35]
v.2.3.5.1 was used to eliminate complementary sequences. Sequences were then separated
into paired files using bedtools2 and sorted by reading names using samtools [36]. The
Kraken2 [37] program and internal Kraken2 database, which comprise taxonomical ref-
erence data on bacterial, fungal, viral, and protozoan domains, were used to obtain the
taxonomic profile. The R-based Pavian [38] v1.0 tool was used to perform taxonomical
aggregation. MetaSPAdes [39] assembler was used to accomplish de novo read assembly
into scaffolds. The generated assembly was evaluated using MetaQuast [40]. The assembly
database and the local alignment of input reads to assembly were performed using Bowtie2.
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2.5.3. Identification of Microbial Resistance Genes

The Resistance Gene Identifier (RGI) v.5.1.1, the Comprehensive Antibiotic Resistance
Database (CARD) [41], and the DIAMOND [42] alignment tool were used to create scaf-
folds to predict the resistome profile in the samples. The heat map function of RGI was
used to organize resistance genes according to the drug class, gene family, and resistance
mechanism in order to gather results for each sample. Additionally, hierarchical clustering
was carried out to group samples according to how similar they were.

2.6. Risk of AMR Induction by Leachates

The changes in bacterial susceptibility to antibiotics after a 28-day incubation in
leachates were tested. Leachate samples (MDS, YDS, and pond) were aseptically filtered
using 0.22 µm syringe cellulose acetate filters (STARLAB International GmbH, Hamburg,
Germany). A 24-hour-old culture of Pseudomonas putida MSCL 650 (previously obtained
from the Microbial Strain Collection of Latvia (MSCL), University of Latvia) was used
as a test bacterial culture. The inoculum was prepared in a liquid TSB broth with the
following composition: g/L: tryptone 17.0 g; papaic digest of soybean meal 3.0 g; glucose
2.5 g; K2HPO4 2.5 g; NaCl 5.0 g. The pH value of the ready-to-use media at 25 ◦C was
7.3 ± 0.2. After 24 h cultivation at 28 ◦C with periodic shaking, the cells were collected by
centrifugation at 10,000 rpm and rinsed twice with 0.85% NaCl. A suspension of P. putida
with a cell concentration of 107 cells/mL was added to sterile leachate (1 mL inoculum and
9 mL leachate). Incubation was performed in sterile 15 mL screw-cap tubes at 28 ◦C with
periodic shaking. An additional tube with TSB served as a positive control. After 28 days
of incubation, the cells were collected and rinsed, as mentioned above. The susceptibility
of P. putida cells to antibiotics was tested using the MICROLATEST MIC®, NEFERM kit
(Cat. No. MLT00046, LACHEMA, Pliva, Czech Republic), according to the manufacturer’s
instructions. Each determination consisted of 12 antibiotics at 8 concentrations (Figure A3C).
The results were read manually after 20 h incubation at 28 ◦C and expressed as the minimum
inhibitory concentration (MIC).

2.7. Microscopy Study

The samples were analyzed using a Leica DM RA-2 confocal laser scanning microscope
(CLSM) (Wetzlar, Germany) equipped with a TCS-SL confocal scanning head. The cell
culture was washed twice with a sterile 0.95% NaCl solution and centrifuged at 10,000 rpm,
then fixed with 70% ethanol and afterward stained with 20 mM propidium iodide (PI). The
PI was excited at the 488 nm band, and fluorescence was detected between 600 nm and
640 nm.

2.8. Statistical Analysis

The data are provided as mean values with standard deviations. The Student’s t-test
and one-way analysis of variance (ANOVA) were used in an MS Excel 2308 environment to
evaluate the differences between the treatments. The vegan v.2.5.6 package was used to
compute the Chao1, Shannon, and Simpson indexes of alpha diversity, and the phyloseq
v.1.30.0 program was used to visualize the results.

3. Results
3.1. Physicochemical Characterization of Leachates

The physicochemical characteristics of leachates are presented in Table 1. Leachates
from MDS, YDS, and pond slightly differed by N-NH4

+ and COD, with the lower values in
YDS (Table 1).
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Table 1. Physicochemical characterization of leachates.

Parameter MDS YDS Pond

pH 8.15 8.16 8.15

EC (mS/cm) 28.2 27.0 26.9

N (mg/L) 2620 2560 2620

N-NH4 (mg/L) 2400 1674 2238

COD (mg/L) 7880 5015 6425

3.2. Analytical Testing of Micropollutants

Two broad groups of micropollutants, i.e., PFAS and PC, were tested in the leachates.
The abundance of PFAS in landfill leachates differed depending on the sampling site. In
total, eight PFAS compounds were detected at the overall concentrations of 13.19, 7.16, and
11.14 µg/L in MDS, YDS, and pond, respectively (Figure 2A). Among the PFAS detected,
PFBS prevailed in all three leachate samples, i.e., at 6.79, 2.73, and 5.28 µg/L levels in
MDS, YDS, and pond, respectively. Other PFAS compounds varied in the range of 0.05 to
1.78 µg/L (Figure 2A). The testing of PC revealed an abundance of eleven compounds
belonging to three drug classes, i.e., nonsteroidal anti-inflammatory drugs (NSAIDs),
macrolides (clindamycin), and lincosamides (lincomycin), as well as sulfonamides. Among
the PCs, NSAIDs were the most abundant in all three leachate samples. Particularly, the
concentration of ibuprofen in MDS, YDS, and pond was 12.54, 12.81, and 13.13 µg/L, while
diclofenac was 3.93, 4.52, and 6.08 µg/L, respectively (Figure 2B).
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perfluorononanoic acid; PFOA—perfluorooctanoic acid; PFHpA—perfluoroheptanoic acid; PFHxA—
perfluorohexanoic acid; PFPeA—perfluoro-n-pentanoic acid; PFBA—perfluorobutanoic acid.

3.3. Characterization of Culturable Microorganisms

We conducted the EcoPlateTM test to characterize the functional diversity of cultur-
able microorganisms in the environmental samples collected at the MDS, YDS, and pond
collection sites. The results of the EcoPlateTM test and Shannon index calculation indicated
that the highest Shannon index at the 24 h mark was at the MDS collection site. However,
there was no notable increase in the Shannon index between 24 h and 96 h, only ranging
from 1.96 to 2.00. This could indicate that the microbial community in the sample consis-
tently utilized the available carbon sources, pointing to the lower level of variation in the
functional diversity of the microbial community compared to the other ones. The YDS
collection site had a notable Shannon index growth from the 24 h mark to the 96 h mark,
ranging from 1.33 to 1.82, although it was not as significant as the growth in samples from
the pond collection site. The highest functional diversity of the microbial community was
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from the pond collection site, where the Shannon index ranged from 1.59 to 3.23, suggesting
a diverse utilization of carbon sources by the microorganisms (Figure 3A). The nitrogen
use index NUSE remained stable in leachates from YDS and ponds upon 96 h incubation,
while in leachates from MDS, the NUSE was 0%, 57%, 36%, and 42% after 24 h, 48 h, 72 h,
and 96 h, respectively (Figure 3B).
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wells for each carbon substrate in EcoPlateTM.

3.4. Taxonomic Profile of Leachate Samples

Bacterial DNA was found to be prevalent among the categorized reads in the metagenome
at rates ranging from 28.94% to 10.20%, while viral and fungal reads were in the ranges
of 0.01–0.02 and 0.04–0.05%, respectively. Over 25% of the reads in the treated samples
remained unclassified. The distribution of bacteria, archaea, eukaryotes, and viruses in
the three leachate samples was as follows: 85.15–88.04%, 9.13–12.29%, 2.20–2.68%, and
0.12–0.15%, respectively. The overall abundance of microbial phyla in MDS, YDS, and
ponds slightly varied. The main phyla present in leachate samples were Proteobacteria,
i.e., 43.76, 54.70, and 53.32%, respectively. A relatively high abundance of Firmicutes
(8.51–13.11%) and Euryarchaeota (9.37–12.53%) was also detected in leachate samples
(Figure 4A). The phylum of Proteobacteria at the order level was represented in MDS, YDS,
and pond by Pseudomonadales (20.50, 11.81, and 15.53%, respectively) and Campylobac-
terales (1.62, 16.63, and 1.53%, respectively) (Figure 4B). At the genus level, Proteobacteria
were represented mostly by Pseudomonas (1.02, 1.14, and 1.25%, respectively) and Psy-
chrobacter (0.16, 0.73, and 3.71%, respectively) (Figure 4C), whereas at the species level,
Pseudomonas sp. C27 (2019) dominated (9.15, 5.19, and 8.51%, respectively) (Figure 4D).
Regarding archaea, Euryarchaeota at the phylum level (12.17, 12.53, and 9.36%, respec-
tively) and Methanomicrobiales (10.49, 11.46, and 2.27%, respectively) at the order level
were represented in higher abundance in MDS and YDS compared to the pond. In turn,
at the species level, Methanoculleus sp. MAB1, Methanoculleus bourgensis, Methanoculleus
marisnigri, and Methanothermobacter wolfeii were detected at a relative abundance above 1%
(Figure 3).

Regarding the alpha diversity of samples, the highest Chao1 measure was obtained
for YDS—8885.95, followed by MDS and pond. On the contrary, the richness estimator, e.g.,
the Shannon index, was highest for the pond—7.23, followed by YDS and MDS. Similarly,
the highest value of the evenness estimator—the Simpson index—was observed for the
pond—0.99, followed by YDS and MDS (Figure 5).
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In the context of AMR, the species/genera/families from the list of antibiotic-resistant
“priority pathogens” [43] have been selected from the sequencing results and summarized
in Table A1. The most abundant family from this list was Enterobacteriaceae, found in MDS,
YDS, and ponds at concentrations of 1.294, 0.984, and 1.324% (relative abundance). Also,
the relative abundance of Campilobacter spp. exceeded 1% in the YDS leachate (Table A1).
The abundance of viruses in the tested leachates is summarized in Table A2.

Antimicrobial Resistance Genes in Metagenomic Data

In the metagenomic analysis, we identified 31 distinct families of antimicrobial re-
sistance genes (ARG), such as Erm 23S ribosomal RNA methyltransferase, glycopeptide
resistance gene cluster, lincosamide nucleotidyltransferase, and tetracycline-resistant ribo-
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somal protection protein, among others (Figure A1B). Collectively, these families encompass
a total of 80 ARG genes, including aadA13, linG, mphE, qacEdelta1, adeF, sul2, and others.
These ARG genes can be classified into five mechanism groups associated with resistance:
antibiotic efflux, antibiotic inactivation, antibiotic target alteration, and antibiotic target
replacement (Figure A1A). Furthermore, they confer resistance against 19 different classes
of antibiotics, such as aminoglycosides, glycopeptides, fluoroquinolones, lincosamides,
macrolides, streptogramins, and tetracyclines, as well as disinfecting agents and antiseptics
(Figure A1C).

Consistent with the findings of analytical approaches (Section 3.2), sulfonamides were
identified in all samples (Table 2). Specifically, we detected a total of 13 genes associated
with the alteration of lincosamide antibiotics. The highest number of these genes (n = 11)
was observed in the pond, with such exemplars as Erm(35), ErmB, and lnuB, among others,
followed by YDS (n = 10) with ARG genes, including Erm(42), ErmF, and lnuC. In contrast,
the lowest number of lincosamide antibiotic-altering genes was detected in MDS (n = 8). In
terms of sulfonamides, we were able to identify three ARG genes that modify the efficacy
of sulfonamide antibiotics, namely sul1, sul2, and sul3. All three genes were consistently
detected across the analyzed samples, except for MDS, which contained only sul1 and sul2
(Table 2).

Table 2. The presence of AMR genes in the landfill leachate samples.

Antibiotic Class Compounds Belonging to the
Class of Antibiotics

AMR Gene Resistance
Mechanism

Presence of AMR Gene

MDS YDS Pond

Lincosamides Lincomycin and clindamycin

Erm(35)

antibiotic target
alteration

- X X

Erm(42) - X -

Erm(47) X X X

ErmB X X X

ErmC X - X

ErmF X X X

ErmG X X X

linG

antibiotic
inactivation

X X X

lnuB X - -

lnuC X X X

lnuF - X X

lnuG - X X

lsaE antibiotic target
protection - - X

Sulfonamides

Sulfisomidin, sulfathiazole,
sulfapyridine, sulfamerazine,

sulfadimidine, sulfadiazine, and
phthalylsulfathiazole

sul1
antibiotic target

replacement

X X X

sul2 X X X

sul4 - X X

3.5. Risk of AMR Induction by Leachates

Our testing of P. putida MSCL650 after 28-day incubation in sterile leachate from the
pond has revealed a decreased MIC for piperacillin (8 mg/L), amikacin (2 mg/L), colistin
(1 mg/L), and ciprofloxacin (1 mg/L) by two times. Additionally, the MIC for gentamicin
(2 mg/L) decreased by four times and tigecycline (0.12 mg/L) by eight times, respectively,
compared to the bacterial culture incubated in the TSB (Figure A3). The cells of P. putida
did not show any growth activity after incubation in the MDS and YDS leachates. These
results indicate that MDS and YDS leachates inhibited the physiological activity of P. putida
cells, including their antibiotic resistance mechanisms.
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Cell cultures incubated in different leachate samples and TSB slightly differed also
by cell morphology. Specifically, the average cell length in the culture of P. putida after
incubation in TSB was 1.07 ± 0.36 µm, while after incubation in leachates from MDS,
YDS, and pond, the cell length was 1.11 ± 0.48 µm, 1.49 ± 0.50 µm, and 0.72 ± 0.34 µm,
respectively (Figure 6). In the preparations with pond and MDS leachates, some long
cells/chains were detected (up to 4.62 and 6.92 µm, respectively). However, these cells
were not included in the counting of average cell length.
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4. Discussion

The leachates generated at landfills differ greatly due to the heterogeneity of waste
composition, treatment technologies, landfill/waste age, climatic conditions, and other
parameters. The leachates derived from waste deposits aged <5 years, 5–10 years, and
>15 years are considered acetogenic, intermediate, and methanogenic leachates, respectively,
and differ by physicochemical characteristics [44,45].

Recently, it has been shown that pH values, the presence of nitrogen compounds,
COD, and integrons are variables playing an important role in the abundance of ARGs [46].

Landfills represent a significant source of toxic substances in the environment [22]. In
our study, an emphasis was placed on two large groups of micropollutants, i.e., PFAS and
PC, as they are known to concentrate in leachates [23,24].

Among PFAS, perfluorobutane sulfonic acid (PFBS) prevailed. This compound is
proposed for National Primary Drinking Water Regulations by the US Environmental
Protection Agency [47]. A correlation between the physicochemical properties (i.e., alkalin-
ity, total organic carbon, and ammonia) and the PFAS concentration in landfill leachates
derived from 39 landfill facilities in Florida, USA, has been described [48].

The number and concentration of PCs in leachates can vary greatly, being site-specific.
The concentration of PCs in the leachates in China varied in the range of 0.1 to 100 µg/L [25].
Masoner et al. [23] analyzed leachates from 22 landfills in 12 states of the USA, and PCs
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were found in every sample, ranging in number from 1 to 58. The concentration of PCs
was greater in leachates from active landfills compared to closed, unlined landfills [23].
In our study, one dumping site (MDS) was closed by the sampling time, while another
(YDS) was active. Furthermore, these sites differed by waste composition. Nevertheless, no
considerable differences between MDS and YDS were found.

The prevalence of ibuprofen among PCs in the tested leachate samples corroborates
with other studies worldwide. The concentration range of ibuprofen in leachates from
dumping sites of different ages was from 3.0 to 48.7 µg/L [26,49], while in hospital ef-
fluent, it was 3.9 µg/L [49]. It was recently reported that ibuprofen, along with other
non-antibiotic pharmaceuticals in therapeutically and environmentally relevant quantities,
greatly increased the spread of ARGs via plasmid-borne bacterial conjugation [50].

Thus, the testing results on PFAS and PCs in leachates obtained at the Getlini landfill
in Latvia corroborated those reported from other countries.

A metagenomic approach for the characterization of microbial biodiversity has re-
vealed Proteobacteria as the dominant phylum in all three leachate samples tested (up
to 50%). These data are in good agreement with reports by other authors who studied
leachates and their aerobic treatment [28,51–54]. Importantly, the majority of bacterial
species mentioned in the list of antibiotic-resistant “priority pathogens” [43] belong to
Proteobacteria (Table A1). In a study on soil bacterial communities, Proteobacteria was
also emphasized as the most dominant phylum in the transconjugant pools in terms of
horizontal transfer of ARGs [55].

Among important factors for ARG transmission, the viral [21,56] and archaea [57,58]
community structures in landfill leachates should be emphasized. Thus, the physico-
chemical and microbial diversity in leachates provides a broad spectrum of mechanisms
responsible for ARG transmission, including horizontal gene transfer [27]. The genes sulI
and sulII, found in MDS, YDS, and pond, have been mentioned by other authors as the
most abundant antibiotic-resistance genes in leachates [51]. In the studies where dynamic
trends in the abundance of ARG in leachates were monitored, considerable variations were
found. For example, the levels of sulI, tetO, and tetW in 2017 were reported to be 100 times
higher than in 2018 [27].

The presence of ARGs in leachates may represent potential risks to public health and
the environment, which are not yet fully understood. Mobile genetic elements can be
released into local rivers and other receiving aquifers, where bacteria may quickly acquire
antibiotic resistance [1,59].

ARGs are mobilized and transported primarily by hydrological processes such as
runoff and infiltration [60]. Furthermore, community access to drinking water and sanita-
tion has a great impact on antibiotic resistance in humans [61].

Regarding the Watch List of Substances for Union-wide Monitoring in the Field of
Water Policy, which was recently published by the EU Commission [62], only clindamycin
has been detected in the tested leachates. Importantly, clindamycin was not detected in the
pond, which confirms the efficiency of the primary treatment.

Among the limitations of our study, the absence of data on seasonal variables and
differences over the years should be noted. Additionally, we lacked data on the concentra-
tion of additional micropollutant categories (e.g., heavy metals). Another limitation is the
absence of standardized methods for sampling. These limitations can result in an underesti-
mation of the abundance of ARGs and stress factors that promote their horizontal transfer.

5. Conclusions

By analyzing the chemical, biochemical, and microbiological composition of landfill
leachates, we were able to characterize the abundance of micropollutants, ARGs, taxonomic
groups of bacteria, viruses, and archaea, as well as compare leachates derived from solid
waste dumping sites of different ages. The following conclusions were made:

• Metagenomic analysis showed a prevalence of Proteobacteria (43.76–54.70%), followed
by Firmicutes (8.51–13.11%) and Euryarchaeota (9.37–12.53%) in all three leachate
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samples. Regarding the inner diversity of samples, the highest Chao1 measure was
obtained for YDS—8885.95, followed by MDS and pond, whereas the richness esti-
mator, e.g., Shannon index, was the highest for pond—7.23, followed by YDS and
MDS. Similarly, the highest value of the evenness estimator—the Simpson index—was
observed for the pond—0.99, followed by YDS and MDS.

• The number and composition of specific ARGs found in leachate samples derived from
MDS, YDS, and ponds slightly varied. In total, 80 ARGs belonging to 31 distinct ARG
families were identified. These ARGs are known to confer resistance against 19 differ-
ent classes of antibiotics, such as aminoglycosides, glycopeptides, fluoroquinolones,
lincosamides, macrolides, streptogramins, and tetracyclines, as well as disinfecting
agents and antiseptics.

• The incubation of P. putida MSCL650 in sterilized leachate derived from the pond
resulted in a decrease in MIC for several antibiotics compared to the control. This
effect can be explained by the high concentration of toxic compounds in leachates.
Leachates from MDS and YDS totally inhibited the cells of P. putida.

• A comparison of two dumping sites tested in the study, which differed by waste
composition and treatment and the duration of operations, did not reveal considerable
differences in the microbial community structure and ARG abundance. The lower
ecotoxicity in the leachate from the pond compared to those from MDS and YDS
pointed to the effectiveness of solid waste treatment.

Author Contributions: Conceptualization, O.M. and A.G.; methodology, D.G., D.F. and D.Z.; soft-
ware, D.G.; validation, D.F., V.B. and O.M.; formal analysis, K.V.; investigation, M.B., D.G., D.Z., L.Ž.,
K.V. and T.S.; writing—original draft preparation, M.B., D.G., O.M. and A.D.; writing—review and
editing, O.M.; visualization, T.S.; supervision, O.M., D.F. and V.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was funded by the “State research project in the field of biomedicine, medical
technologies, and pharmacy” VPP-EM-BIOMEDICĪNA-2022/1-001 (Y3-VPP32f-ZR-N-090); “Opti-
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Appendix A

Table A1. The relative abundance of bacterial species in leachates that are mentioned in the list of
antibiotic-resistant “priority pathogens” [43]. * MDS—matured dumpsite, YDS—young dumpsite.

Priority Group Relative Abundance *, %

1. Critical MDS YDS Pond

Acinetobacter baumannii, carbapenem-resistant 0.046 0.034 0.037

Pseudomonas aeruginosa, carbapenem-resistant 0.233 0.174 0.222

Enterobacteriaceae, carbapenem-resistant, ESBL-producing 1.294 0.984 1.324

2. High

Enterococcus faecium, vancomycin-resistant 0.015 0.012 0.020

Salmonellae, fluoroquinolone-resistant n.d. n.d. n.d.

Staphylococcus aureus, methicillin-resistant, vancomycin-intermediate and resistant n.d. n.d. n.d.
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Table A1. Cont.

Priority Group Relative Abundance *, %

Helicobacter pylori, clarithromycin-resistant 0.032 0.049 0.032

Campylobacter spp., fluoroquinolone-resistant 0.470 1.305 0.385

Neisseria gonorrhoeae, cephalosporin-resistant, fluoroquinolone-resistant 0.001 0.001 0.002

3. Medium

Streptococcus pneumoniae, penicillin-non-susceptible 0.011 0.009 0.009

Haemophilus influenzae, ampicillin-resistant n.d. n.d. n.d.

Shigella spp., fluoroquinolone-resistant 0.002 0.004 0.005

Table A2. The abundance (OTUs number) of viruses in leachates sampled at the matured dumpsite
(MDS), young dumpsite (YDS), and pond. Only the taxons with OTUs ≥ 100 in at least one sample
are shown.

Name MDS YDS Pond Lineage

Pandoravirus neocaledonia 40 89 267 Viruses > unclassified viruses > unclassified DNA viruses >
unclassified dsDNA viruses > Pandoravirus

Alteromonas phage
vB_AmaP_AD45-P1 13 159 193

Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Podoviridae > unclassified
Podoviridae

Aeromonas phage phiAS5 21 5 173
Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Myoviridae > Tevenvirinae >
unclassified Tevenvirinae

Brevibacillus phage Sundance 15 66 162
Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Siphoviridae > unclassified
Siphoviridae

Yersinia virus phiR201 11 39 149
Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Demerecviridae >
Markadamsvirinae > Haartmanvirus

Halovirus HRTV-8 3 37 145
Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Myoviridae > unclassified
Myoviridae

Paramecium bursaria Chlorella virus
AR158 18 45 131

Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Algavirales > Phycodnaviridae > Chlorovirus >
unclassified Chlorovirus

Megavirus chiliensis 94 100 91
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Imitervirales > Mimiviridae > Mimivirus >
unclassified Mimivirus

Orpheovirus IHUMI-LCC2 81 150 80
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Algavirales > Phycodnaviridae > unclassified
Phycodnaviridae

Moumouvirus 116 240 63
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Imitervirales > Mimiviridae > unclassified
Mimiviridae

Cafeteria roenbergensis virus 102 127 63 Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Imitervirales > Mimiviridae > Cafeteriavirus

Lymphocystis disease virus—isolate
China 106 31 46

Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Pimascovirales > Iridoviridae > Alphairidovirinae >
Lymphocystivirus > unclassified Lymphocystivirus
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Table A2. Cont.

Name MDS YDS Pond Lineage

Bacillus virus G 95 129 45 Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Myoviridae

Aureococcus anophagefferens virus 48 145 38
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Algavirales > Phycodnaviridae > unclassified
Phycodnaviridae

Chrysochromulina ericina virus 25 142 37
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Algavirales > Phycodnaviridae > unclassified
Phycodnaviridae

Mimivirus terra2 72 109 26
Viruses > Varidnaviria > Bamfordvirae > Nucleocytoviricota >
Megaviricetes > Imitervirales > Mimiviridae > Mimivirus >
unclassified Mimivirus

Escherichia virus JSE 111 0 1
Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Myoviridae > Tevenvirinae >
Krischvirus

Arthrobacter virus Coral 121 0 0 Viruses > Duplodnaviria > Heunggongvirae > Uroviricota >
Caudoviricetes > Caudovirales > Siphoviridae > Coralvirus
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Figure A2. The differences in specific ARG family presence in the leachates sampled at the matured
dumpsite (MDS), young dumpsite (YDS), and pond. Dark blue color—100% sequence match, bluish
color—>90% match, bright color—not identified. Genes with asterisks (*) appear multiple times
because they belong to more than one AMR gene family category in the Antibiotic Resistance
Ontology.
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