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ABSTRACT

The Arctic is one of the regions most affected by global climate change, and is subjected to changes linked with a
melting cryosphere and increasing anthropopressure. Although antibiotic resistance is a global problem, the
diversity and spread of antibiotic-resistant bacteria (ARB), antibiotic resistance genes (ARGs) and integrons in
the Arctic are strongly understudied. Therefore, the main aims of this study are the (1) determination of the type
and frequency of integron-integrase genes and characterization of incorporated gene cassettes in the genomes of
culturable bacteria and (2) quantitative analysis of class 1 integron-integrase gene and human mitochondrial
DNA (Hmt-DNA) in the metagenome as markers of anthropogenic impact on the high Arctic environments of the
Svalbard Archipelago. Samples of ice, water and sediments were collected in the most populated area of Sval-
bard, Longyearbyen and its vicinity. Sampling was conducted along an environmental gradient with varying
levels of human activity. The environmental gradient started from glaciers, following the proglacial river, the
seashore, and the fjord bottom water, including untreated wastewater outflow to the sea. Class 1 integrons were
detected in ARB isolated from glacial environments, freshwater and seawater, including wastewater outflow.
Moreover, in the variable regions of integrons, genes determining different functions, including antibiotic
resistance, virulence and physiological traits were found. These genes play crucial roles in the adaptation of
bacteria to cold and dynamic environments. The relative abundance of intI1 genes were reported in metagenomes
with different relationships to human activity (ice cores vs wastewater outflow), with the highest mean values
observed in the wastewater outflow, and was positively correlated with abundance of the Hmt gene, revealing
both natural and human roles in shaping the polar aquatic resistome.

1. Introduction

number of citizens is the next most important factor contributing to
negative changes (AMAP, 2018). One such example is the spread of

Warming in polar regions influences deep changes in both abiotic
and biotic environments, including landscape, atmosphere, biogeo-
chemistry and biodiversity (CAFF, 2017; IPCC, 2019; Ignatiuk et al.,
2022; Pries et al., 2022). Additionally, increasing anthropopressure in
remote sites related to the opening of new fishing grounds and transport
routes, tourism industry and scientific activity as well as a growing

antibiotic resistance, which poses an important threat to public health
worldwide and is still poorly studied in the Arctic, which is changing (e.
g., warming) faster than other regions of the world (Segawa et al., 2013;
Tan et al., 2018; Makowska et al., 2020).

Human activity has led to global changes that resulted in the coining
of a new term: Anthropocene (epoch of human, Head et al., 2022).
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Anthropogenic activities lead to the presence of pollution that select for
antibiotic resistance genes (ARGs) which in turn are associated with and
disseminated by integrons (Hayward et al., 2018; Uyaguari-Diaz et al.,
2018; Makowska et al., 2020). The overuse and misuse of antibiotics not
only for human therapy but also for livestock breeding and agriculture
have led to the emergence and spread of antibiotic-resistant bacteria
(ARB) and ARGs in the environment. Environmental factors such as
wind, ocean currents and animal migration may accelerate the transfer
of ARB and ARGs (Sjolund et al., 2008; Zhu et al., 2021). Therefore, even
remote ecosystems can no longer be considered pristine, as they are all
in fact affected by anthropogenic pressure (McConnell et al., 2018).

It is believed that environmental bacteria play an important role in
the spread of antibiotic resistance. Antibiotic resistance is thought to
have existed in nature for millennia, long before the first commercial use
of antibiotics (Chen et al., 2013). In recent years, glaciers and permafrost
have been discussed as repositories of potential threats to humans,
including ARB and ARGs (Sajjad et al., 2020; Beard et al., 2022; f.okas
et al., 2022). The melting cryosphere is thought to be a source of free
DNA and ancient genes, including ARGs, release from ice into relatively
young geological (i.e., only recently ice free) and fragile polar ecosys-
tems (Rogers et al., 2004; Sajjad et al., 2020). Therefore, the resistome in
the Arctic might be enriched with potential resistance determinants,
which could be transported with glacial rivers to terrestrial and marine
ecosystems. Glaciers are melting as the climate progressively changes,
and this results in an increase in microbial diversity (Rogers et al.,
2004). Because of the increasing accessibility to remote places, tourism
and growing human settlements in Arctic regions, studies on the anti-
biotic resistance load released from glaciers to the environment through
melting are of high importance.

The role of wastewater in the emergence and acceleration of the
dissemination of ARB and ARGs is crucial. Wastewater is characterized
by a high abundance of bacteria from various hosts and by nutrient-rich
environments that support bacteria as the source of energy. Heavy
metals, detergents and antibiotics are also present in the wastewater.
This leads to the selection of bacterial strains resistant to antibiotics, and
increases the prevalence of class 1 integrons and antibiotic resistance
gene exchange through horizontal gene transfer (HGT) between strains
of the same or different species (Gillings et al., 2015; Bengtsson-Palme
et al., 2017). Although extremely important, the effects of wastewater
on the environmental resistome are still poorly studied in the Arctic. In
the many Arctic regions, the human settlements deliver to the ecosys-
tems wastewater containing various pollutants (Gunnarsdottir et al.,
2013; Daley et al., 2018) which could potentially mix with genetic
material released from glaciers (Sajjad et al., 2020), forming a new
combination of threats. Thus, the interplay between glaciers and
wastewater to the spread of antibiotic resistance in the Arctic is of global
importance in the identification of unknown and unexplored de-
terminants of antibiotic resistance.

In ARB, ARGs may be located on different genetic structures,
including transposons, conjugative plasmids, and integrons as gene
cassettes (Zhang et al., 2009). Integrons are DNA fragments that are
capable of capturing gene cassettes coding for proteins mediating
resistance to antibiotics, disinfectants and heavy metals. Additionally,
they capture genes coding for proteins of physiological significance that
may promote the adaptation of bacteria to extreme environments (Gil-
lings, 2014; 2017; Makowska et al., 2020). Consequently, integron
systems can create genetic novelty during periods of stress or environ-
mental change (Gillings, 2014). Integrons are evolutionarily old genetic
elements and occur in the genomes of bacteria in various environments
(Ghaly et al., 2021). It is essential that integrons are embedded in mobile
genetic elements (MGEs) and that they can be transferred within a mi-
crobial population through HGT. There are five classes of integrons
associated with ARGs. Class 1 integrons are particularly important in the
emergence and spread of multidrug resistance among bacteria (Gillings,
2014; 2017; 2018). Due to their widespread presence in the genomes of
commensal bacteria of humans and domestic animals, their high
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frequency of occurrence in wastewater and their highly conserved DNA
sequence, class 1 integrons are recognized as environmental markers of
biotic pollution associated with human activity (Gillings et al., 2015).
Polar regions are characterized by remoteness from overpopulated
areas and farms and ecosystem simplicity e.g., simple trophic webs, low
biodiversity, few sources of nutrients for terrestrial and aquatic envi-
ronments, small human population. Therefore, these areas offer a
unique environment for studies on how the melting cryosphere and
human settlements increase the gene pool of the resistome in these
specific ecosystems. In this study, we focused on integrons in the Eu-
ropean part of the Arctic, the Svalbard Archipelago. Using human
mitochondrial DNA as a human-specific molecular marker, the effect of
anthropogenic activity on enriching the environmental resistome with
intl1 genes was evaluated. Understanding the mechanisms and pathways
of ARGs dissemination is critical for global action against the problem of
constantly increasing antibiotic resistance in natural environments.
Specifically, the question of how glacier meltwater and wastewater
discharged directly into Arctic fjords affects the gene pool of the polar
aquatic resistome, has never been addressed. Therefore, the objectives of
this study were (1) to determine the type and frequency of the integrase
gene, and characterize associated gene cassettes in the genomes of cul-
turable bacteria and (2) to quantitatively analyze class 1 integron-
integrase gene and human mitochondrial DNA (Hmt-DNA) in the met-
agenome of ice cores, freshwater, seawater, sediments and wastewater
outflows from high Arctic environments as markers of pollution.

2. Materials and methods
2.1. Sampling

Samples were collected from Spitsbergen, the largest island in the
Svalbard Archipelago (located in European part of the Arctic) during
two summer seasons (2020, 2021) (Supplementary Table S1). The
sampling was conducted in the most populated, industrialized and
highly touristic area of Svalbard, specifically in the proximity of Long-
yearbyen (central Spitsbergen), capitol of Svalbard (78°13'N, 15°33'E).
This region is characterized by presence of simple and young ecosystems
such as geologically young soils and water bodies, new formed ecosys-
tems in proglacial fields, explicitly-two seasons during the year (summer
and winter), short food chain, and low biodiversity. Owing to this
simplicity and different anthropopressure (glaciers-city-fjord), we chose
this area for studies on the effects of the melting cryosphere and human
activities on the resistome in freshwater and marine environments.

Longyearbyen was built in a valley located at the small Arctic fjord
Adventfjorden. Two small, cold-base, valley glaciers are located in the
southern part of the Longyearbyen area, which melt and form a small
Arctic river, Longyearelva, that crosses the town and flows into the fjord.
The city releases untreated wastewater 2 km from the shore, ca. 50-60 m
b.s.l. in Adventfjorden (Granberg et al., 2017). Samples were collected
along the environmental gradient starting from the glaciers (Larsbreen
and Longyearbreen, the latter is commonly visited by tourists),
following the catchment (Longyearelva), the seashore, and wastewater
outflow, then crossing the Adventfjorden until reaching the Isfjorden
system — the largest fjord on western Spitsbergen (Fig. 1, a detailed
description of the sampling and study area is provided in Supplementary
material S1, Table S1). The sampling reflects ecosystem heterogeneity,
a) the oligotrophic glacial ecosystem that can be a source of ARB, ARGs
and integrons for the proglacial river, b) the river crossing the small
Arctic settlement Longyearbyen, c) the seashore where the river out-
flows to the fjord and where tourists have a space for picnicking, d) the
bottom water from the fjord close to the discharge of untreated waste-
water from the city Longyearbyen, and e) the bottom water collected in
increasing distances from the wastewater discharge, toward the border
between small Adventfjorden and the much larger and open Isfjorden.
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Fig. 1. Map indicating sampling sites.

2.2. Bacterial cultures

The total number of culturable heterotrophic bacteria from the
Longyearelva, Adventfjorden, wastewater outflow and Isfjorden was
determined on brain heart infusion BHI agar (bioMerieux) and from
glaciers Larsbreen as well as Longyearbreen on R2A agar, in duplicate
technical repetitions (Thermo Scientific). R2A possesses a low nutrient
concentration and is used for culturing bacteria from nutrient-limited
ecosystems as glacial ecosystems, especially ice, are nutrient poor
(Poniecka, et al., 2020). In order to select bacterial strains with inte-
grons, heterotrophic bacteria resistant to sulfonamides were selected on
BHI and R2A agar supplemented with sulfamethoxazole (350 pg/ml).
Samples of water were inoculated onto the media in a volume of 1 ml
and 0.1 ml. Three grams of sediment from Longyearelva, Adventfjorden
were suspended in 3 ml of sterile saline, vortexed 15 min, then the
mixture was spun down and 0.1 ml was inoculated onto media. More-
over, for sediment samples and samples from wastewater outflow a se-
ries of logarithmic dilutions were prepared in sterile saline and in
duplicate technical repetitions, 0.1 ml inoculated onto the media. The
plates were then incubated at 8 °C for 10-21 days in light conditions.
The bacterial isolates were stored at —80 °C in brain heart infusion broth
containing 50 % (vol/vol) glycerol.

2.3. DNA template preparation

Genomic DNA from the culturable bacteria was isolated by heating
(95 °C for 2 min) according to Dillon et al. (2005), and lysates were
stored at —20 °C.

For isolation of the metagenomic DNA, water samples were filtered
through 0.45-um and then 0.2-um cellulose nitrate filters (Sartorius
Stedim): Adventfjorden seashore (2 1), Longyearelva (2 1), wastewater
outflow (1 1), Adventfjorden I, IT and Isfjorden, as well as from Larsbreen

and Longyearbreen (each 0.8 1, after thawing at 3 °C). Filters were
washed with sterile water, and after centrifuging the pellet, total DNA
was extracted by heat lysis and with a Genomic Mini Kit (A&A
Biotechnology) according to the manufacturer’s instructions. Meta-
genomic DNA from sediment samples (Longyearelva, Adventfjorden
seashore) was isolated from 1 g (wet weight) of each sample and
centrifuged, and total DNA was extracted from the pellet as described
above. Quality of the obtained DNA samples was assessed by spectro-
photometry and electrophoresis.

2.4. Qualitative PCR with the use of DNA of bacterial isolates

To assess the frequency of class 1, 2 and 3 integron integrases and
genes determining resistance to sulfonamides, bacterial colony lysates
were prepared in 96-well plates. Amplification of integrase genes (intl1,
intl2 and intI3) and three genes conferring resistance to sulfonamides
(sull, sul2, sul3) was conducted in a 25-pl volume containing 1 x PCR
reaction buffer (1.5 mM MgCly), 0.25 pM each primer, 0.2 mM dNTP
mix, 1.25 U of OptiTaq DNA Polymerase (EURx), and 2 pl of genomic
DNA. PCR conditions consisted of initial denaturation at 94 °C for 3 min,
followed by 30 cycles of 94 °C for 45 s, annealing (varied temperature;
55-60 °C) for 1 min, and 72 °C for 1 min, with a final extension at 72 °C
for 7 min. Primer sequences and annealing temperatures are shown in
Supplementary Table S2. All PCR amplifications were performed in a
Mastercycler® nexus (Eppendorf). The amplicons were separated in a
1.5 % agarose gel. The molecular weight of the PCR products was
determined with an Alliance Q9 Mini (Uvitec). Amplicons were purified
and sequenced in a 3130xl Genetic Analyzer (Applied Biosystems).
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2.5. Detection and analysis of the variable regions of integrons in DNA of
bacterial isolates by conserved segment (CS)-PCR

The variable regions of the integrons were amplified according to
Lévesque et al. (1995). PCR conditions consisted of initial denaturation
at 94 °C for 5 min, 30 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C
for 5 min, and a final elongation at 72 °C for 8 min. PCRs were per-
formed in a Mastercycler® nexus (Eppendorf) and C1000 Thermal
Cycler (Bio-Rad). The amplicons of the variable regions of integrons
were purified and sequenced. When two or more amplicons were pre-
sent, the PCR products were cloned using the pGEM-T Easy vector
(Promega). Individual products obtained were sequenced and aligned
with available GenBank data by using nucleotide BLAST (Basic Local
Alignment Search Tool). A gene was identified if the similarity with
GenBank data was equal to or higher than 98 %.

2.6. Antimicrobial susceptibility

To determine the resistance profile of the intl1-positive strains, a disc
diffusion test was performed using seven drugs representing six classes
of antimicrobials according to the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST, 2021). The antimicrobials included
tobramycin (10 pg), penicillin (10 pg), ciprofloxacin (5 pg), tetracycline
(30 pg), sulfamethoxazole (25 pg) (for the unselected strains on the
medium with sulfamethoxazole), co-trimoxazole (25 pg), and chloram-
phenicol (30 pg). The antimicrobial resistance profile of the tested
strains was expressed as the number of antimicrobial classes to which
these strains were resistant. The strains were considered multidrug
resistant when they exhibited resistance to at least three different classes
of antimicrobials.

2.7. Identification of bacteria by sequencing the 16S rRNA gene

Bacteria harboring integrons were identified by sequencing the 456-
bp-long fragment of the 16S rRNA gene, which was PCR amplified with
the universal primers 343F and 798R according to Nossa (2010). The
343F/798R primer set, producing amplicons encompassing bases
361-784 and hypervariable regions (HVRs) 3 and 4 of the 16S rRNA
gene, has a broad taxonomic coverage of common bacterial species and
gives maximum accuracy of taxonomical classification. The partial 16S
rRNA gene sequences were subjected to a BLASTn sequence similarity
search (Altschul et al., 1990).

2.8. Droplet digital PCR

Droplet digital PCR (ddPCR) was used to determine the copy number
and relative abundance of the class 1 integron-integrase gene intl1 in the
metagenomic DNA. Gene quantities were normalized to the 16S rRNA
gene copy number, and relative abundance values were expressed as
percentages and calculated as follows: [(the gene copy number/16S rRNA
gene copy number) x 4 x 100%]with four being the average number of
copies of the gene encoding 16S rRNA per bacterial cell, according to the
ribosomal RNA database (Stalder et al., 2012). Human mitochondrial
DNA (Hmt-DNA) was also quantified to ascertain the degree of
contamination by human activity. The presence of PCR inhibitors in
template DNA was checked by conventional PCR amplification of bac-
terial 16S rRNA gene fragments using DNA templates at dilutions from
1:5 to 1:200. Primer sequences are shown in Supplementary Table S2.
Each ddPCR was prepared in three technical replications. Reactions
were conducted in a QX200 Droplet Digital PCR System (Bio—Rad) with
QX200 ddPCR EvaGreen Supermix (Bio-Rad).

2.9. Statistical analysis

Associations among integron-bearing bacteria, frequencies of inte-
grons, gene copy numbers, relative abundances of integrons in the
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metagenome, sampling sites and various types of ecosystems were
assessed with the Kruskal-Wallis test and Mann-Whitney U test. Cor-
relations among the frequencies of ARGs, integrons, gene copy numbers,
and the relative abundances of genes in the metagenome were deter-
mined with Spearman’s rank correlation coefficient. Calculations were
performed with Statistica 13.1 software (TIBCO) (Statsoft, 2016). p <
0.05 was used to reflect statistical significance.

3. Results
3.1. Culturable bacteria

The average total number of bacteria ranged from 2.0 x 10 in the
ice core from Longyearbreen to 8.1 x 10° CFU/ml in the sediment of the
Adventfjorden seashore. The average number of sulfamethoxazole-
resistant heterotrophic bacteria ranged from 0.2 x 10! in the ice core
from Larsbreen to 1.3 x 10° CFU/ml in the sediment of the Adven-
tfjorden seashore (Fig. 2A). There were no significant differences in the
total number of heterotrophic bacteria among the materials collected
from the three types of ecosystems: glacial, freshwater and marine.
There were significant differences in the number of sulfamethoxazole-
resistant heterotrophic bacteria among samples collected in various
ecosystems; specifically, from ice cores and sediments (p = 0.04).

The frequency of culturable sulfamethoxazole-resistant heterotrophic
bacteria normalized to the total number of heterotrophs was the lowest in
water of the Adventfjorden seashore (0.8 %) and the highest in waste-
water outflow (17 %). Moreover, the frequency of sulfamethoxazole-
resistant heterotrophic bacteria in ice cores ranged from 6.9 % in
Larsbreen to 15 % in Longyearbreen (Fig. 2B). There were no significant
differences between the materials (ice vs water vs sediment) and ecosys-
tems (glacial vs freshwater vs marine).

3.2. PCR detection of integrons and sul genes in bacterial isolates

The average frequency of the integron-positive heterotrophic isolates
ranged from 2.4 % in sediment of the Adventfjorden seashore to 11.2 %
of isolates recovered from water at the same sampling site (Fig. 3). We
did not find class 2 or 3 integrons in any of the samples.
Sulfamethoxazole-resistant heterotrophic bacteria carried class 1 inte-
grons with an average frequency ranging from 7.7 % in the ice of
Larsbreen to 100 % in the sediment of the Adventfjorden seashore
(Fig. 3). There were no significant differences in the frequencies of int1
genes in the genomes of culturable bacteria between the material and
ecosystems.

Of all the isolates (837 strains, including 498 strains of heterotrophic
bacteria and 339 heterotrophic strains resistant to sulfamethoxazole),
48 had class 1 integrons: three originated from Larsbreen (ice core), 12
from water of the Longyearelva, seven from sediment of the Long-
yearelva, 10 from the water and two from sediment of the Adventfjorden
seashore, and 14 from wastewater outflow. Samples of Longyearbreen
ice and bottom water from Adventfjorden I, II and Isfjorden did not
contain bacteria with int[1. Of all the intI1-positive strains, 85.4 % (41
isolates) carried the sull gene. The sul2 and sul3 genes were not detected.
There was a strong correlation between the frequency of sull and intl1
detected in both heterotrophs and sulfamethoxazole-resistant hetero-
trophic strains (r = 0.90, r = 0.96, respectively).

3.3. Analysis of the variable regions of integrons

The analysis of the variable region of integrons yielded amplicons for
17 isolates (five and three from water and sediment of the Longyearelva,
respectively, two from water of the Adventfjorden seashore and seven
from wastewater outflow).

The size of the variable regions of intl1-positive strains from water of
the Longyearelva ranged from 0.6 to 3.7 kbp. The variable regions
included genes encoding proteins of different functions, including
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Fig. 2. A) Total number of heterotrophic bacteria and
sulfamethoxazole-resistant heterotrophic bacteria in
ice, freshwater and seawater, sediment samples,
wastewater outflow and bottom seawater. B) Fre-
quency of culturable sulfamethoxazole-resistant het-
erotrophic bacteria normalized to the total number of
heterotrophs in samples from Svalbard. Legend: Lars
IC - Larsbreen ice core, Lyr IC — Longyearbreen ice
core, Lw — water of Longyearelva, Ls — sediment of
Longyearelva, AFw - water of Adventfjorden
seashore, AFs — sediment of Adventfjorden seashore,
W - wastewater outflow, AFI — bottom water of
Adventfjorden I, AFII - bottom water of Adven-
tfjorden II, IF — bottom water of Isfjorden.

Fig. 3. Frequency of integrons in heterotrophic and sulfamethoxazole-resistant heterotrophic bacteria cultured from ice, freshwater and seawater, sediment samples
and wastewater outflow. Legend: Lars IC — Larsbreen ice core, Lw — water of Longyearelva, Ls — sediment of Longyearelva, AFw — water of Adventfjorden seashore,

AFs - sediment of Adventfjorden seashore, W — wastewater outflow.

antibiotic resistance, virulence and physiology (Table S3). Gene cas-
settes determining resistance to antibiotics were found in the cassette
fusC, (GCN5)-related N-acetyltransferase (GNAT), and hemerythrin-like

protein. Additionally, a direct link of virulence was found in the cassette
tamB. The variable region of integrons also included other genes directly
or indirectly responsible for the production of membrane transporters
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and forming efflux pumps, such as cassette arrays containing genes
encoding ABC transporter-like proteins, homoserine/homoserine
lactone efflux protein (rhtB), sodium:dicarboxylate symporter, TRAP
transporter (dctM), L-asparagine permease (ansP) and GABA permease
(gabP).

Two strains from the sediment of the Longyearelva had a variable
region of 180 bp, which indicates a lack of integrated gene cassettes,
whereas the remaining strain had a variable region gene encoding the
DUF1405 protein of unknown function (Table S3). One strain isolated
from Adventfjorden seashore water had an empty integron without
inserted gene cassettes, while the second strain had the gene cassette
containing a phosphoenolpyruvate-protein phosphotransferase-encod-
ing gene (ptsI) (Table S3).

The variable region of intl1-positive strains from wastewater outflow
ranged from 0.8 to 3.2 kbp and had genes encoding proteins of different
functions (Table S3). Directly determining resistance to antibiotics were
genes encoding the multidrug efflux MFS transporter MdtM and multi-
drug efflux RND transporter periplasmic adaptor subunit AdeG. The
variable region of these integrons also included genes encoding other
proteins, such as the Tol/Pal system protein YbgF, phosphoenolpyruvate-
protein phosphotransferase (ptsI), methyl-accepting chemotaxis protein
(TAR) and protease II PtrB.

3.4. Antimicrobial susceptibility

All strains were resistant to antimicrobials belonging to classes 2-6.
Among all intl1-positive strains, 93.3 % were resistant to at least three
classes of antibiotics (i.e., multidrug resistant). All tested strains were
resistant to sulfamethoxazole. A high percentage of resistance was found
for tobramycin and chloramphenicol (each 87.1 %). The lowest fre-
quency of resistant strains was noted for tetracycline (19.4 %) (Sup-
plementary Figure S1). The greatest variation in the resistance profile
was observed for the strains isolated from the water and sediment of the
Longyearelva and Adventfjorden seashore (classes 3-6 and 2-5,
respectively), whereas the smallest variation was observed from the ice
of Larsbreen (4 classes) (Fig. 4). There were no significant differences
among the antimicrobial resistance profiles of bacteria isolated from

Ecological Indicators 145 (2022) 109633

different materials and ecosystems.

3.5. Quantification of class 1 integron-integrase and Hmt genes by ddPCR

The average number of 165 rDNA gene copies varied from 2.2 x 10%/
ml in ice of Longyearbreen to 2.0 x 10%/ml in wastewater outflow
(Table S4, Fig. 5). The occurrence of class 1 integron integrase gene
(intl1) and Hmt gene was noted in all of the analyzed metagenome
samples; the average copy number per 1 ml was the lowest in ice of
Longyearbreen (0.6 x 10! and 0.2 x 10!, respectively) and the highest in
wastewater outflow (4.4 x 10* and 1.2 x 106, respectively) (Table S4,
Fig. 5). There were significant differences in 16S rDNA, intl1 and Hmt
copy number/ml among the materials collected in the various types of
ecosystems, specifically, from ice cores and sediments (p = 0.03). There
were also significant differences in Hmt copy number/ml among samples
from ice cores of glaciers, the bottom water from the fjord close to the
discharge of untreated wastewater and the bottom water collected in
increasing distances from the wastewater discharge (p = 0.03). A strong
correlation between the intl1 and Hmt copy number/ml (r = 0.9) was
found.

To determine the relative abundance of class 1 integron-integrase
genes in metagenomes, copy numbers of the int[1 in each site were
normalized to the copy number of the bacterial 16S rRNA gene. The
highest mean values of the relative abundances of the intl1 genes were
observed in the wastewater outflow (88.0 %), and the lowest values
were observed in the water of Isfjorden (2.4 %) (Table S4, Fig. 6). The
metagenome of ice from Longyearbreen represented a higher frequency
of the intl1 (7.1 %) than ice from Larsbreen (4.1 %) (Table S4, Fig. 6).

4. Discussion

One of the negative effects of the development of civilization and the
growing human population is the appearance of various pollutants in the
environment, such as pesticides, heavy metals, detergents, wastewater,
antibiotics, ARB and ARGs, the last of which has been gaining increasing
attention over the course of few decades due to global health risks
(WHO, 2019; Stanton et al., 2022). The effects of human activity on the
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transfer and dissemination of antibiotic resistance are undisputable
(Gillings et al., 2015; Tan et al., 2018). The emergence of a new phe-
notypes, and the impact on natural selection, microbial biogeochemistry
and the animal microbiome are the core of the microbiological effects of
the Anthropocene (Gillings and Paulsen, 2014). However, the links be-
tween natural resistance and resistance affected by humans remain
unclear. Therefore, the essence of this research was to investigate the
occurrence and characteristics of integrons in remote and fragile Arctic
environments, which are characterized by relatively low anthro-
popressure and simplicity of ecosystems compared to those of strongly
industrialized areas. Here, we used an integrative approach combining
culture-based methods with metagenomic studies and revealed the
previously unknown diversity and abundance of integrons in the polar
environmental resistome. We investigated ice, sediments, freshwater,
marine water along with wastewater outflow to the sea as a proxy for
ARGs and integron dissemination.

Untreated wastewater with all the contaminants, including micro-
biological pollution from the city of Longyearbyen, is discharged

w AFI
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Fig. 5. Copy numbers of the 16S rRNA, intl1 and Hmt
genes in the metagenome of ice, freshwater and
seawater, sediment samples, wastewater outflow and
bottom seawater. Legend: Lars IC — Larsbreen ice core,
Lyr IC - Longyearbreen ice core, Lw — water of
Longyearelva, Ls — sediment of Longyearelva, AFw —
water of Adventfjorden seashore, AFs — sediment of
Adventfjorden seashore, W — wastewater outflow, AFI
— bottom water of Adventfjorden I, AFII — bottom
water of Adventfjorden II, IF - bottom water of
Isfjorden.

IF

AFll

directly into Adventfjorden, posing immediate danger to human and
marine animal health. Water flowing from melting glaciers may result in
an increase in the gene pool of Arctic rivers and fjords at broad
geographical scales, contributing to an increase in the gene pool of the
Arctic aquatic resistome. Consequently, the delivery of integrons from
melting glaciers, as well as sewage, to marine ecosystems is a health
hazard due to the generation of new resistance phenotypes among
opportunistic pathogens, regardless of the original source (Gillings,
2014; 2017; 2018; Ghaly et al., 2021).

Regardless of the strength of the anthropopressure in our sampling
sites, we determined the presence of integrons, integron-associated gene
cassettes and genes conferring resistance to sulfonamides in the genomes
of bacteria, as well as class 1 integron-integrase and Hmt genes in the
metagenomic DNA.

4.1. Heterotrophic communities

Glaciers are known as repositories of both inactive and active mi-
crobial species, among which heterotrophic bacterial species are rich
and abundant (Makowska et al., 2016; Margesin and Collins, 2019; Liu
et al.,, 2022). Therefore, meltwater originating from glaciers may in-
crease the total numbers of heterotrophic bacteria and
sulfamethoxazole-resistant heterotrophic bacteria downstream. The
highest average total numbers of heterotrophs (5.2 x 10° in water, 8.1
x 10% CFU/ml) and sulfamethoxazole-resistant heterotrophic bacteria
1.3 x 10° CFU/ml) were recorded in sediment samples collected from
the seashore; however, this increase was already observed in the Long-
yearelva, a glacier-fed river outflowing to the fjord. The total number of
heterotrophs was 3.4 x 10% in water and 3.0 x 10® CFU/ml in sediment,
while sulfamethoxazole-resistant heterotrophic bacteria 9.5 x 10! in
water and 4.5 x 10? CFU/ml in sediment of Longyearelva. Our results
indicates that glaciers release enormous microbial genomic diversity,
including ARB (Makowska et al., 2020; Sajjad et al., 2020). However, it
could be also the interplay between glaciers and extra “payload” of
heterotrophs from soils in the river catchment.

The literature has reported that at least 10'7-10%! viable microbes
(including fungi, bacteria and viruses) are released annually from
melting glaciers worldwide, which is equivalent to 10°~107 metric tons
of microbial biomass (Rogers et al., 2004). Moreover, subglacial envi-
ronments are the source of organic carbon and ancient organic matter
for glacial rivers and seas (Bardgett et al., 2007; Koziol et al., 2018). This
ancient matter might crop out from the ice or be removed from the basal
glacial environments during ice movements and in subglacial outflows,
which can contribute to the resistome of river water and sediment.
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Nevertheless, the state of knowledge about the released ARB and de-
terminants of resistance is completely unknown. The total number of
culturable heterotrophic bacteria was one to three orders lower than the
estimated number of bacteria calculated on the basis of the bacterial 16S
rRNA gene copy number (Table S4, Fig. 5), which corroborates that most
microorganisms originating from polar regions are nonculturable under
laboratory conditions using standard culturing techniques. However,
culture-dependent methods are necessary for full insight into environ-
mental resistomes, including profiling of both resistance phenotypes and
genotypes of bacteria and further assessment of their potential risks to
human health (McLain et al., 2016; Su et al., 2017).

4.2. Integrons in bacterial isolates

Initially, integrons were considered to play a key role in the spread of
multidrug resistance primarily in clinical settings (Cambray et al., 2010;
Lupo et al., 2012). Here, for the first time, we provide data on the fre-
quency of class 1 integron-integrase genes in bacterial strains isolated
from glacial ice and aquatic environments of Svalbard. Among the iso-
lates, 5.7 % (48 isolates) had class 1 integrons. An increase in the fre-
quency of integrons in heterotrophs (4.3 % isolated from water and 6.7
% from sediment) and in heterotrophic bacteria resistant to sulfameth-
oxazole was already observed in the Longyearelva. Only Makowska et al.
(2020) have shown the presence of strains with class 1 integrons in
cryoconite (biogenic sediment on the glacier surface, Rozwalak et al.
(2022)) on glaciers in Svalbard, the Caucasus and Greenland. Glaciers in
Svalbard (Longyearbreen) and Greenland (Russel Glacier) are impacted
by both tourists and scientists, however, the integrons were detected
even on the low human-impacted Adishi Glacier in the Caucasus
(Makowska et al., 2020). Although other studies investigated ARGs and
ARB in snow and ice of Svalbard, no data on integrons were provided
(Segawa et al., 2013). We show that not only the surface of glaciers but
also glacial ice can be a reservoir of bacteria with integrons, which may
spread via water from melting glaciers. The diversity of integrons in
bacteria, including ARB that we found in ice cores only, corroborates the
hypothesis that ARB, ARGs and intl1 might accumulate in glacial ice in
low abundance; however, glacier melting accelerates and accumulates
all the antibiotic resistance cargo in meltwater released into the glacial
river. Additional anthropic input, although minor, may have occurred in
the river samples due to activity of tourists and citizens, especially in the
area of the city. At the same time, through large masses of organic
sludge, the river greatly enriches the water of Adventfjorden in intl1-
positive bacteria. Furthermore, a strong correlation between the
occurrence of the sull gene and class 1 integrons indicates the associa-
tion of the sull gene with the structure of class 1 integrons and suggests
the sull gene is a marker of integrons in various environments (Partridge
et al., 2009; de los Santos et al., 2021), including polar ecosystems.

4.3. The variable regions of integrons

The variable regions of integrons revealed the presence of genes
encoding proteins of different functions, including antibiotic resistance,
virulence and physiology, most of which may increase adaptation to
harsh, nutrient-limited polar ecosystems (Chek et al., 2017; Gillings,
2014; 2017; Mitra et al., 2021).

In the variable regions of intl1-positive strains from water of the
Longyearelva gene cassettes involved in antibiotic resistance is fusC
carried on mobile elements and encodes a protein-mediating resistance
to fusidic acid (Monecke et al., 2021). Moreover, the (GCN5)-related N-
acetyltransferase (GNAT)-encoding gene determined resistance to ami-
noglycosides (Srivastava et al., 2014), and hemerythrin-like protein-
encoding genes, which affects oxidation-reduction regulation and
resistance to erythromycin (Li et al., 2015). The gene cassette tamB
determined virulence. The tamB gene encodes the translocation and
assembly module (TAM), a protein channel mediating the secretion of
virulence factors during pathogen infection (Li et al., 2020). The
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variable region of integrons also included other genes directly or indi-
rectly responsible for the production of membrane transporters, e.g.,
cassette array-containing genes encoding ABC transporter-like proteins
forming efflux pumps. Moreover, in the variable region genes encoding
histidine kinase, and an AMP-binding protein, playing a role in cAMP
signaling, along with several proteins of unknown functions were found
(Khorchid and Tkura, 2006; Endoh and Engel, 2009). Most of them may
increase adaptation to the environment, but some might have an impact
on bacterial resistance. One of the gene cassettes found in this study
contained the phaC; and phaCy genes encoding type II poly-
hydroxyalkanoate (PHA) synthases. PHA synthase is a key enzyme in the
polymerization of polyhydroxyalkanoate (PHA), a biopolymer produced
by various microorganisms as carbon and energy storage components
(Reddy et al., 2003). Cells accumulate PHA when the carbon source is
available in excess, with a simultaneous deficiency of other nutrients,
such as nitrogen or phosphorus, the amount of which is limited in the
water from melting glaciers (Chek et al., 2017; Mitra et al., 2021).

Variable regions of class 1 integrons of bacteria from wastewater
outflow contained gene cassettes coding for the multidrug efflux MFS
transporter MdtM and multidrug efflux RND transporter periplasmic
adaptor subunit AdeG, directly conferring antibiotic resistance. Drug
efflux is a common resistance mechanism in pathogens and relies on
overexpressed multidrug resistance transporters, which may group into
the major facilitator superfamily (MFS) and resistance-nodulation-
division (RND) superfamily. MdtM belongs to the clinically relevant
MFS superfamily of efflux pumps and determines resistance to chlor-
amphenicol, cationic antimicrobials, and biocides (quaternary ammo-
nium compounds) (Nishino and Yamaguchi, 2001; Holdsworth and Law,
2012). RND efflux pumps are widespread, especially among gram-
negative bacteria and determine resistance to many antibiotics and
chemotherapeutic agents (Alav et al., 2018). Taking into account all
identified gene cassettes in this study, the efflux pumps are the most
dominant resistance mechanism in bacteria isolated from Arctic aquatic
environments, also reported by McCann et al. (2019) in soil cores
collected from Spitsbergen. The remaining integrons carry genes coding
for proteins of physiological significance, which may increase the
adaptation of bacteria to extreme environments (Gillings, 2014; 2017;
Makowska et al., 2020). Within the variable parts of class 1 integrons,
we found genes encoding the Tol/Pal system protein YbgF, which is
necessary for colicin A uptake and maintains cell envelope integrity,
sigma factor RpoS and sigma factor RpoD, whose regulation in response
to environmental stressors, such as temperature changes and exposure to
UV light, osmotic shock, oxidative stress and nutrient deprivation, en-
ables bacterial cell survival (Walburger et al., 2002; Fu et al., 2015).
Furthermore, RpoD has also been found responsible for genes that confer
tetracycline resistance, whereas the RpoS sigma factor is crucial for
virulence in many bacterial pathogens (Meena et al., 2019). Taking into
account the low temperature of aquatic environments in the Arctic,
strong seasonality, frequent freeze-thaw cycles, and high doses of UV
radiation (especially on ice surfaces), adaptation to harsh environments
is of crucial importance. Moreover, some mechanisms may trigger the
environmental versatility of bacteria (such as adaptation to osmotic
stress), especially when they are thawed from ice and then transported
through suspension-rich freshwater rivers to marine ecosystems in
fjords.

Class 1 integrons of bacteria from water and sediment of the Long-
yearelva as well as water of the Adventfjorden seashore had empty
integrons with no genes inserted into the variable region. Recent studies
have shown that the presence of empty integrons may also be associated
with highly human-impacted environments such as wastewater (Quin-
tela-Baluja et al., 2021). Moreover, the presence of integrons with no
genes inserted into the variable region in the environment may indicate
that gene cassettes are excised from the structure in the absence of
antibiotic selective pressure (Rosser and Young, 1999) or that they
represent ancestral elements that have not yet acquired gene cassette
inserts, representing great potential for the acquisition and creation of
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novel gene combinations (Stokes et al., 2006).
4.4. Antimicrobial susceptibility

Almost all intl1-positive strains were multidrug resistant (93.3 %).
Although there are no typical gene cassettes in the structure of integrons
that determine resistance to specific antibiotics, multidrug antibiotic
resistance of bacteria is closely associated with the presence of class 1
integrons (Gillings, 2014; 2017). Our results did not show significant
differences in resistance profiles among strains isolated from the various
Arctic environments. This finding suggests that integron-associated
multidrug resistance is a phenomenon that widely occurs in the envi-
ronment, regardless of the level of human activity.

4.5. Metagenomic analysis of integrons and Hmt-DNA

The intl1 and Hmt were recorded in all analyzed samples. The highest
mean copy number was obtained for intl1 in wastewater outflow (4.4 x
10%/ml and 1.2 x 105, respectively) and the lowest in ice from Long-
yearbreen (0.6 x 10'/ml and 0.2 x 10!, respectively). Indeed the
wastewater in Svalbard contributes to the spread of contaminants
(Kalinowska et al., 2020; Herzke et al., 2021) effectively increasing the
gene pool of the resistome.

The use of human mitochondrial DNA (Hmt-DNA) is a promising
molecular marker to assess the impact of anthropogenic activity. The
source of Hmt-DNA is each cell originating from human (e.g., skin or
intestinal tract cells) (He et al., 2015; Tan et al., 2018). The presence of
Hmt-DNA in Arctic glacial ecosystems or glacial-fed rivers indicate that
even unoccupied human systems are not free from human-related con-
taminants. As shown in Fig. 5, Hmt gene abundance was different be-
tween heavily impacted wastewater outflow samples (1.2 x 10%/m1) and
less impacted ice core samples (1.0 x 10'/ml for Larsbreen and 0.1 x
10'/ml for Longyearbreen), still present in glaciers. Similar results were
observed by Tan et al. (2018) who found higher abundance of Hmt in
heavily impacted regions, including the Haihe River (1.10 x 10° copies/
g sediment) and the Tianjin Water Park (8.03 x 10° copies/g sediment)
in China, and it was more than two to three orders of magnitude higher
than those of sediment samples from sub-Arctic and Arctic regions (4.37
x 102 to 2.35 x 10° copies/g sediment). Moreover, a very strong cor-
relation between intI1 and Hmt copy numbers in metagenomic DNA
supports the use of Hmt-DNA as a suitable indicator for evaluating
anthropogenic pollutants such as intl1. Our results suggest that human
activities play an important role in the accumulation and dissemination
of integrons in Arctic environments, which corroborate other studies
conducted in relatively pristine environments (McCann et al., 2019;
Sajjad et al., 2020; Sanchez-Cid et al., 2022). In metagenomic studies,
McCann et al. (2019) found intI1 in high Arctic soil ecosystems, which
indicates the development of antibiotic resistance and accumulate in
even the most remote locations.

The relative abundance of intl1, calculated by normalization to the
copy number of the 16S rRNA gene, was the highest in wastewater
outflow (88.0 %). The lowest relative abundance of intl1 was found in
Isfjorden (2.4 %), which is a large and open fjord system with a strong
impact on the Greenland Sea and marine currents, most likely influenced
by dilution. Moreover, there was an increase in the relative abundance
of intl1 in water (51.1 %) and sediment (35.6 %) of Longyearelva
compared to those of Larsbreen (4.1 %) and Longyearbreen (7.1 %)
glaciers. Thus, glaciers may enrich rivers in integrons by releasing bio-
logical material during each melting season, which then potentially
accumulates in sediments or is transported and diluted in the fjord.
However, we cannot exclude that soils in the catchment or human traffic
in area above Longyearbyen city center could be an additional source of
the intI1 in the river.

The relative abundance of the studied genes was higher on Long-
yearbreen than on Larsbreen, suggesting that Longyearbreen is a more
polluted glacier and may constitute a larger reservoir of integrons.
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Longyearbreen, due to its relatively easy access, is commonly visited by
tourists, hikers and students. Thus, even a very minor amount of
contaminated water that possibly percolates ice could increase the
presence of integrons found in ice cores. There is little information in the
literature on the abundance of class 1 integron-integrase genes deter-
mined by metagenomic approaches in aquatic environments of polar
regions and glacial habitats worldwide (Makowska et al., 2020). Our
results suggest that glacial ice may be a reservoir of integrons and
associated genes and may accumulate contaminants currently consid-
ered biotic pollutants, which mix with water from melting glaciers and
may disseminate into the environment (Hauptmann et al., 2017;
Makowska et al. 2020).

5. Conclusion

Our results indicate the existence of pathways for the spread of
integrons in Svalbard leading from the glacial environment through the
proglacial river and municipal sewage to the marine environment,
posing a threat to human and animal health. The presence of ARB and
integrons in the marine environment may potentially cause infections in
marine vertebrates affecting their microbiome, and thus posing a risk of
transferring ARBs and integrons back into humans and the environment.
We focused on integrons as markers of anthropogenic pollution and
characterized associated gene cassettes in the genomes of culturable
bacteria, as well as class 1 integron-integrase genes in the metagenome
of ice, freshwater and seawater, sediment samples, wastewater outflow
and bottom seawater from high Arctic environments of Svalbard. We
detected ARGs, class 1 integrons in ARB isolated from wastewater
outflow, glacial environments, water of Longyearelva and Adven-
tfjorden. Our findings show that even a low and legal transport of
wastewater to the marine environment leaves a human fingerprint on
the Arctic ecosystem. Moreover, in the variable regions of integrons, the
occurrence of genes determining different functions, including anti-
biotic resistance, virulence and physiology was noted, highlighting the
crucial role of these genes in adaptation and versatility to stress (os-
motic, light, temperature) in Arctic environments. The relative abun-
dance of the intI1 gene was reported in metagenomes with different
effects of human activity (ice cores vs wastewater outflow) and was
positively correlated with abundance of the Hmt gene, mirroring both
natural and human roles in shaping the polar aquatic resistome. Thus,
natural factors such as water from melting glaciers as well as human
activity such as wastewater discharged directly from Longyearbyen to
Adventfjorden, contribute to the enrichment of the marine resistome of
this Arctic region. Potentially, similar effects may exist in other Arctic
regions where the terrestrial cryosphere is melting and human settle-
ments exist.

6. Data availability statement

All data generated or analyzed during this study are included in this
published article (and its supplementary information files) and are
deposited in the public database GenBank (accession numbers
ON795922-ON795938 and ON886241-ON886277).

CRediT authorship contribution statement

Nicoletta Makowska-Zawierucha: Conceptualization, Data cura-
tion, Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing. Joanna Mokracka: Formal
analysis. Marcelina Malecka: Formal analysis. Piotr Balazy: Investi-
gation, Writing — review & editing. Maciej Chelchowski: Investig
ation. Dariusz Ignatiuk: Investigation, Methodology, Visualization.
Krzysztof Zawierucha: Conceptualization, Investigation, Methodol-
ogy, Supervision, Writing — original draft, Writing — review & editing.



N. Makowska-Zawierucha et al.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This study was supported by grant no. 2020/36,/C/NZ9,/00221 from
the National Science Centre, Poland. Project is realized in Svalbard
under RiS ID 11563. Authors thanks three anonymous reviewers for
their valuable comments on the manuscript and prof. Daniel Shain
(Biology Department, Rutgers, The State University of New Jersey,
Camden, NJ, USA) for proofreading. Authors would like to thank prof.
Piotr Kuklinski (Institute of Oceanology Polish Academy of Sciences),
Dr. Sebastian Sikora (The University Centre in Svalbard) and prof. Piotr
Klimaszyk (Adam Mickiewicz University in Poznan) for logistical sup-
port during sampling. Additionally, authors would like to thanks Piotr
Rozwalak for help in ice-core drilling in 2021.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2022.109633.

References

Alav, L., Sutton, J.M., Rahman, K.M., 2018. Role of bacterial efflux pumps in biofilm
formation. J. Antimicrob. Chemother. 73 (8), 2003-2020. https://doi.org/10.1093/
jac/dky042.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215 (3), 403-410. https://doi.org/10.1016/
50022-2836(05)80360-2.

AMAP, 2018. AMAP Assessment 2018: Biological Effects of Contaminants on Arctic
Wildlife and Fish. Arctic Monitoring and Assessment Programme (AMAP), Oslo,
Norway. vii+84pp.

Bardgett, R.D., Richter, A., Bol, R., Garnett, M.H., Badumler, R., Xu, X., Lopez-Capel, E.,
Manning, D.A., Hobbs, P.J., Hartley, I.R., Wanek, W., 2007. Heterotrophic microbial
communities use ancient carbon following glacial retreat. Biol. Lett. 3 (5), 487-490.
https://doi.org/10.1098/rsbl.2007.0242.

Beard, D.B., Clason, C.C., Rangecroft, S., Poniecka, E., Ward, K.J., Blake, W.H., 2022.
Anthropogenic contaminants in glacial environments I: Inputs and accumulation.
Prog. Phys. Geogr.: Earth Environ. https://doi.org/10.1177/03091333221107376.

Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G., 2017. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS Microbiol.
Rev. 42 (1), fux053. https://doi.org/10.1093/femsre/fux053.

CAFF, 2017. State of the Arctic Marine Biodiversity Report. Conservation of Arctic Flora
and Fauna International Secretariat, Akureyri, Iceland. ISBN: 978-9935-431-63-9.

Cambray, G., Guerout, A.-M., Mazel, D., 2010. Integrons. Annu. Rev. Genet. 44 (1),
141-166. https://doi.org/10.1146/annurev-genet-102209-163504.

Chek, MLF., Kim, S.-Y., Mori, T., Arsad, H., Samian, M.R., Sudesh, K., Hakoshima, T.,
2017. Structure of polyhydroxyalkanoate (PHA) synthase PhaC from
Chromobacterium sp. USM2, producing biodegradable plastics. Sci. Rep. 7 (1), 5312.
https://doi.org/10.1038/541598-017-05509-4.

Chen, B., Yang, Y., Liang, X., Yu, K., Zhang, T., Li, X., 2013. Metagenomic profiles of
antibiotic resistance genes (ARGs) between human impacted estuary and deep ocean
sediments. Environ. Sci. Technol. 47 (22), 12753-12760. https://doi.org/10.1021/
es403818e.

Daley, K., Jamieson, R., Rainham, D., Truelstrup Hansen, L., 2018. Wastewater treatment
and public health in Nunavut: a microbial risk assessment framework for the
Canadian Arctic. Environ. Sci. Pollut. Res. 25 (33), 32860-32872. https://doi.org/
10.1007/511356-017-8566-8.

de los Santos, E., Lavina, M., Poey, M.E., 2021. Strict relationship between class 1
integrons and resistance to sulfamethoxazole in Escherichia coli. Microb. Pathog. 161,
105206 https://doi.org/10.1016/j.micpath.2021.105206.

Dillon, B., Thomas, L., Mohmand, G., Zelynski, A., Iredell, J., 2005. Multiplex PCR for
screening of integrons in bacterial lysates. J. Microbiol. Methods 62 (2), 221-232.
https://doi.org/10.1016/j.mimet.2005.02.007.

Endoh, T., Engel, J.N., 2009. CbpA: A polarly localized novel cyclic AMP-binding protein
in Pseudomonas aeruginosa. J. Bacteriol. 191, 7193-7205. https://doi.org/10.1128/
jb.00970-09.

EUCAST, 2021. European Committee on Antimicrobial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone diameters. Version 11.0.

10

Ecological Indicators 145 (2022) 109633

Fu, H,, Lee, J., Wang, T., 2015. Heat-shock Increases RpoD Dependent f-galactosidase
activity in the Escherichia coli strains BD792 and B23. Undergraduate J. Exp.
Microbiol. Immunol. (UJEMI) 19, 1-5.

Ghaly, T.M., Gillings, M.R., Penesyan, A., Qi, Q., Rajabal, V., Tetu, S.G., 2021. The
natural history of integrons. Microorganisms 9 (11), 2212. https://doi.org/10.3390/
microorganisms9112212.

Gillings, M.R., 2014. Integrons: Past, present, and future. Microbiol. Mol. Biol. Rev. 78
(2), 257-277. https://doi.org/10.1128/mmbr.00056-13.

Gillings, M.R., 2017. Class 1 integrons as invasive species. Curr. Opin. Microbiol. 38,
10-15. https://doi.org/10.1016/j.mib.2017.03.002.

Gillings, M.R., 2018. DNA as a pollutant: The clinical class 1 integron. Curr. Pollut. Rep.
4 (1), 49-55. https://doi.org/10.1007/540726-018-0076-x.

Gillings, M.R., Paulsen, I.T., 2014. Microbiology of the Anthropocene. Anthropocene 5,
1-8. https://doi.org/10.1016/j.ancene.2014.06.004.

Gillings, M.R., Gaze, W.H., Pruden, A., Smalla, K., Tiedje, J.M., Zhu, Y.-G., 2015. Using
the class 1 integron-integrase gene as a proxy for anthropogenic pollution. ISME J. 9
(6), 1269-1279. https://doi.org/10.1038/ismej.2014.226.

Granberg, M.E., Ask, A., Gabrielsen, W., 2017. Local Contamination in Svalbard -
Overview and Suggestions for Remediation Actions. Norsk Polarinstitutt.

Gunnarsdottir, R., Jenssen, P.D., Jensen, P.E., Villumsen, A., Kallenborn, R., 2013.

A review of wastewater handling in the Arctic with special reference to
pharmaceuticals and personal care products (PPCPs) and microbial pollution. Ecol.
Eng. 50, 76-85. https://doi.org/10.1016/j.ecoleng.2012.04.025.

Hauptmann, A.L., Sicheritz-Pontén, T., Cameron, K.A., Belum, J., Plichta, D.R.,
Dalgaard, M., Stibal, M., 2017. Contamination of the Arctic reflected in microbial
metagenomes from the Greenland Ice Sheet. Environ. Res. Lett. 12 (7), 074019
https://doi.org/10.1088/1748-9326/aa7445.

Hayward, J.L., Jackson, A.J., Yost, C.K., Truelstrup Hansen, L., Jamieson, R.C., 2018.
Fate of antibiotic resistance genes in two Arctic tundra wetlands impacted by
municipal wastewater. Sci. Total Environ. 642, 1415-1428. https://doi.org/
10.1016/j.scitotenv.2018.06.083.

He, X., Chen, H., Shi, W., Cui, Y., Zhang, X.X., 2015. Persistence of mitochondrial DNA
markers as fecal indicators in water environments. Sci. Total Environ. 533, 383-390.
https://doi.org/10.1016/j.scitotenv.2015.06.119.

Head, M.J., Zalasiewicz, J.A., Waters, C.N., Turner, S.D., Williams, M., Barnosky, A.D.,
Steffen, W., Wagreich, M., Haff, P.K., Syvitski, J., Leinfelder, R., Mccarthy, F.M.G.,
Rose, N.L., Wing, S.L., An, Z., Cearreta, A., Cundy, A.B., Fairchild, I.J., Han, Y., Ivar
Do Sul, J.A., Jeandel, C., Mcneill, J.R., Summerhayes, C.P., 2022. The proposed
Anthropocene Epoch/Series is underpinned by an extensive array of mid-20th
century stratigraphic event signals. J. Quat. Sci. 37, 1181-1187. https://doi.org/
10.1002/jqs.3467.

Herzke, D., Ghaffari, P., Sundet, J.H., Tranang, C.A., Halsband, C., 2021. Microplastic
fiber emissions from wastewater effluents: Abundance, transport behavior and
exposure risk for biota in an Arctic fjord. Front. Environ. Sci. 9, 662168 https://doi.
org/10.3389/fenvs.2021.662168.

Holdsworth, S.R., Law, C.J., 2012. Functional and biochemical characterisation of the
Escherichia coli major facilitator superfamily multidrug transporter MdtM. Biochimie
94 (6), 1334-1346. https://doi.org/10.1016/j.biochi.2012.03.001.

Ignatiuk, D.S., Blaszczyk, M., Budzik, T., Grabiec, M., Jania, J.A., Kondracka, M.,
Laska, M., Malarzewski, £., Stachnik, £., 2022. A decade of glaciological and
meteorological observations in the Arctic (Werenskioldbreen, Svalbard). Earth Syst.
Sci. Data 14, 2487-2500. https://doi.org/10.5194/essd-14-2487-2022.

IPCC, 2019. IPCC Special Report on the Ocean and Cryosphere in a Changing Climate
[H.-O. Portner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E.
Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A. Okem, J. Petzold, B. Rama, N.
M. Weyer (eds.)].

Kalinowska, A., Szopinska, M., Chmiel, S., Koriczak, M., Polkowska, Z., Artichowicz, W.,
Jankowska, K., Nowak, A., Luczkiewicz, A., 2020. Heavy metals in a high Arctic
fiord and their introduction with the wastewater: A case study of Adventfjorden-
Longyearbyen system, Svalbard. Water 12 (3), 794. https://doi.org/10.3390/
w12030794.

Khorchid, A., Ikura, M., 2006. Bacterial histidine kinase as signal sensor and transducer.
Int. J. Biochem. Cell Biol. 38 (3), 307-312. https://doi.org/10.1016/j.
biocel.2005.08.018.

Koziol, K.A., Moggridge, H.L., Cook, J.M., Hodson, A.J., 2018. Organic carbon fluxes of a
glacier surface: A case study of Foxfonna, a small Arctic Glacier. Earth Surf. Proc.
Land. 44 (2), 405-416. https://doi.org/10.1002/esp.4501.

Lévesque, C., Piché, L., Larose, C., Roy, P.H., 1995. PCR mapping of integrons reveals
several novel combinations of resistance genes. Antimicrob. Agents Chemother. 39
(1), 185-191. https://doi.org/10.1128/aac.39.1.185.

Li, M.F., Jia, B.-B., Sun, Y.Y., Sun, L., 2020. The translocation and assembly module
(TAM) of Edwardsiella Tarda is essential for stress resistance and host infection.
Front. Microbiol. 11 https://doi.org/10.3389/fmicb.2020.01743.

Li, X., Li, J., Hu, X., Huang, L., Xiao, J., Chan, J., Mi, K., 2015. Differential roles of the
hemerythrin-like proteins of Mycobacterium smegmatis in hydrogen peroxide and
erythromycin susceptibility. Sci. Rep. 5 (1), 16130. https://doi.org/10.1038/
srep16130.

Liu, Y., Ji, M., Yu, T., Zaugg, J., Anesio, A.M., Zhang, Z., Hu, S., Hugenholtz, P., Liu, K.,
Liu, P., Chen, Y., Luo, Y., Yao, T., 2022. A genome and gene catalog of glacier
microbiomes. Nat. Biotechnol. https://doi.org/10.1038/541587-022-01367-2.

Lokas, E., Wachniew, P., Baccolo, G., Gaca, P., Janko, K., Milton, A., Buda, J.,
Komedera, K., Zawierucha, K., 2022. Unveiling the extreme environmental
radioactivity of cryoconite from a Norwegian glacier. Sci. Total Environ. 814,
152656 https://doi.org/10.1016/j.scitotenv.2021.152656.


https://doi.org/10.1016/j.ecolind.2022.109633
https://doi.org/10.1016/j.ecolind.2022.109633
https://doi.org/10.1093/jac/dky042
https://doi.org/10.1093/jac/dky042
https://doi.org/10.1016/s0022-2836(05)80360-2
https://doi.org/10.1016/s0022-2836(05)80360-2
https://doi.org/10.1098/rsbl.2007.0242
https://doi.org/10.1177/03091333221107376
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1146/annurev-genet-102209-163504
https://doi.org/10.1038/s41598-017-05509-4
https://doi.org/10.1021/es403818e
https://doi.org/10.1021/es403818e
https://doi.org/10.1007/s11356-017-8566-8
https://doi.org/10.1007/s11356-017-8566-8
https://doi.org/10.1016/j.micpath.2021.105206
https://doi.org/10.1016/j.mimet.2005.02.007
https://doi.org/10.1128/jb.00970-09
https://doi.org/10.1128/jb.00970-09
http://refhub.elsevier.com/S1470-160X(22)01106-2/h0080
http://refhub.elsevier.com/S1470-160X(22)01106-2/h0080
http://refhub.elsevier.com/S1470-160X(22)01106-2/h0080
https://doi.org/10.3390/microorganisms9112212
https://doi.org/10.3390/microorganisms9112212
https://doi.org/10.1128/mmbr.00056-13
https://doi.org/10.1016/j.mib.2017.03.002
https://doi.org/10.1007/s40726-018-0076-x
https://doi.org/10.1016/j.ancene.2014.06.004
https://doi.org/10.1038/ismej.2014.226
http://refhub.elsevier.com/S1470-160X(22)01106-2/h0110
http://refhub.elsevier.com/S1470-160X(22)01106-2/h0110
https://doi.org/10.1016/j.ecoleng.2012.04.025
https://doi.org/10.1088/1748-9326/aa7445
https://doi.org/10.1016/j.scitotenv.2018.06.083
https://doi.org/10.1016/j.scitotenv.2018.06.083
https://doi.org/10.1016/j.scitotenv.2015.06.119
https://doi.org/10.1002/jqs.3467
https://doi.org/10.1002/jqs.3467
https://doi.org/10.3389/fenvs.2021.662168
https://doi.org/10.3389/fenvs.2021.662168
https://doi.org/10.1016/j.biochi.2012.03.001
https://doi.org/10.5194/essd-14-2487-2022
https://doi.org/10.3390/w12030794
https://doi.org/10.3390/w12030794
https://doi.org/10.1016/j.biocel.2005.08.018
https://doi.org/10.1016/j.biocel.2005.08.018
https://doi.org/10.1002/esp.4501
https://doi.org/10.1128/aac.39.1.185
https://doi.org/10.3389/fmicb.2020.01743
https://doi.org/10.1038/srep16130
https://doi.org/10.1038/srep16130
https://doi.org/10.1038/s41587-022-01367-2
https://doi.org/10.1016/j.scitotenv.2021.152656

N. Makowska-Zawierucha et al.

Lupo, A., Coyne, S., Berendonk, T.U., 2012. Origin and evolution of antibiotic resistance:
The common mechanisms of emergence and spread in water bodies. Front.
Microbiol. 3, 1-13. https://doi.org/10.3389/fmicb.2012.00018.

Makowska, N., Zawierucha, K., Mokracka, J., Koczura, R., 2016. First report of
microorganisms of Caucasus glaciers (Georgia). Biologia 71 (6), 620-625. https://
doi.org/10.1515/biolog-2016-0086.

Makowska, N., Zawierucha, K., Nadobna, P., Pigtek-Bajan, K., Krajewska, A.,

Szwedyk, J., Iwasieczko, P., Mokracka, J., Koczura, R., 2020. Occurrence of
integrons and antibiotic resistance genes in cryoconite and ice of Svalbard,
Greenland, and the Caucasus glaciers. Sci. Total Environ. 716, 137022 https://doi.
org/10.1016/j.scitotenv.2020.137022.

Margesin, R., Collins, T., 2019. Microbial ecology of the cryosphere (glacial and
permafrost habitats): current knowledge. Appl. Microbiol. Biotechnol. 103,
2537-2549. https://doi.org/10.1007/500253-019-09631-3.

McCann, C.M., Christgen, B., Roberts, J.A., Su, J.-Q., Arnold, K.E., Gray, N.D., Zhu, Y.-G.,
Graham, D.W., 2019. Understanding drivers of antibiotic resistance genes in high
Arctic soil ecosystems. Environ. Int. 125, 497-504. https://doi.org/10.1016/j.
envint.2019.01.034.

McConnell, J.R., Wilson, A.L, Stohl, A., Arienzo, M.M., Chellman, N.J., Eckhardt, S.,
Thompson, E.M., Pollard, A.M., Steffensen, J.P., 2018. Lead pollution recorded in
Greenland ice indicates European emissions tracked plagues, wars, and imperial
expansion during antiquity. Proceedings of the National Academy of Sciences 115
(22), 5726-5731. doi:10.1073/pnas.1721818115.

MclLain, J.E., Cytryn, E., Durso, L.M., Young, S., 2016. Culture-based Methods for
Detection of Antibiotic Resistance in Agroecosystems: Advantages, Challenges, and
Gaps in Knowledge. J. Environ. Qual. 45, 432-440. https://doi.org/10.2134/
jeq2015.06.0317.

Meena, M., Swapnil, P., Zehra, A., Aamir, M., Dubey, M.K., Patel, C.B., Upadhyay, R.S.,
2019. Virulence factors and their associated genes in microbes. New Future Dev.
Microb. Biotechnol. Bioeng. 181-208 https://doi.org/10.1016/b978-0-444-63503-
7.00011-5.

Mitra, R., Xu, T., Chen, G.Q., Xiang, H., Han, J., 2021. An updated overview on the
regulatory circuits of polyhydroxyalkanoates synthesis. Microb. Biotechnol. https://
doi.org/10.1111/1751-7915.13915.

Monecke, S., Miiller, E., Braun, S.D., Armengol-Porta, M., Bes, M., Boswihi, S., El-
Ashker, M., Engelmann, L., Gawlik, D., Gwida, M., Hotzel, H., Nassar, R., Reissig, A.,
Ruppelt-Lorz, A., Senok, A., Somily, A.M., Udo, E.E., Ehricht, R., 2021.
Characterisation of S. aureus/MRSA CC1153 and review of mobile genetic elements
carrying the fusidic acid resistance gene fusC. Sci. Rep. 11 (1), 8128. https://doi.org/
10.1038/541598-021-86273-4.

Nishino, K., Yamaguchi, A., 2001. Analysis of a complete library of putative drug
transporter genes in Escherichia coli. J. Bacteriol. 183 (20), 5803-5812. https://doi.
org/10.1128/jb.183.20.5803-5812.2001.

Nossa, C.W., 2010. Design of 16S rRNA gene primers for 454 pyrosequencing of the
human foregut microbiome. World J. Gastroenterol. 16 (33), 4135. https://doi.org/
10.3748/wjg.v16.i33.4135.

Partridge, S.R., Tsafnat, G., Coiera, E., Iredell, J.R., 2009. Gene cassettes and cassette
arrays in mobile resistance integrons. FEMS Microbiol. Rev. 33 (4), 757-784.
https://doi.org/10.1111/j.1574-6976.2009.00175.x.

Poniecka, E.A., Bagshaw, E.A., Sass, H., Segar, A., Webster, G., Williamson, C., Anesio, A.
M., Tranter, M., 2020. Physiological capabilities of cryoconite hole microorganisms.
Front. Microbiol. 11, 1783. https://doi.org/10.3389/fmicb.2020.01783.

Pries, C.E.H., McLaren, J.R., Vaughn, L.S., Treat, C. and Voigt, C., 2022. The changing
biogeochemical cycles of tundra. In Multi-Scale Biogeochemical Processes in Soil
Ecosystems (eds Y. Yang, M. Keiluweit, N. Senesi and B. Xing). doi:10.1002/
9781119480419.ch7.

Quintela-Baluja, M., Frigon, D., Abouelnaga, M., Jobling, K., Romalde, J.L., Gomez
Lopez, M., Graham, D.W., 2021. Dynamics of integron structures across a wastewater
network — Implications to resistance gene transfer. Water Res. 206, 117720 https://
doi.org/10.1016/j.watres.2021.117720.

Reddy, C.S.K., Ghai, R., Rashmi, Kalia, V.C., 2003. Polyhydroxyalkanoates: An overview.
Bioresour. Technol. 87 (2), 137-146. https://doi.org/10.1016/50960-8524(02)
00212-2.

Rogers, S.0., Starmer, W.T., Castello, J.D., 2004. Recycling of pathogenic microbes
through survival in ice. Med. Hypotheses 63 (5), 773-777. https://doi.org/10.1016/
j.mehy.2004.04.004.

11

Ecological Indicators 145 (2022) 109633

Rosser, S.J., Young, H.-K., 1999. Identification and characterization of class 1 integrons
in bacteria from an aquatic environment. J. Antimicrob. Chemother. 44 (1), 11-18.
https://doi.org/10.1093/jac/44.1.11.

Rozwalak, P., Podkowa, P., Buda, J., Niedzielski, P., Kawecki, S., Ambrosini, R., et al.,
2022. Cryoconite-From minerals and organic matter to bioengineered sediments on
glacier’s surfaces. Sci. Total Environ. 807, 150874 https://doi.org/10.1016/j.
scitotenv.2021.150874.

Sajjad, W., Rafiq, M., Din, G., Hasan, F., Igbal, A., Zada, S., Ali, B., Hayat, M., Irfan, M.,
Kang, S., 2020. Resurrection of inactive microbes and resistome present in the
natural frozen world: Reality or myth? Science of The Total Environment 735,
139275. 10.1016/j.scitotenv.2020.139275. Erratum in: Science of The Total
Environment, 737, 140107. 10.1016/j.scitotenv.2020.140107.

Sanchez-Cid, C., Keuschnig, C., Torzewski, K., Stachnik, L., Kepski, D., Luks, B.,
Nawrot, A., Niedzielski, P., Vogel, T.M., Larose, C., 2022. Environmental and
anthropogenic factors shape the snow microbiome and antibiotic resistome. Front.
Microbiol. 13, 918622 https://doi.org/10.3389/fmicb.2022.918622.

Segawa, T., Takeuchi, N., Rivera, A., Yamada, A., Yoshimura, Y., Barcaza, G.,
Shinbori, K., Motoyama, H., Kohshima, S., Ushida, K., 2013. Distribution of
antibiotic resistance genes in glacier environments: antibiotic resistance genes in
snow and ice. Environ. Microbiol. Rep. 5, 127-134. https://doi.org/10.1111/1758-
2229.12011.

Sjolund, M., Bonnedahl, J., Hernandez, J., Bengtsson, S., Cederbrant, G., Pinhassi, J.,
Kahlmeter, G., Olsen, B., 2008. Dissemination of multidrug-resistant bacteria into
the Arctic. Emerg. Infect. Dis. 14 (1), 70-72. https://doi.org/10.3201/
€id1401.070704.

Srivastava, P., Khandokar, Y.B., Swarbrick, C.M., Roman, N., Himiari, Z., Sarker, S.,
Raidal, S.R., Forwood, J.K., 2014. Structural characterization of a Gen5-related N-
acetyltransferase from Staphylococcus aureus. PLoS ONE 9 (8), €102348. https://doi.
org/10.1371/journal.pone.0102348.

Stalder, T., Barraud, O., Casellas, M., Dagot, C., Ploy, M.-C., 2012. Integron involvement
in environmental spread of antibiotic resistance. Front. Microbiol. 3, 119. https://
doi.org/10.3389/fmicb.2012.00119.

Stanton, I.C., Bethel, A., Leonard, A.F.C., Gaze, W.H., Garside, R., 2022. Existing
evidence on antibiotic resistance exposure and transmission to humans from the
environment: a systematic map. Environ. Evidence 11, 8. https://doi.org/10.1186/
513750-022-00262-2.

StatSoft (2016), STATISTICA (data analysis software system), version 13.1.

Stokes, H.W., Nesbg, C.L., Holley, M., Bahl, M.L,, Gillings, M.R., Boucher, Y., 2006. Class
1 integrons potentially predating the association with tn402-like transposition genes
are present in a sediment microbial community. J. Bacteriol. 188 (16), 5722-5730.
https://doi.org/10.1128/JB.01950-05.

Su, J.-Q., Cui, L., Chen, Q.-L., An, X.-L., Zhu, Y.-G., 2017. Application of genomic
technologies to measure and monitor antibiotic resistance in animals. Ann. N. Y.
Acad. Sci. 1388, 121-135. https://doi.org/10.1111/nyas.13296.

Tan, L., Li, L., Ashbolt, N., Wang, X., Cui, Y., Zhu, X., Xu, Y., Yang, Y., Mao, D., Luo, Y.,
2018. Arctic antibiotic resistance gene contamination, a result of anthropogenic
activities and natural origin. Sci. Total Environ. 621, 1176-1184. https://doi.org/
10.1016/j.scitotenv.2017.10.110.

Uyaguari-Diaz, M.1., Croxen, M.A., Luo, Z., Cronin, K.I., Chan, M., Baticados, W.N.,
Nesbitt, M.J., Li, S., Miller, K.M., Dooley, D., Hsiao, W., Isaac-Renton, J.L., Tang, P.,
Prystajecky, N., 2018. Human activity determines the presence of integron-
associated and antibiotic resistance genes in southwestern British Columbia. Front.
Microbiol. 9, 852. https://doi.org/10.3389/fmicb.2018.00852.

Walburger, A., Lazdunski, C., Corda, Y., 2002. The Tol/Pal system function requires an
interaction between the C-terminal domain of TolA and the N-terminal domain of
TolB. Mol. Microbiol. 44 (3), 695-708. https://doi.org/10.1046/j.1365-
2958.2002.02895.x.

WHO. World Health Organization, 2019. No Time to Wait: Securing the future from
drug-resistant infections. Report to the Secretary-General of the United Nations.
Zhang, X.-X., Zhang, T., Zhang, M., Fang, H.H., Cheng, S.-P., 2009. Characterization and
quantification of class 1 integrons and associated gene cassettes in sewage treatment

plants. Appl. Microbiol. Biotechnol. 82 (6), 1169-1177. https://doi.org/10.1007/
500253-009-1886-y.

Zhu, G., Wang, X., Yang, T., Su, J., Qin, Y., Wang, S., Gillings, M., Wang, C., Ju, F.,
Lan, B,, Liu, C., Li, H., Long, X.-E., Wang, X., Jetten, M.S., Wang, Z., Zhu, Y.-G., 2021.
Air pollution could drive global dissemination of antibiotic resistance genes. ISME J.
15, 270-281. https://doi.org/10.1038/541396-020-00780.


https://doi.org/10.3389/fmicb.2012.00018
https://doi.org/10.1515/biolog-2016-0086
https://doi.org/10.1515/biolog-2016-0086
https://doi.org/10.1016/j.scitotenv.2020.137022
https://doi.org/10.1016/j.scitotenv.2020.137022
https://doi.org/10.1007/s00253-019-09631-3
https://doi.org/10.1016/j.envint.2019.01.034
https://doi.org/10.1016/j.envint.2019.01.034
https://doi.org/10.2134/jeq2015.06.0317
https://doi.org/10.2134/jeq2015.06.0317
https://doi.org/10.1016/b978-0-444-63503-7.00011-5
https://doi.org/10.1016/b978-0-444-63503-7.00011-5
https://doi.org/10.1111/1751-7915.13915
https://doi.org/10.1111/1751-7915.13915
https://doi.org/10.1038/s41598-021-86273-4
https://doi.org/10.1038/s41598-021-86273-4
https://doi.org/10.1128/jb.183.20.5803-5812.2001
https://doi.org/10.1128/jb.183.20.5803-5812.2001
https://doi.org/10.3748/wjg.v16.i33.4135
https://doi.org/10.3748/wjg.v16.i33.4135
https://doi.org/10.1111/j.1574-6976.2009.00175.x
https://doi.org/10.3389/fmicb.2020.01783
https://doi.org/10.1016/j.watres.2021.117720
https://doi.org/10.1016/j.watres.2021.117720
https://doi.org/10.1016/s0960-8524(02)00212-2
https://doi.org/10.1016/s0960-8524(02)00212-2
https://doi.org/10.1016/j.mehy.2004.04.004
https://doi.org/10.1016/j.mehy.2004.04.004
https://doi.org/10.1093/jac/44.1.11
https://doi.org/10.1016/j.scitotenv.2021.150874
https://doi.org/10.1016/j.scitotenv.2021.150874
https://doi.org/10.3389/fmicb.2022.918622
https://doi.org/10.1111/1758-2229.12011
https://doi.org/10.1111/1758-2229.12011
https://doi.org/10.3201/eid1401.070704
https://doi.org/10.3201/eid1401.070704
https://doi.org/10.1371/journal.pone.0102348
https://doi.org/10.1371/journal.pone.0102348
https://doi.org/10.3389/fmicb.2012.00119
https://doi.org/10.3389/fmicb.2012.00119
https://doi.org/10.1186/s13750-022-00262-2
https://doi.org/10.1186/s13750-022-00262-2
https://doi.org/10.1128/JB.01950-05
https://doi.org/10.1111/nyas.13296
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.3389/fmicb.2018.00852
https://doi.org/10.1046/j.1365-2958.2002.02895.x
https://doi.org/10.1046/j.1365-2958.2002.02895.x
https://doi.org/10.1007/s00253-009-1886-y
https://doi.org/10.1007/s00253-009-1886-y
https://doi.org/10.1038/s41396-020-00780

	Quantification of class 1 integrons and characterization of the associated gene cassettes in the high Arctic – Interplay of ...
	1 Introduction
	2 Materials and methods
	2.1 Sampling
	2.2 Bacterial cultures
	2.3 DNA template preparation
	2.4 Qualitative PCR with the use of DNA of bacterial isolates
	2.5 Detection and analysis of the variable regions of integrons in DNA of bacterial isolates by conserved segment (CS)-PCR
	2.6 Antimicrobial susceptibility
	2.7 Identification of bacteria by sequencing the 16S rRNA gene
	2.8 Droplet digital PCR
	2.9 Statistical analysis

	3 Results
	3.1 Culturable bacteria
	3.2 PCR detection of integrons and sul genes in bacterial isolates
	3.3 Analysis of the variable regions of integrons
	3.4 Antimicrobial susceptibility
	3.5 Quantification of class 1 integron-integrase and Hmt genes by ddPCR

	4 Discussion
	4.1 Heterotrophic communities
	4.2 Integrons in bacterial isolates
	4.3 The variable regions of integrons
	4.4 Antimicrobial susceptibility
	4.5 Metagenomic analysis of integrons and Hmt-DNA

	5 Conclusion
	6 Data availability statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


