N
N

N

HAL

open science

Identification of Antibiotic Resistance Gene Hosts in
Treatment Wetlands Using a Single-Cell Based
High-Throughput Approach

Camila A Knecht, Maja Hinkel, Ines Mausezahl, Anne-Kristin Kaster, Jaime
Nivala, Jochen A Miiller

» To cite this version:

Camila A Knecht, Maja Hinkel, Ines M&usezahl, Anne-Kristin Kaster, Jaime Nivala, et al.. Identifi-
cation of Antibiotic Resistance Gene Hosts in Treatment Wetlands Using a Single-Cell Based High-

Throughput Approach. Water, 2023, 15 (13), pp.1-16. 10.3390/w15132432 . hal-04199034

HAL Id: hal-04199034
https://hal.inrae.fr /hal-04199034

Submitted on 7 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.inrae.fr/hal-04199034
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

* water

Article

Identification of Antibiotic Resistance Gene Hosts in
Treatment Wetlands Using a Single-Cell Based
High-Throughput Approach

Camila A. Knecht 12, Maja Hinkel 1, Ines Mdusezahl !, Anne-Kristin Kaster 3, Jaime Nivala 45

and Jochen A. Miiller 13*

Citation: Knecht, C.A.; Hinkel, M.;
Maéusezahl, I; Kaster, A.-K,;

Nivala, J.; Miiller, J.A. Identification
of Antibiotic Resistance Gene Hosts
in Treatment Wetlands Using a
Single-Cell Based High-Throughput
Approach. Water 2023, 15, 2432.
https://doi.org/10.3390/w15132432

Academic Editor: José Alberto

Herrera-Melian

Received: 6 June 2023
Revised: 25 June 2023
Accepted: 28 June 2023
Published: 30 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Department of Environmental Biotechnology, Helmholtz Centre for Environmental Research—UFZ,
04318 Leipzig, Germany; camilaknecht@protonmail.com (C.A.K.)

2 Medical Microbiology and Parasitology, Faculty of Medicine, University of Buenos Aires-National Council
for Scientific and Technological Research (IMPaM, UBA-CONICET),
Ciudad Auténoma de Buenos Aires 1121, Argentina

3 Institute for Biological Interfaces (IBG-5), Karlsruhe Institute of Technology,
76344 Eggenstein-Leopoldshafen, Germany; anne-kristin.kaster@kit.edu

4 Environmental and Biotechnology Centre, Helmholtz Centre for Environmental Research—UFZ,
04318 Leipzig, Germany; jaime.nivala@inrae.fr

5 Research Unit REVERSAAL, National Research Institute for Agriculture, Food and the Environment
(INRAE), 69625 Villeurbanne, France

* Correspondence: jochen.mueller@kit.edu; Tel.: +49-721-608-22515

Abstract: Determining the prevalence of antimicrobial resistance (AMR) in non-clinical settings is
vital for better management of the global AMR crisis. Untreated and even treated wastewaters are
important sources that release AMR into the environment. Methodologically, it is difficult to
generate a comprehensive in situ profile of antibiotic resistance gene hosts. Here, we used epicPCR
(emulsion, paired isolation, and concatenation PCR) as a cultivation-independent method to reveal
the host profiles of the AMR indicator genes intl1, sull, sul2, and dfrA1 in two constructed wetlands
treating municipal wastewater. Overall, the epicPCR analysis revealed a profile of AMR indicator
gene hosts that is consistent with literature data from cultivation-based approaches. Most carriers
of antibiotic resistance (AR) genes and likely of class 1 integrons belonged to the Gammaproteobateria,
particularly the Burkholderiaceae and Rhodocyclaceae families, followed by members of the
Campylobacterota, Desulfobacterota, and Firmicutes. The analysis also identified several novel hosts for
the indicator genes widely distributed in the wetlands, including the genera Legionella and Ralstonia.
Therefore, the application of epicPCR has produced an expanded insight into the in situ indicator
gene host profile, while highlighting the role of the environment as a reservoir for AMR.

Keywords: antimicrobial resistance; wastewater; constructed wetland; single-cell analysis; epicPCR

1. Introduction

Infectious diseases caused by antibiotic-resistant bacteria are one of the major health
burdens of our time. To contain the spread of these bacteria and the antibiotic resistance
(AR) genes they carry (collectively, antimicrobial resistance or AMR), the One Health
approach advocates for the inclusion of environmental compartments in surveillance and
prevention efforts [1,2]. The release of treated and untreated wastewater into surface
waters is a substantial pathway for the distribution of AMR via the environment [3,4].
Monitoring the prevalence of AMR in wastewater is therefore an important part of
evaluating the risk to human and animal health posed by the spread of AMR in the
environment [5].
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The antibiotic resistance genes that are commonly detected in waste and surface
waters include sull, sul2, and dfrAl, all of which confer resistance against inhibitors of
folate biosynthesis [3,6]. The sull gene is part of the classical class 1 integron, an important
carrier in AR gene dispersal [7]. Another defining feature of that integron type is the intl1
gene, which codes for an integrase that can recombine the AR gene cassette content of the
integron. The association of intll with AMR has led to its use as an indicator of
anthropogenic pollution in water bodies [8,9]. Class 1 integrons have predominantly been
found in Gammaproteobacteria [10]. A recent publication listed 104 bacterial species from
44 genera as carriers of that integron [11]. Two thirds of the genera belong to the
Pseudomonadota (almost always Gammaproteobacteria), with the remainder being members
of the Actinobacteriota, Bacteroidota, Campylobacterota, and Firmicutes. Gammaproteobacteria
also account for by far the largest proportion of integrons detected in sequence databases.
Approximately one fifth of all sequenced genomes of this class contain at least one
integron of the class 1 or a similar type [12]. Yet, the information on prevalence in
sequenced genomes does not necessarily translate 1:1 to a specific environmental site.
Generating a comprehensive in situ host profile of class 1 integrons and AR genes,
including sul1&2 and dfrAl, is not a trivial task. The classical cultivation-dependent
approach is subject to bias, as many bacteria do not grow readily in the laboratory.
Shotgun metagenomics, as a cultivation-independent approach, can detect AR genes in a
microbial community, but has limitations in assigning respective hosts due to the frequent
association of these genes with mobile genetic elements [13-15]. Host profiling can be
achieved using recently developed molecular biology methods. Proximity DNA ligation
methods such as Hi-C involve the metagenomic sequencing of DNA that has been cross-
linked prior to extraction from its host [15]. However, the generation of one metagenome
per sample renders the approach expensive if the research aim is to capture temporal and
spatial variations in host profiles. An alternative method is epicPCR (emulsion, paired
isolation, and concatenation polymerase chain reaction), which generates fusion PCR
amplicons of parts of the 165 rRNA gene and another target gene of single cells imbedded
in polyacrylamide beads [16]. The fusion products are then isolated and sequenced in
parallel. So far, the method has been applied to reveal bacterial hosts of various genes
associated with AMR, including intI1 and sull, in environmental samples [17-21]. A
variant of epicPCR was used to identify bacterial hosts of beta-lactamases in human gut
microbiomes [22].

Here, we used epicPCR to identify hosts of intl1, sul1&2, and dfrAl in two treatment
wetlands. Such wetlands are nature-based solutions that are increasingly applied as a
cost-effective option to treat domestic and industrial wastewater [23,24]. Removal of
bacteria and chemical pollutants introduced with the influent, including antibiotics, can
be achieved with similar or even better efficiency than activated sludge-based treatment
systems, although with longer hydraulic residence times [25-27]. In a previous study on
the fate of AMR in the same treatment wetlands investigated herein, we observed
increases in integron integrase activity and int[1 and sul abundance, which were likely
caused by cellular stress [28]. There was no evidence of an influence of folate biosynthesis
inhibitors on the prevalence of AMR. Increases in intl1 and sull abundance, apparently
independent of such inhibitors, have also been detected in rivers downstream of
wastewater treatment plants [29-31]. It is uncertain which bacteria are involved in such
increases. In the wetlands, we found mostly Aeromonas spp., Escherichia coli, and
Pseudomonas spp., as hosts of the indicator genes, using cultivation-dependent profiling.
The present application of epicPCR aimed to further explore the host profiles.

2. Materials and Methods
2.1. Study Site and Sampling Regime

The pilot-scale horizontal subsurface flow treatment wetlands investigated in this
study are located at the Langenreichenbach Ecotechnology Research Facility, 42 km north-
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east of Leipzig, Germany (51.50613 N, 12.89758 E). The design and operation of the
wetlands have previously been described in detail [32]. In brief, the wetlands have a
surface area of 5.6 m? and are named H50p for Horizontal, 50 cm depth, and planted, and
HAp for Horizontal, Aerated, and planted. Their main vegetation is the common reed,
Phragmites australis. Wastewater from the surrounding rural residential villages is
pretreated in a septic tank and pumped from there to H50p and HAp, as the sole source
of water other than precipitation.

Samples were taken monthly from May through July 2017 for method development,
and in August 2017 for data generation. The conventional water characteristics
(temperature, pH, dissolved oxygen, and inorganic nitrogen species) and relevant
microbiological data (AR gene abundances and 16S rRNA profiles) of the sampling period
have been previously reported [28,33]. There was only small variation in the conventional
and microbiological water characteristics during the sampling period. One-liter samples
were taken from the septic tank, the effluent, and from inside the treatment wetlands at
0.12, 0.25, 0.50, 0.75 of the fractional length and 0.50 of the fractional depth via
permanently installed tubes. The samples were chilled and transported within 1-2 h to
the laboratory for further processing.

2.2. epicPCR

The following protocol is based on previous studies with some modifications [16,18].
Table S1 shows all of the primers used for fusion PCR, (semi)-nestedPCR, and the
introduction of adapter sequences for Illumina sequencing [34-37]. Almost all primers
were previously used either in epicPCR or in quantitative PCR. The exception was the
forward primer for the amplification of dfrA1, which was newly designed using NCBI's
online tool Primer-BLAST, with the reference sequence downloaded from GenBank
(accession number 3244905). The establishment of the overall method, including
optimized PCR conditions, was performed using a Citrobacter sp. strain S22 isolated from
the treatment systems for sull, sul2 and dfrA1 [28], and Pseudomonas plecoglossicida M135
for intl1 [38]. Cell numbers in the assays were determined using a Coulter counter
(Beckman Coulter, Indianapolis, IN, USA). Correct amplification of the intended epicPCR
fusion product was ensured via agarose gel electrophoresis and Sanger sequencing
(Macrogen, Amsterdam, The Netherlands).

Samples were first inspected via microscopy. When cell aggregates were present,
samples were passed through a cell strainer (40 um pore size; Falcon, NY, USA). Cells in
all samples were counted via DAPI (4',6-diamidin-2-phenylindol) staining using a
fluorescence microscope (Axioscope, Zeiss, Oberkochen, Germany), and then pelleted in
a benchtop centrifuge (Eppendorf, Hamburg, Germany) at 8000 rpm for 15 min at room
temperature. The volume of the respective sample depended on the sampling site, and
ranged from 2 to 180 mL to obtain approximately 1-2 x 108 cells per 100 pL epicPCR assay.
Cell numbers were determined with a Coulter counter. After centrifugation, the pellets
containing the cells were carefully resuspended using vortexing and pipetting in 100 uL
of nuclease free water. The absence of cell aggregates in the suspension was checked for
using microscopy. Then, the cell suspension was amended with 100 uL of 30%
acrylamide/bis-acrylamide and 25 pL of ammonium persulfate (APS), and gently
vortexed. After addition of 600 pL mineral oil, the mixtures were vortexed for 30 s at 3000
rpm. Then, 25 uL of tetramethylethylenediamine (TEMED) was added, followed by
vortexing for 45-60 s at 3000 rpm. The mixture was kept at room temperature for 90 min
to allow polymerization. To collect the polyacrylamide beads, 800 uL of diethyl ether was
added, whereupon a precipitate was formed. After removing the diethyl ether and adding
1 mL of nuclease-free water, mixing, and centrifuging for 30 s at 12,000 g, three layers
formed: a bottom layer containing the beads, a middle layer containing a mixture of oil
and water, and an upper layer of oil. The oil layer was discarded. This step of mixing
water into the bead suspension was repeated until no more three-layer-formation was
visible. The water layer was discarded and 1 mL of TK buffer (20 mM Tris-HCl, pH 7.5,
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60 mM KCl) was added to the beads. The bead suspension was passed through a cell
strainer (40 um pore size) with the flow-through containing the beads. The absence of cell
aggregates inside the beads was checked for using microscopy.

For cell lysis, the beads were distributed into 250 uL aliquots; 2 puL of Ready-Lyse™
Lysozyme Solution (4 x 10¢ U, Cambio, Cambridge, UK) was added to each aliquot and
incubated overnight at 37 °C. Aliquots were pooled and centrifuged at 12,000x g for 30 s.
The supernatant was discarded. Then, the TK buffer was used to obtain a total volume of
400 pL in which the beads were resuspended. Next, 100 pL of proteinase K (>600 U/mL,
Thermo Fisher Scientific, Waltham, MA, USA) and 4 uL of Triton X-100 were added to the
beads and incubated at 37 °C for 30 min and 95 °C for 10 min. Samples were aliquoted
into 1 mL and centrifuged at 12,000x g for 30 s. The beads were resuspended with TK
buffer to obtain a total volume of 500 uL.

For fusion PCR, 90 uL of the polyacrylamide beads, four 2 mm glass beads, 900 pL
ABIL emulsion oil (Evonik, Essen, Germany), and 110 pL of the following mix was added
per microcentrifuge tube: 40 uL of HF buffer for S7 Fusion High-Fidelity DN A Polymerase
(Mobidiag), 5 uL of 10 mM dNTPs, 20 uL of primer mixture (forward and reverse primers
at 10 uM, fusion primer at 0.1 uM), and 16 pL of S7 Fusion High-Fidelity DNA Polymerase
(Mobidiag, Espoo, Finland). As in Hultman et al. [18], blocking primers [16] were not
used, because unwanted chimeras could not be detected via gel electrophoresis and
Sanger sequencing using our final fusion PCR conditions for the four AMR indicator
genes. The fusion PCR mixture was emulsified by vortexing at 3000 rpm for 1 min and
aliquoted into 60 uL. The PCR program run was as follows: 98 °C for 30 s, 25 cycle of [98
°C for 5 s, 55 °C for 30 s, 72 °C for 30 s], 72 °C for 5 min. After PCR, 2 uL of 50 mM of
ethylenediaminetetraacetic (EDTA) was added.

To break up the beads and purify the PCR fusion products, the bead suspensions
were centrifuged at 13,000x g and 22 °C for 5 min, and the upper phase was discarded. To
each bead sample, 1 mL of diethyl ether was added and vortexed gently. The suspensions
were centrifuged for 1 min at 13,000 ¢ and the upper phase was discarded. This step was
repeated. This was followed by extraction with ethyl acetate and two more extractions
with diethyl ether. Bead extractions were left open in a laminar flow hood for 10 min.
Then, 100-150 pL of the lower phase was taken to purify the fusion PCR products using
a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany). Quality and
quantity controls were carried out through agarose gel electrophoresis, spectrophotome-
try (NanoDrop 1000, NanoDrop Technologies, Wilmington, DE, USA), and Sanger se-
quencing of selected products.

Then, the fusion products were subjected to (semi)-nested PCR. For the sul genes, a
semi-nested approach was used, while a nested approach was applied for dfrA1 and intI1.
Different volumes (4-6 pL) of the fusion products were added to the following mix: 5 uL
of 5X HF buffer, 0.5 uL of 10 mM dNTP, 1.5 pL of 10 uM of the primers, 0.25 puL of 2 U/uL
of S7 Fusion Polymerase, 15.5 uL ddH20. PCR was performed following a cycling pro-
gram: 98 °C for 30 s, depending on the target of 30—40 cycles of [98 °C for 10 s, 55 °C for 30
s, 72 °C for 30 s], and a final elongation step of 5 min at 72 °C. The PCR products were
cleaned-up using ethanol precipitation and dissolved in 13 pL of EB buffer. The quality
and quantity of the products were again checked via agarose gel electrophoresis, spectro-
photometry, and Sanger sequencing of selected products.

2.3. lllumina Sequencing and Data Analysis

[Nlumina sequencing adapters were added in seven PCR cycles with NEBNext Mul-
tiplex Oligos, using a NEBNext Ultra II FS DNA Library Prep kit. PCR products were
purified with SPRI beads (Beckman Coulter). Quantity controls were carried out using the
Quan-iT PicoGreen dsDNA Assay Kit (Roche Diagnostics, Meylan, France) and a Quanti-
Fluor-ST Fluorometer (Promega, Madison, WI, USA), while purity was assessed with a
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), respectively. Paired-end se-
quencing (2 x 300 bp) was carried out using an Illumina MiSeq-System (Illumina, San



Water 2023, 15, 2432

5 of 16

Diego, CA, USA). lllumina reads were analysed with fastQC [39] to check their quality.
Forward and reverse reads were analysed individually. Forward reads were used to con-
firm the AMR part of the fusion product, and reverse reads were used for phylogenetic
analysis. Sequencing data were analysed in R using the packages DADA2 [40], phyloseq
[41], Biostrings [42] and ggplot2 [43]. Reverse raw reads containing 165 rRNA gene se-
quences were 300 nt long on average. Their quality was visualized with the function
plotQualityProfile from the DADA2 package. All reverse reads were then trimmed to re-
move the primer and adapter sequence (24 nt) and truncated to 150 nt, because in some
samples, the quality substantially decreased from that position onwards. Phylogenetic as-
signments are based on the Genome Taxonomy Database (GTDB) [44], with two excep-
tions, in which older synonyms and classifications are used for familiarity (Firmicutes as
the phylum name and Comamonadaceae as family name).

3. Results and Discussion
3.1. AMR Gene Hosts along the Watercourse of the Treatment Wetlands

EpicPCR is semi-quantitative because it has the same biases as standard PCR, such
as a different strength of primer binding to the target sequence, and there are taxon-spe-
cific differences in cell lysis efficiency. Therefore, in the following, we focus on the quali-
tative aspects of the results, i.e., the detection of specific AMR gene host rather than their
presumptive abundance in the treatment wetlands. Relative abundances are nevertheless
indicated in Figure 1A-D. In epicPCR analysis, false positive results can occur when cells
with and without the target gene are present in the same polyacrylamide bead [16,45].
Since millions of beads are generated per epicPCR assay, such instances may be over-
looked during microscopic inspection, as carried out here. In their study on improvements
in epicPCR, Roman et al. [45] pointed out that it is currently impossible to differentiate
between false positive artifacts and rare taxa found only in few samples. They assigned
confidence levels according to the taxa detection frequency in biological replicates. We
adapted their approach by showing all detected genera in Figures 1A-D, and listing gen-
era found at more than 50% of the sampling sites in Table 1; this prevalence we consider
a high-confidence detection. Only genera detected at two or more sampling sites are spe-
cifically discussed in the following (except for members of the Archaea, see Section 3.3).

Table 1. Genera found at >50% of the sampling sites as hosts of AMR indicator genes.

intll sull sul2 dfrAl
Acidovorax
Acinetobacter Acinetobacter Acinetobacter
Aeromonas Aeromonas Aeromonas
Bdellovibrio
Citrobacter
Commamonas
Coxiella Coxiella
Dechloromonas
Escherichia/Shigella
Laribacter
Legionella
Paucibacter
Protocatella
Ralstonia Ralstonia Ralstonia
Simplicispira Simplicispira Simplicispira
Subdoligranulum Subdoligranulum
Thauera

Thiovirga Thiovirga Thiovirga
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Figure 1. Genera detected as hosts of intI1 (yellow squares), sull (red), sul2 (orange), and dfrAl (pur-
ple) in samples from the common inlet (brown) and the two treatment wetlands H50p (green) and
HAp (blue). Relative abundances are Logl0 normalized (Roman et al., 2021), indicated per color
intensity. (A) Hosts belonging to the Gammaproteobacteria, including members of the families Rhodo-
cylaceae and Comamonadaceae. (B) Further hosts belonging to the Gammaproteobacteria and other Pro-
teobacteria. (C) Hosts belonging to the Desulfobacterota, Bdellovibrionota, and Firmicutes. (D) Hosts be-
longing to the Campylobacterota, Bacteroidota, and Archaea.
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After quality filtering, we obtained 850,050 to 1382,015 clean reads for the four genes.
Targeting dfrAl in HAp yielded high-quality results only for the first sampling site, which
does not match the previous detection of the gene along the entire flow path of the wet-
land [28]. Establishing epicPCR for dfrA1 was more difficult in our laboratory than for the
other indicator genes, and included the application of a new forward fusion primer. Fur-
ther optimization work for dfrAl is apparently needed in the future. In total, 209 genera
were identified as carrying at least one of the AMR indicator genes in at least one sample
(Figure 1A-D). Previously, ten genera harboring the studied genes were isolated from
both treatment wetlands and the common inflow: Acinetobacter, Aeromonas, Arcobacter,
Citrobacter, Escherichia, Flavobacterium, Pseudomonas, Providencia, Shewanella, and Steno-
trophomonas [28]. All of these were also found in this study to be carriers of at least one of
the target genes (with the qualifier that the Illumina reads did not allow for differentiation
between Escherichia and Shigella). About half of all the detected genera (96/209) belonged
to the Pseudomonadota (Figure 1A,B), especially to the gammaproteobacterial order
Burkholderiales, which is consistent with reports on the taxonomic distribution of these in-
dicator genes [10-12]. Among the Burkholderiales, there were 14 members of the Rhodocy-
claceae that carried sull, with some also harboring dfrA1 (Figure 1A). Members of this fam-
ily are frequently found in WWTP systems [46]. Recently, a conjugative IncP-1 type plas-
mid with a class 1 integron was discovered in the genome of the Rhodocyclaceae genus
Thauera [47]. This genus was detected as carrier of sull at 6 out of 11 of our sampling sites,
supporting the hypothesis that Rhodocyclaceae may constitute a substantial reservoir of an-
tibiotic resistance genes in WWTP systems [47]. Furthermore, 21 genera of the Burkhold-
eriaceae, particularly close relatives of Comamonas (i.e., members of the family Comamona-
daceae, according to the SILVA taxonomy), were found to carry sull and dfrAl, and to a
lesser extent, intl1 and sul2 (Figure 1A). These families are known to harbor the AMR
indicator genes [48]. Burkholderiaceae were also among the most common hosts of sul1 in a
recent epicPCR study investigating WWTP [20]. Interestingly, the genus Ralstonia, a mem-
ber of the Burkholderiaceae, was among the most prevalent hosts of int1, sull, and dfrAl in
both treatment wetlands (Figure 1A and Table 1). To our knowledge, these genes have
previously been found only in a few isolates and genomes of Ralstonia spp. [29,49]. The
present finding is significant because several Ralstonia spp. are opportunistic pathogens
that can be prevalent in drinking water sources [50,51]. Moreover, the folate biosynthesis
inhibitors sulfamethoxazole and trimethoprim are among the best treatment options for
Ralstonia spp. infections [50]. The last member of the Burkholderiales that we detected and
would like to highlight is Laribacter (family Aquaspirillaceae), which was a carrier of sull in
both HAp and H50p. Class 1 integrons and sul2 have been found in sequenced genomes
of Laribacter hongkongensis [52], a potential cause of infectious diarrhea [53].

In addition, we found seven taxa of the gammaproteobacterial order Pseudomona-
dales, including Pseudomonas, carrying the AMR indicator genes in the wetlands (Figure
1A). Numerous Pseudomonas spp. strains carrying class 1 integrons have been described
in the literature, and respective isolates were obtained from HAp and H50p throughout
the flow path [28]. All four genes were also found in association with Acinetobacter (family
Moraxellaceae). Acinetobacter spp. are ubiquitous in environmental habitats as well as in
animals and humans, and can cause various diseases [54]. Etiological species include A.
baumannii, a member of the ESKAPE group, which are six virulent and antibiotic-resistant
bacterial pathogens that cause critical nosocomial infections [55]. There are numerous se-
quenced Acinetobacter spp. isolates with dfrAl and sul resistances genes and class 1 in-
tegrons [56-59]. Our findings are in line with the notion that the environment is a sub-
stantial reservoir of antibiotic-resistant Acinetobacter spp. [54].

Furthermore, we discovered four taxa that have been described as symbionts of
amoebae, namely Coxiella, Candidatus Berkiella, Candidatus Ovatusbacter, and Legionella
(Figure 1B), the latter being the etiological agent of legionellosis. These taxa are not known
to be typical carriers of the AMR indicator genes. In GenBank, we found only a partial
sul2 in a sequenced L. pneumophila strain from hospital water associated with the 2016
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outbreak of legionellosis in Flint, MI, USA [60]. Although folate biosynthesis inhibitors
are currently not the drugs of choice for the treatment of legionellosis, the potential pres-
ence of class 1 integrons in the genus (see also Section 3.2) is of concern.

Members of the Enterobacteriaceae are well-known carriers of the four AMR indicator
genes. Here, we found Escherichia/Shigella to be associated with each of the four genes, and
other members of the Enterobacteriaceae with some of these genes (Figure 1B). Previously,
each AMR indicator gene was detected in isolates of these taxa from both treatment wet-
lands [28]. While the epicPCR results match the literature data on host distribution of the
AMR genes, they also demonstrate the detection limitation of the method. For example,
the Citrobacter sp. strain used to develop the method for sull, sul2 and dfrA1 was isolated
from the wetlands, but epicPCR provided evidence only for Citrobacter spp. with sull and
dfrAl, but not with sul2, in the treatment systems. Since certain hosts were not always
detected despite being present, we did not attempt to estimate the horizontal gene transfer
(HGT) of the AMR indicators, as has been published elsewhere [20]. Reliable evaluation
of HGT would have required the analysis of more replicates, which was restricted by the
labor required and the high costs of Phusion DNA polymerase.

Furthermore, epicPCR revealed the genus Aeromonas (family Aeromonadaceae) to be
carriers of intl1 and sull at half of the sampling sites, and of dfrA1 at all sites (Figure 1B).
No fusion product with sul2 was detected at any of the sites, although the gene was pre-
viously detected in nine distinct Aeromonas spp. isolates recovered from both wetlands
[28]. Members of the genus Aeromonas are ubiquitous in freshwater habitats and can be
also found in the clinical environment, and have been identified as carriers of the four
AMR indicator genes [61,62]. Moreover, Aeromonadaceae were inferred in a Hi-C study to
be a particularly prevalent reservoir of AR genes in a wastewater treatment plant [15].

Other carriers of the four genes in the wetlands belonged to the Desulfobacterota, in-
cluding Trichlorobacter (also classified as Geobacter) and various sulfate-reducing bacteria,
Bdellovibrionota (Bdellovibrio as carrier of intl1), and 39 genera of Firmicutes (Figure 1C).
Firmicutes are known to harbor class 1 integrons [11]. Here, the detection of multiple Fir-
micutes genera is noteworthy, as these are Gram-positive bacteria for which the lysis of
encapsulated single cells is often difficult. Incubation of polyacrylamide beads with
Ready-Lyse lysozyme may have improved cell lysis [22]. Furthermore, members of the
Campylobacterota were particularly prevalent, represented by the family Arcobacteraceae
(Arcobacter, Poseidonibacter, Pseudoarcobacter) and the genera Sulfuricurvum, Sulfurimonas,
Sulfurospirillum, and Sulfurovum (Figure 1D). The latter are sulfur-oxidizing bacteria that
can occur in high absolute and relative abundance in the rhizosphere of wetland plants
[63]. To our knowledge, they have not been previously identified as carriers of antibiotic
resistance genes and class 1 integrons. In other isolated members of the Campylobacterota
such as Campylobacter spp., class 1 integrons with various AR gene cassettes are commonly
detected [64]. Campylobacteraceae including Arcobacter were also previously detected by
epicPCR as hosts of intl1 and qacEA1 in the inflow of two urban WWTPs [18].

3.2. Potential Class 1 Integron Carriers in the Treatment Wetlands

Next, we searched for identical 16S rRNA fragments among the sequenced intl1 and
sull fusion products from a given sample. While this approach does not provide conclu-
sive evidence that a respective taxon at the sampling site contains at least one cell harbor-
ing a classical class 1 integron, it is nevertheless a good indication thereof. In total, we
found identical 16S rRNA fragments belonging to 22 genera, indicated by black boxes in
Figure 1A-D. The taxonomic pattern at the phylum level was quite similar to that de-
scribed in the literature [11]. Thirteen (59%) of the genera belonged to the Gammaproteo-
bacteria, seven genera to the Campylobacterota, and one each to the Bacteroidota and Desul-
fobacterota. Six of the Gammaproteobacteria genera have been frequently reported to be car-
riers of class 1 integrons, including Aeromonas, Escherichia/Shigella, and Pseudomonas, rep-
resentatives of which had previously been isolated from the treatment wetlands [28]. The
seven gammaproteobacterial genera that are not or only rarely described in the literature
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as carriers of class 1 integrons include Ralstonia and Legionella, which are among the taxa
identified with high confidence (Table 1) and are briefly discussed in Section 3.1. Further-
more, Paludibacter, a member of the Bacteroidota discovered here, was recently suggested
to be a strong candidate host of intI1 in a lake-river-lake system in Northern Italy [65].

3.3. Evidence for AMR Genes in Methanogenic Archaea

There were also epicPCR fusion products of sull and dfrA1 with 165 rRNA fragments
of methanogenic Archaea in three samples (H50p at fractional length 0.12 and 1.00, and
HADp at fractional length 0.12). Specifically, the sull products were linked with 165 rRNA
fragments of Methanocorpusculum and Methanospirillum, and the dfrA1 product linked with
a 16S rRNA fragment of Methanobacterium, all of which are members of the Methanobacte-
riota. Genes coding for tetrahydrofolate-synthesizing enzymes were discovered in some
methanogenic Archaea [66], but the amino acid sequence identities are only around 30—
40% of the products of sull and dfrA, and we have not found closer homologs in the se-
quenced archaeal genomes of GenBank and PATRIC [67]. We note that the epicPCR re-
sults need to be corroborated, since there were only three samples were positive for fusion
products with archaeal 16S rRNA gene amplicons and only <20 reads each. Nevertheless,
our findings are first evidence for inter-domain transfer of sull and dfrAl into members
of the Archaea. Horizontal transference between Archaea and Bacteria has been suggested
for multiple other genes [68-70]. Furthermore, integrons, although not of the class 1 type,
were recently discovered at a low frequency in metagenome-assembled genomes (MAGs)
of Archaea, including members of the Methanobacteriota [71]. In the same study, it was
shown that class 1 integron integrase harbored by an E. coli strain could incorporate ar-
chaeal gene cassettes into its integron via the archaeal attC recombination site. It is reason-
able to hypothesize that archaeal integrase can incorporate bacterial gene cassettes, possi-
bly taken up via transformation [72], into archaeal integrons, which could explain the ap-
parent presence of sull and dfrAl in the methanogenic Archaea observed here. Future
epicPCR analysis could employ primers specifically targeting the archaeal 165 rRNA
gene.

4. Conclusions

In this study, the epicPCR analysis revealed a profile of AMR indicator gene hosts
highly consistent with literature data, including our previous cultivation-dependent in-
vestigation of the same treatment wetlands. Most carriers of the genes and apparently also
of class 1 integrons belonged to the Gammaproteobateria, followed by members of the Desul-
fobacterota, Firmicutes and Campylobacterota. The analysis also identified several novel hosts
of the indicator genes that were prevalent in the wetlands. Furthermore, the genes were
found in genera with members known to cause disease in humans or domesticated ani-
mals, but also in genera without such medical or veterinary significance. The presence of
the latter group of microorganisms underscores the function of the environment as a res-
ervoir for AMR. Finally, the diversity of gene hosts observed here relates to the question
of how best to address the spread of AMR in environmental compartments [3,4]. Limiting
emission loads via improved wastewater treatment would be valuable, especially where
risks of transmission are currently high [73]. However, we also note that different micro-
bial hosts may have different survival and gene transmission potentials in the environ-
ment. This hampers the quantitative assessment of the effectiveness of AMR attenuation
through wastewater treatment, as resistance genes may be propagated again, downstream
of the treatment system, through vertical or horizontal transmission, if present in a suita-
ble host. We are not the first to advocate this precautionary principle as a guide to better
antibiotics stewardship, and hopefully as a pathway to curbing the spread of AMR world-
wide [74-76].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15132432/s1, Table S1: Primers used in this study.
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