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Abstract
Microorganisms inhabiting hostile Arctic environments express a variety of
functional phenotypes, some of clinical interest, such as haemolytic ability
and antimicrobial resistance. We studied haemolytic bacterial isolates from
Arctic habitats, assessing their minimum inhibitory concentration (MIC)
against antimicrobials. We then performed whole genome sequencing and
analysed them for features conferring antimicrobial resistance. MIC data
showed that Micromonospora spp. belong to 33% non-wild type (NWT) for
erythromycin and penicillin and 22% NWT for tetracycline. Both Pseudomo-
nas spp. belong to 43% NWT for nalidixic acid and streptomycin and 29%
NWT for colistin. Finally, the Pedobacter isolate was in 80% NWT for antimi-
crobials tested. Whole-genome sequencing analyses revealed that fluoro-
quinolones, tetracyclines, macrolides and penams were the most frequent
drug classes against which genotypic resistance was found. Additionally,
resistance genes to heavy metals and disinfectants were identified. Our
research demonstrates the presence of antimicrobial resistance in bacteria
from Arctic habitats and highlights the importance of conservation efforts in
these environments, where anthropogenic influence is becoming more evi-
dent. Furthermore, our data suggest the possible presence of novel resis-
tance mechanisms, which could pose a threat if the responsible genes are
transferable between species or become widespread due to environmental
stress and alterations brought about by climate change.

INTRODUCTION

Cold-adapted microorganisms inhabit a large propor-
tion of Earth’s ecosystem (Sogin et al., 2006;
Tindall, 2004). For instance, most oceans have an

average higher temperature of 5�C and the Polar
Regions alone represent 20% of the world’s land area
(Casanueva et al., 2010; Malard & Pearce, 2018). This
study focused on Arctic bacteria, following the open
question how likely these species pose a threat to
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human health. An essential precondition to this topic is
the progressing climate change that leads bacteria of
former permafrost to adapt to constantly increased tem-
peratures. Other than expected, Arctic bacteria seem
not to be extremophile and might easily adjust to new
ecological conditions (Maccario et al., 2015). It is
known that environmental bacteria can gain clinically
relevant resistance traits, for example, through migrat-
ing birds and afterwards become human pathogens, for
example, Aeromonas sp. (Lamy et al., 2022; Segawa
et al., 2013). Recent research continually elucidates
the growing potential of environmental bacteria and
their possible new role in human health, especially their
virulence and resistance assets and acquisitions
(Depta & Niedźwiedzka-Rystwej, 2023; Perron
et al., 2015).

Naturally bacterial communities evolve genes aimed
at providing fitness advantages to the producing organ-
isms either by reducing competition, favouring the
acquisition of nutrients or aiding with inter-microbial
communication (Falkow, 2004; Martínez, 2008). This
probably led to virulence factors, for example, bacterio-
cin and antimicrobial resistance genes, since antimicro-
bial compounds, also clinically used antibiotics, were
produced by environmental microbes (Martinez, 2009).
Even though genes that confer resistance to antimicro-
bials are widespread in natural environments, it could
be shown that these genes, as well as resistant bacte-
rial species, were introduced by anthropogenic factors
into polar environments (Miller et al., 2009; Segawa
et al., 2013). Despite resistance, phenotypes consid-
ered as potentially pathogenic, for example, the pro-
duction of haemolytic enzymes, are studied in Arctic
isolates and provide broad insights into the functional
diversity of polar microorganisms (Mogrovejo
et al., 2020; Mogrovejo-Arias et al., 2020; Perini
et al., 2019). Beta-haemolytic enzymes are widespread
throughout the entire bacterial phylogeny and well
known for their impact virulence factors in pathogenesis
(Mogrovejo et al., 2020; Thelestam & Ljungh, 1981).

For this study, we selected five beta-haemolytic
bacterial strains, namely two Micromonospora spp.,
two Pseudomonas spp. and one Pedobacter sp., iso-
lated from Arctic environments. These isolates were
part of our previous study and selected for further
investigations based on their unsuspected abilities to
thrive at 37�C and their virulence potential of beta-
haemolysis (Mogrovejo et al., 2020). Gram-positive
species of the genus Micromonospora, referred to as
“rare actinomycetes,” are common producers of sec-
ondary metabolites showing novel antimicrobial activi-
ties (Qi et al., 2020). Species from Gram-negative
genera, such as Pedobacter, are of particular interest
as they have been recently described as environmental
“superbugs” due to their resistance against beta-
lactams, aminoglycosides and polymyxins (Viana
et al., 2018). Other Gram-negative species as of the

genus Pseudomonas, especially P. aeruginosa, have
been extensively studied for their considerable antibi-
otic resistance profiles while other species remain less
characterized albeit still clinically relevant
(Aeschlimann, 2003; Battle et al., 2009).

This study aimed to improve the understanding of
Arctic bacteria showing the potential of becoming One
Health pathogens. The primary focus was laid on
in vitro antibiotic resistance measurements combined
with in silico genetic predictions. Thus, a minimal inhibi-
tory concentration (MIC) testing of antibiotics classified
by the World Health Organization as critically important
for human medicine should be appointed for environ-
mental bacteria lacking breakpoint rules. In addition,
genome sequencing was performed to identify genetic
determinants that are likely responsible for and general
resistance capabilities, including heavy metals and dis-
infectants, since cold-adapted environmental bacteria
have been identified as important reservoirs for various
resistance genes (Sajjad et al., 2023; Vats et al., 2022).
These two features will be included since new under-
standings of resistance mechanisms and resistance
evolution becoming increasingly essential (Wang
et al., 2024).

EXPERIMENTAL PROCEDURES

Bacterial isolates

Five bacterial isolates of our previous study were used
in this study (see Table 1) (Mogrovejo-Arias
et al., 2020). These isolates were selected since they
consistently exhibited haemolytic activity, which is gen-
erally regarded as a potentially pathogenic phenotype,
as summed up in Table 1.

Determination of minimum inhibitory
concentration

The following 11 medically relevant antimicrobials, from
seven different drug classes were used: ampicillin, cip-
rofloxacin, colistin, erythromycin, gentamicin, kanamy-
cin, penicillin, streptomycin, tetracycline and
vancomycin. All were purchased from Carl Roth®,
Germany, except ciprofloxacin (Sigma-Aldrich®,
Germany). The range for MIC determination (mg L�1)
of the antimicrobials was 0.0125–256 mg L�1, except
for ciprofloxacin (0.00625–32 mg L�1) and streptomy-
cin (0.0625–1024 mg L�1). The experiments were set
up following the standardized methodologies described
in using Bacillus subtilis subsp. spizizenii (ATCC®

6633™) and Pseudomonas aeruginosa
(ATCC® 15442™) as control strains (Wiegand
et al., 2008). Colistin and nalidixic acid were not tested
for the Micromonospora spp. (S3, N18) as well as
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vancomycin for the Pedobacter sp. (N36a), and ampi-
cillin, erythromycin, penicillin and vancomycin for the
Pseudomonas spp. (N40, N71) since these are intrinsi-
cally resistant to respective substances, according to
EUCAST expert rules (http://www.eucast.org/expert_
rules_and_intrinsic_resistance/).

For the Gram-positive isolates, the agar dilution
method was used with Mueller Hinton broth (Carl
Roth®) supplemented with 17 g of agar (pH 7.2–7.4,
25�C) and stock solutions of the antimicrobials at
10 mg L�1. Agar plates were not supplemented with
Ca2+ or Mg2+ and they were prepared and used on the
same day and incubated at 37�C for 20 h after inocula-
tion. Single colonies from an overnight culture on nutri-
ent agar were suspended in sterile saline solution and
the turbidity adjusted to a 0.5 McFarland standard using
a Turbidimeter (Grant Instruments, UK). The suspen-
sion was plated on prepared solid agar, using sterile
cotton swabs. Two agar plates without antibiotic were
inoculated per each isolate as viability controls.

Gram-negative isolates were test using a broth
microdilution protocol, with Mueller Hinton broth (Carl
Roth®, pH 7.2–7.4, 25�C). The medium was supple-
mented with 20 mg L�1 of Ca2+ and 10 mg L�1 of Mg2+

before testing tetracycline for the Pedobacter sp. N36a
and for gentamicin, kanamycin and streptomycin for the
Pseudomonas spp. N40 and N71 (D’amato et al., 1975;
Wiegand et al., 2008). A 0.5 McFarland bacterial sus-
pension was diluted 1:100, of which 50 μL were used to
inoculate 96-well microtiter plates prepared with 50 μL
of the respective antimicrobial dilutions for a final bacte-
rial inoculum of 5 � 105 CFU mL�1. As growth control
served 60 μL of bacterial suspension. Viable colony
counts were performed by withdrawing 10 μL of the
growth well immediately after inoculation and diluting in
10 mL of sterile saline solution. After mixing, 100 μL
were plated on nutrient agar and incubated at 37�C for

20 h. This step was standardly done to ensure the cor-
rect inoculum CFU.

Interpretation of MIC values

No specific EUCAST breakpoints (Version 9.1 and
10.0) have been defined for the organism-antimicrobial
combinations studied here and thus, the terms
“Resistant,” “Susceptible” and “Intermediate” were not
used (Schwarz et al., 2010). Instead, ECOFFs were
used to describe the observed MIC distributions, using
the EUCAST “Antimicrobial wild type distributions of
microorganisms” database (available at: https://mic.
eucast.org/Eucast2/). The ECOFF is described as the
highest MIC value of organisms with no phenotypically
detectable acquired resistance mechanisms and it is
useful to define the upper end of the wild-type MIC dis-
tribution. The isolates were considered as wild-type
(WT) when their MIC was lower or equal to the ECOFF
established for each antibiotic. Alternatively, isolates
were described as “belonging to the non-WT distribu-
tion” (NWT) when the MIC for the corresponding anti-
microbial was greater than the ECOFF. For the
P. aeruginosa isolate, the MICs/ECOFFs for “Pseudo-
monas aeruginosa” were applied. Since the species
specific ECOFF values for four isolates tested were not
listed in the EUCAST database, the ECOFF values of
related species (same genus/phylum) for each antimi-
crobial were used (https://mic.eucast.org/Eucast2/). For
this, the values for several relevant genera were com-
pared and to extrapolate a “consensus value” usable
for the environmental species (Table 2). The decisions
were made on a conservative approximation, so the
highest value for a genus was used. In detail, each anti-
microbial was searched in the EUCAST database and
a list of bacterial genera with an ECOFF value was

TAB LE 1 Characterization of bacterial isolates used in this study, which have been isolated from Mogrovejo-Airas et al. (Mogrovejo
et al., 2020; Mogrovejo-Arias et al., 2020).

Isolate
(GenBank
accession
number)

Closest GenBank taxonomic 16S
rRNA neighbour (GenBank
accession number)

% identity
closest 16S
rRNA neighbour

Isolated
from

Isolation
temperature

Haemolysis
on bovine
blood agar

Haemolysis
on sheep
blood agar

15�C 30�C 15�C 30�C

S3 (MH714651) Micromonospora aurantiaca
(NR_074415.1)

99% Marine
sediment

37�C γ β γ β

N18
(MH714618)

Micromonospora chalcea
(NR_118842.1)

99% Soil 37�C β β+ β β

N36a
(MH714626)

Pedobacter nyackensis
(NR_044380.1)

99% Sediment 17�C α α β+ α

N40
(MH714635)

Pseudomonas helmanticensis
(NR_126220.1)

98% Soil 5�C β+ NG β NG

N71
(MH714637)

Pseudomonas lurida (NR_042199.1) 99% Soil 5�C β+ NG β+ NG

Abbreviations: α, α-haemolytic; β, β-haemolytic; γ, non-haemolytic; +, a stronger phenotype; �, a weaker phenotype; NG, no growth.
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generated. From this list, we determined a consensus
value that (a) encompassed as many relevant genera
as possible, and/or that (b) was the highest value for
the corresponding type of bacteria (see Table 2).
For two antibiotics, two different ECOFFs were used
due to the differences between Gram-positive and
Gram-negative bacteria. Intrinsic resistance to a certain
antibiotic were not tested (NT).

Whole genome sequencing

Genomic DNA was extracted from overnight bacterial
cultures on tryptic soy broth using the DNeasy Blood
and Tissue extraction kit (QIAGEN Ltd., UK). The
extracted DNA was quantified using a Qubit dsDNA
broad range Assay Kit (ThermoFisher, Germany), puri-
fied using Ampure XP beads (AMPure XP beads, Beck-
man Coulter, UK) and sequenced using 2 � 250 bp
paired-end Illumina sequencing by MicrobesNG
(MicrobesNG, UK). The MicrobesNG bioinformatics
pipeline is summarized as follows: The closest avail-
able reference genome was identified using Kraken

and reads were mapped to the reference genome using
BWA mem to assess the quality of the data (Li &
Durbin, 2009; Wood & Salzberg, 2014). Adapters were
trimmed from raw reads using Trimmomatic 0.30 with a
sliding window cut-off of Q15 (Bolger et al., 2014).
Reads were assembled de novo using SPAdes version
3.7 with default settings and mapped back to the con-
tigs using BWA mem to get assembly quality metrics.
Variant calling was performed using VarScan and auto-
mated annotation was performed using Prokka
(Bankevich et al., 2012; Koboldt et al., 2009;
Seemann, 2014).

Analyses of the genomes

Whole-genome relatedness and taxonomy were evalu-
ated using the Kbase tool-kit Fast_ANI on the Genome
taxonomy database (Chaumeil et al., 2019; Jain
et al., 2018). Additionally, the assembled genomes
were submitted to the Comprehensive Genome Analy-
sis Service of the Pathosystems Resource Integration
Center (PATRIC) (https://www.patricbrc.org/) in order to

TAB LE 2 Overview of used consensus ECOFF values and genera.

Antimicrobial
Consensus
ECOFF value

For Gram
positives

For Gram
negatives Genera taken in comparison for consensus values

AMP 8 4 8 Campylobacter, Citrobacter, Enterococcus, Escherichia, Haemophilus,
Klebsiella, Listeria, Moraxella, Pasteurella, Proteus, Salmonella, Shigella,
Streptococcus

CIP 4 4 0.125 (4
for N36)

Acinetobacter, Campylobacter, Citrobacter, Enterobacter, Enterococcus,
Escherichia, Haemophilus, Hafnia, Helicobacter, Klebsiella, Moraxella,
Neisseria, Pasteurella, Proteus, Pseudomonas, Salmonella, Staphylococcus,
Streptococcus, Yersinia

CST 4 n/a 4 Acinetobacter, Enterobacter, Escherichia, Klebsiella, Pseudomonas

ERY 1 1 16 Legionella, Listeria, Moraxella, Neisseria, Staphylococcus, Streptococcus

GEN 4 32 4 Acinetobacter, Campylobacter, Citrobacter, Enterobacter, Escherichia,
Haemophilus, Klebsiella, Morganella, Proteus, Salmonella, Serratia,
Staphylococcus

KAN 8 8 8 Escherichia, Staphylococcus

NAL 16 n/a 16 Acinetobacter, Campylobacter, Escherichia, Salmonella

PEN 0.125 and 32 0.125 32 For 0.125
Clostridium, Propionibacterium, Staphylococcus, Streptococcus
For 32
Enterococcus
Note: PEN has no effect on Gram negs, so the highest ECOFF value
available was used, which was 32 for Enterococcus

STR 16 16 16 Campylobacter, Escherichia, Salmonella, Staphylococcus

TET 4 and 8 4 8 For 4:
Clostridium, Enterococcus, Listeria, Staphylococcus, Streptococcus
For 8:
Acinetobacter, Bordetella, Campylobacter, Citrobacter, Escherichia,
Haemophilus, Helicobacter, Klebsiella, Mannheimia, Moraxella, Morganella,
Pasteurella, Salmonella, Yersinia
Note: There was great variability in the Gram neg and Gram pos values.
Consensus values of 4 and 8 included the majority of medical important
genera for each type

VAN 4 4 n/a Clostridium, Enterococcus, Propionibacterium, Staphylococcus,
Streptococcus
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annotate the genomes, while the amino acid fasta files
were submitted to the RGI server of the Comprehen-
sive Antibiotic Resistance Database (CARD) (https://
card.mcmaster.ca/) to search for antimicrobial resis-
tance genes (Alcock et al., 2020; Brettin et al., 2015;
Wattam et al., 2017). To overcome limitations of data-
bases, often solely including records from well-known
organisms, also the Bakta (v1.7.0) pipeline was used
enabling alignment-free genome annotations
(Schwengers et al., 2021).

To determine relationships with the closest type
strains, a two-in-one complementary approach based on
16S rRNA and whole genome sequences. The 16S rRNA
gene sequence was extracted from the WGS-based
genome data by Type Strain Genome Server (TYGS)
using RNAmmer and the sequence was compared with
the 16S rRNA gene sequences of all type strains available
in the TYGS database using BLAST (Camacho
et al., 2009; Lagesen et al., 2007; Meier-Kolthoff &
Göker, 2019). Further, TYGS provided a whole-
genome-based method for taxonomic classification by
comparing the query genome with database of all type
strain genomes, based on the technique of Genome-
to-Genome Distance Calculator (Auch et al., 2006;
Holland et al., 2002; Meier-Kolthoff et al., 2013). Further,
the BacDive database was used to compare genome
parameters as GC content and genome size with type
strains for plausibility (Reimer et al., 2022).

RESULTS

MIC determination and interpretation

The results of the MIC determination are summarized
in Table 3. All viability controls contained between
24 and 71 CFU mL�1 and were within the recommen-
dations of EUCAST.

As shown in the table, the WT/NWT proportion varied
for each species. For better comparing the results, the
percentages of NWT were calculated by dividing the num-
ber of antibiotics that show an acquired resistance pheno-
type (NWT) against the antibiotics that were tested
susceptible. The intrinsic resistances were excluded in this
calculation. The Micromonospora spp. isolates (S3 and
N18) showed NWT for 3/9 (33.33%) or 2/9 (22.22%) sub-
stances, respectively. Also the Pseudomonas spp. iso-
lates (N40 and N71) showed NWT for 2/7 (28.75%) or 3/7
(42.85%) substances, respectively. The Pedobacter iso-
late (N36a) was in 80% NWT for tested antibiotics.

Whole genome sequencing and annotation

Good-quality genome sequences were obtained for all
five isolates. Closest related species, sequencing met-
rics for the genomes and assemblies were provided byT
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MicrobesNG (UK) and are presented in Table S1, Sup-
porting Information while the results of the genome
annotation with PATRIC are shown in Table S2. None
of the isolates included plasmids. The genome
sequences have been deposited in the National Center
for Biotechnology Information (NCBI) database under
the Bioproject number PRJNA659552. TYGS analyses
revealed that Pedobacter N36a and Pseudomonas
N40 have an average nucleotide identity of ≤95% com-
pared to all genomes of this database and might consti-
tute new species (Table S1). The species predictions
for the other three strains remained plausible, based on
TYGS analyses and comparing genome sizes and GC
contents with the BacDive database. The genome
annotation carried out with PATRIC identified up to
32 different antibiotic substance classes and combina-
tions thereof against which the isolates had resistance
genes.

Antibiotic resistance prediction

CARD analysis was done selecting for perfect, strict
and loose hits. Numerous matches were found for each
of the isolates, ranging from a minimum of 398 hits for
N36a to a maximum of 694 hits for N71. The majority of
these, however, were loose matches. To capture more
potential matches, a slightly relaxed cut-off was estab-
lished by dividing the best hit bit score of the query
sequence by the curated BLASTP bit score of each
Antibiotic Resistance Ontology (ARO) category and
analysed only the resulting 46 matches whose scores
were a percentage of 80% or higher (Table 4).

The most frequent matches were for genes against
fluoroquinolones and the antibacterial agent triclosan,
followed by resistance genes for peptide antibiotics,
macrolides and diaminopyrimidines. The number of hits
varied between isolates but was similar for isolates of
the same genus. The Micromonospora isolates (S3 and
N18) had five hits each, while the Pseudomonas iso-
lates (N40 and N71) had 17 and 15 hits, respectively,
and the Pedobacter isolate N36a had 4 hits. Strict
matches (with percentage scores ≥100%) were found
only for isolates N18 (1/5 hits), N40 (6/17 hits), and
N71 (6/15 hits) (Table 4).

In general, CARD identified the most frequent resis-
tances were genes against fluoroquinolones, tetracy-
clines, macrolides and penams. In addition, the most
common mechanism of resistance was antibiotic efflux
(30/46 refined matches), followed by antibiotic
target alteration (16/46), target protection (2/46) and
antibiotic inactivation (2/46) (Table 4). These findings
were supported by the Bakta analyses.

The Micromonospora spp. had matches for resis-
tance mostly against macrolides and penams, which
explain the NWT phenotypes for penicillin and erythro-
mycin. Further, Bakta analysis identified genes

involved in aminoglycoside and fosfomycin resistance.
In addition, the vanZ and vanW genes, belonging to a
glycopeptide-resistance cluster, was found in both iso-
lates. For none of these resistance predictions, a NWT
phenotype could be associated. The most common
resistant mechanisms were alteration of the antibiotic’s
target followed by antibiotic efflux, for example, the
AcrA/B multidrug efflux pump. The Pedobacter isolate
had loose matches for resistance against fluoroquino-
lones, which was also phenotypically confirmed; while
the WT for tetracyclines was opposing with the geno-
mic resistance prediction. Not all NWT phenotypes
could be directly associated with specific resistance
genes, but a general antibiotic efflux could be predicted
through carriage of the AcrA/B multidrug efflux pump
genes. Further, the Pseudomonas spp. showed
matches for resistance against fluoroquinolones, tetra-
cyclines, macrolides, phenicols and fosfomycin. Like-
wise as for the Pedobacter isolate, various general
resistance mechanisms, genomically identified, as anti-
biotic efflux, antibiotic target alteration and antibiotic
inactivation can explain the observed NWT pheno-
types. Finally, matches for resistance against elfamycin
antibiotics was found for isolates S3, N18 and N36a as
well as sulphonamide antibiotics for S3, N18, N40 and
N71. However, no antibiotic from these drug classes
were tested and subsequently no corresponding phe-
notype could be observed.

Identification of other resistance traits

Additional to the antibiotic resistance prediction, Bakta
was used to screen for genes involved in resistances
against metals and disinfectant compounds. In all iso-
lates, the workflow could identify genes involved in
resistance to metals. The Micromonospora spp. iso-
lates showed genes involved in copper (copC/D), tellur-
ite (terB/C) and cadmium (cadD), as well as multiple
metal cation (Fe/Co/Zn/Cd) efflux pump (fieF). The
Pedobacter isolate additionally carried a mercury resis-
tance gene (merC) as well as a copper and silver efflux
pump (cusA). The two Pseudomonas spp. isolates
showed the highest amount of genes involved in metal
resistances against zinc, silver, tellurite (terB/C), man-
ganese, arsenic (arsH), copper (copC/D), nickel and
cobalt (cnrA) and cobalt-zinc-cadmium (czcA). Further,
both Micromonospora isolates as well as the
P. aeruginosa isolate N71 carried ermB/qacA genes
that are involved in resistance against quaternary
ammonium compounds.

DISCUSSION

Mechanisms of antibiotic resistance new to science are
constantly emerging from environmental reservoirs and
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threatening to render our diminished arsenal of last-
resort antibiotics ineffective (Surette & Wright, 2017;
Wright, 2010). This is increasingly likely as global
warming destabilizes ecosystems and globalization
increases access to areas that were previously remote
and pristine (Butler, 2012; Lindgren et al., 2012). Our
study intended to investigate the antimicrobial resis-
tance capabilities of putatively virulent bacteria isolated
in Arctic soil. These isolates, including Gram-positives
and Gram-negatives, were selected due to their ability
of haemolysis at 37�C. To get insights into the resis-
tance traits of these isolates, phenotypic assays were
realized, as well as in silico gene predictions based on
whole-genome sequencing.

Environmental microbiology is lacking specific data
and breakpoints for antimicrobial testing and interpreta-
tion, so we tried to make use of clinical guidelines
(Larsson & Flach, 2022). The testing was aligned to
EUCAST guidelines, and we used ECOFF values
to classify the isolates as wild-type (WT) when the iso-
late was phenotypically susceptible to a specified anti-
microbial agent or non-WT (NWT) when there was
phenotypical resistance to a specified antimicrobial
agent, according to EUCAST guidelines.

Genome data-based investigations revealed that
the most frequent drug classes against which resis-
tance determinants were found were fluoroquinolones,
tetracyclines, macrolides and penams (penicillins),
which was consistent with the phenotypic results. It
should be noted, that the gene prediction for environ-
mental bacteria was not expected to show comparable
good results as, for example, for healthcare-associated
species. This fact is reasoned by the focus of the
underlying databases, mostly missing data for
the entire One Health and environmental microbiology
sphere. This was one main rationale for this study to
use different annotation and prediction databases and
try to consolidate the obtained results, also with pheno-
typical MIC testing. By this we were not able to identify
potential new resistance genes or mechanisms that
were validly associated with MIC results.

Analysis with CARD showed that isolates S3 and
N18 had the most resistance against macrolides
and penams, which was confirmed by their classifica-
tion into the NWT for both ERY and PEN. In this study,
three of the isolates (S3, N18 and N36a) belonged to
the NWT for ERY. Both S3 and N18 had loose hits with
genes poxtA and mtrA, which confer multidrug
resistance, including oxazolidinone antibiotics (Crowe-
McAuliffe et al., 2022). In Micromonospora spp. iso-
lates, the analysis further identified genes conferring
resistance to macrolide antibiotics mediated by the
ABC-F ATP-binding cassette, that unlike other ABC
cassettes, confers resistance but by protecting the ribo-
some, not by efflux (Sharkey et al., 2016).

Despite both Micromonospora spp. having the
same determinants for resistance against tetracycline,

only S3 was classified as NWT, possibly due to a new
mechanism or differential gene expression compared
to N18. Additionally, EUCAST establishes a 0.5 mg L�1

breakpoint for non-species-related susceptibility to the
aminoglycoside GEN. Our experiments show that
the only isolate with <0.5 mg L�1 is S3, deeming all
others resistant. Moreover, N18 belonged to the WT for
CIP, despite being considered clinically resistant
according to EUCAST with an MIC value >0.5 mg L�1.

Regarding the last-resort treatment option colistin
for Pseudomonas spp., the isolate N40 showed a low
MIC while N71 a high MIC. Interestingly both isolates
carried the arnA gene, which confers resistance to poly-
myxin antibiotics and colistin (Gatzeva-Topalova
et al., 2005; Lee et al., 2016). Polymyxin-resistance is
well known in Pseudomonas species and has quite
diverse genetic origins; therefore, our findings are eligi-
ble taking in consideration that isolate N40 might be a
new species (Jeannot et al., 2021).

The Pedobacter sp. N36a was in 80% NWT for anti-
biotics tested. CARD showed that N36a carries resis-
tance genes against fluoroquinolones and
tetracyclines, despite showing several resistances to a
variety of the antimicrobials used in the study; highlight-
ing the importance of combined in silico and in vitro
investigations. The Pedobacter N36a was classified as
multidrug resistant and showed resistance to β-lac-
tams, colistin, aminoglycosides and ciprofloxacin. Our
results show the relevance of Pedobacter strains, as
these are regarded in literature as “environmental
superbugs” to highlight the reservoirs of resistance
determinants in the Arctic biosphere (Viana
et al., 2018). These resistances might be mediated by
efflux pumps, as sequencing showed, a result that
could not be inferred from phenotypic assays alone
(Leclercq et al., 2013). We further observed that N36a
could belong to a novel Pedobacter species, bearing
the potential of relevance as upcoming opportunistic
pathogen.

Further, the genomic datasets were used to screen
for other types of resistance traits, as against metals
and disinfection compounds. The combined analyses
by CARD and PATRIC identified matches for resis-
tance against triclosan, a synthetic antimicrobial agent
widely used in the cosmetic and disinfection industries,
responsible for membrane leakage and transcription
alteration in prokaryotic cells (Carey &
McNamara, 2014; Yim et al., 2006). Additional, Bakta
analyses revealed genes involved in resistance to qua-
ternary ammonium compounds (QACs), which are
important disinfectants. This is interesting, since some
of the mechanisms conferring resistance to triclosan
are responsible for resistance to several classes of anti-
biotics, for example, tetracycline (Boyce, 2023; Carey &
McNamara, 2014; Varela et al., 2023). The presence of
these genes is quite common for several nosocomial
and environmental genera, including P. aeruginosa
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(Wassenaar et al., 2015). Recent studies highlight the
urge to co-investigate metal tolerance/resistance genes
in environmental bacteria, especially from remote and
less-studied regions. So, identifying metal and heavy-
metal resistance genes in our isolates was not unex-
pected, for example, Pseudomonas species are well
known for their copper tolerance (Behrendt et al., 2007;
Sajjad et al., 2023). However, over the last years this
became an important topic for antimicrobial resistance
(Vats et al., 2022). Studies identified mechanisms of
co-selection, since heavy-metals pose a comparable
selection pressure for bacterial physiology (Liu
et al., 2022; Schürmann et al., 2024). Some of these
resistances, as tellurite, seem to show a correlation to
pathogenicity (Turkovicova et al., 2016). All (heavy-)
metal resistance genes are known to enhance the gen-
eral stress physiology and resilience of bacteria,
enabling them to survive and thrive also with hygiene
measures in man-built environments, including hospi-
tals (Bombaywala et al., 2021; Virieux-Petit
et al., 2022).

With this study we were able to characterize the resis-
tome of five haemolytic strains isolated from Arctic soils.
Determining MICs for non-clinical isolates is of impor-
tance, as few studies have been focussing in this topic,
resulting in a lack of data and uncertainties in interpreta-
tion (Larsson & Flach, 2022). The combined in vitro data
with genomic resistance prediction was an added value
so for, but also revealed that missing databases and pub-
lications can lead to difficult to interpret results, for exam-
ple, reasonably ECOFF approximations or several loose
hits in gene prediction (Edwards et al., 2020). Neverthe-
less, the study results represent an impetus to further
study the surprisingly complex Arctic soil microbiome,
which could increasingly move into focus due to progres-
sions in both, the climate change and the global interlink-
ing (Makowska-Zawierucha et al., 2024). Makowska-
Zawierucha et al. highlighted resistance spread of resis-
tance traits in the One Health context, especially focusing
on plasmids. Fortunately, in our study isolates no plas-
mids were detected, so this threat of gene spread and
exchange is minor for our specific setting. But as we
stated in the introduction, due to human movements and
actions, as well as migration of animals, as birds, Arctic
soil bacteria are able to migrate to new environments, on
a global scale eventually (Cowan et al., 2011; Gattinger
et al., 2024; Makowska-Zawierucha et al., 2024). In total,
our study poses one piece in a jigsaw of understanding
the environmental occurrence of resistances and ulti-
mately to a better understanding of the Arctic resistome.

CONCLUSIONS

As Arctic soils experience both profound warming and
increased pressures from human activities, the scope
for transfer of antimicrobial resistant bacteria is

increased. The resistance determinants reported in this
study could therefore pose a threat if the responsible
genes are transferrable between species or become
widespread. Observed resistance phenotypes for which
we could not find genetic mechanisms in current data-
bases represent potential threats. Moreover, the fact
that these soil bacteria were able to grow over 30�C
and produce haemolytic enzymes, enhancing fitness
and additionally pose the possibility that these Arctic
bacteria become opportunistic pathogens for human
beings. The results presented here contribute to the
understanding of virulence-associated phenotypes of
Arctic bacteria and their resistance assets. Further we
provide valuable information for assessing possible
threats for other environments also heavily affected by
climate change.
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Gunde-Cimerman, N. (2019) Phenotypes associated with patho-
genicity: their expression in Arctic fungal isolates. Microorgan-
isms, 7, 600.

Perron, G.G., Whyte, L., Turnbaugh, P.J., Goordial, J., Hanage, W.P.,
Dantas, G. et al. (2015) Functional characterization of bacteria
isolated from ancient arctic soil exposes diverse resistance
mechanisms to modern antibiotics. PLoS One, 10, e0069533.

Qi, S., Gui, M., Li, H., Yu, C., Zeng, Z. & Sun, P. (2020) Secondary
metabolites from marine Micromonospora: chemistry and bioac-
tivities. Chemistry & Biodiversity, 17, e2000024.

Reimer, L.C., Sardà Carbasse, J., Koblitz, J., Ebeling, C.,
Podstawka, A. & Overmann, J. (2022) BacDive in 2022: the
knowledge base for standardized bacterial and archaeal data.
Nucleic Acids Research, 50, D741–D746.

Sajjad, W., Ali, B., Niu, H., Ilahi, N., Rafiq, M., Bahadur, A. et al.
(2023) High prevalence of antibiotic-resistant and metal-tolerant
cultivable bacteria in remote glacier environment. Environmental
Research, 239, 117444.

Schürmann, J., Fischer, M.A., Herzberg, M., Reemtsma, T.,
Strommenger, B., Werner, G. et al. (2024) The genes mgtE and
spoVG are involved in zinc tolerance of Staphylococcus aureus.
Applied and Environmental Microbiology, 90, e0045324.

Schwarz, S., Silley, P., Simjee, S., Woodford, N., van Duijkeren, E.,
Johnson, A.P. et al. (2010) Assessing the antimicrobial suscepti-
bility of bacteria obtained from animals. Veterinary Microbiology,
141, 1–4.

Schwengers, O., Jelonek, L., Dieckmann, M.A., Beyvers, S.,
Blom, J. & Goesmann, A. (2021) Bakta: rapid and standardized
annotation of bacterial genomes via alignment-free sequence
identification. Microbial Genomics, 7, 000685.

Seemann, T. (2014) Prokka: rapid prokaryotic genome annotation.
Bioinformatics, 30, 2068–2069.

Segawa, T., Takeuchi, N., Rivera, A., Yamada, A., Yoshimura, Y.,
Barcaza, G. et al. (2013) Distribution of antibiotic resistance
genes in glacier environments. Environmental Microbiology
Reports, 5, 127–134.

Sharkey, L.K., Edwards, T.A. & O’Neill, A.J. (2016) ABC-F proteins
mediate antibiotic resistance through ribosomal protection.
MBio, 7, e01975.

Sogin, M.L., Morrison, H.G., Huber, J.A., Mark Welch, D., Huse, S.M.,
Neal, P.R. et al. (2006) Microbial diversity in the deep sea and
the underexplored “rare biosphere”. Proceedings of the National
Academy of Sciences of the United States of America, 103,
12115–12120.

Surette, M.D. & Wright, G.D. (2017) Lessons from the environmental
antibiotic resistome. Annual Review of Microbiology, 71,
309–329.

Thelestam, M. & Ljungh, A. (1981) Membrane-damaging and cyto-
toxic effects on human fibroblasts of alpha- and beta-hemolysins
from Aeromonas hydrophila. Infection and Immunity, 34,
949–956.

Tindall, B.J. (2004) Prokaryotic diversity in the Antarctic: the tip of the
iceberg. Microbial Ecology, 47, 271–283.

Turkovicova, L., Smidak, R., Jung, G., Turna, J., Lubec, G. &
Aradska, J. (2016) Proteomic analysis of the TerC interactome:
novel links to tellurite resistance and pathogenicity. Journal of
Proteomics, 136, 167–173.

Varela, M.F., Stephen, J., Bharti, D., Lekshmi, M. & Kumar, S. (2023)
Inhibition of multidrug efflux pumps belonging to the major
facilitator superfamily in bacterial pathogens. Biomedicine, 11,
1448.

Vats, P., Kaur, U.J. & Rishi, P. (2022) Heavy metal-induced selection
and proliferation of antibiotic resistance: a review. Journal of
Applied Microbiology, 132, 4058–4076.

Viana, A.T., Caetano, T., Covas, C., Santos, T. & Mendo, S. (2018)
Environmental superbugs: the case study of Pedobacter spp.
Environmental Pollution, 241, 1048–1055.

Virieux-Petit, M., Hammer-Dedet, F., Aujoulat, F., Jumas-Bilak, E. &
Romano-Bertrand, S. (2022) From copper tolerance to resis-
tance in Pseudomonas aeruginosa towards Patho-Adaptation
and Hospital Success. Genes (Basel), 13, 301.

Wang, F., Huang, W., Zhang, M., Zhang, Q., Luo, Y., Chen, J. et al.
(2024) Disinfectant polyhexamethylene guanidine triggered
simultaneous efflux pump antibiotic- and metal-resistance genes
propagation during sludge anaerobic digestion. Environmental
Pollution, 357, 124453.

Wassenaar, T.M., Ussery, D., Nielsen, L.N. & Ingmer, H. (2015)
Review and phylogenetic analysis of qac genes that reduce sus-
ceptibility to quaternary ammonium compounds in Staphylococ-
cus species. European Journal of Microbiology and
Immunology, 5, 44–61.

Wattam, A.R., Davis, J.J., Assaf, R., Boisvert, S., Brettin, T., Bun, C.
et al. (2017) Improvements to PATRIC, the all-bacterial bioinfor-
matics database and analysis resource center. Nucleic Acids
Research, 45, D535–D542.

Wiegand, I., Hilpert, K. & Hancock, R.E. (2008) Agar and broth dilu-
tion methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nature Protocols, 3,
163–175.

Wood, D.E. & Salzberg, S.L. (2014) Kraken: ultrafast metagenomic
sequence classification using exact alignments. Genome Biol-
ogy, 15, R46.

Wright, G.D. (2010) Antibiotic resistance in the environment: a link to
the clinic? Current Opinion in Microbiology, 13, 589–594.

14 of 15 MOGROVEJO-ARIAS ET AL.ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.70028 by Test, W
iley O

nline Library on [14/11/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Yim, G., Wang, H.H. & Davies, J. (2006) The truth about antibiotics.
International Journal of Medical Microbiology, 296, 163–170.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Mogrovejo-Arias, D.C.,
Hay, M.C., Edwards, A., Mitchell, A.C.,
Steinmann, J., Brill, F.H.H. et al. (2024)
Investigating the resistome of haemolytic bacteria
in Arctic soils. Environmental Microbiology
Reports, 16(5), e70028. Available from: https://
doi.org/10.1111/1758-2229.70028

INVESTIGATING THE RESISTOME OF HAEMOLYTIC BACTERIA IN ARCTIC SOILS 15 of 15ENVIRONMENTAL MICROBIOLOGY REPORTS

 17582229, 2024, 5, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.70028 by Test, W
iley O

nline Library on [14/11/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1111/1758-2229.70028
https://doi.org/10.1111/1758-2229.70028

	Investigating the resistome of haemolytic bacteria in Arctic soils
	Abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Bacterial isolates
	Determination of minimum inhibitory concentration
	Interpretation of MIC values
	Whole genome sequencing
	Analyses of the genomes

	RESULTS
	MIC determination and interpretation
	Whole genome sequencing and annotation
	Antibiotic resistance prediction
	Identification of other resistance traits

	DISCUSSION
	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


