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Abstract

Although the rapid spread of antimicrobial resistance (AMR), particularly in relation to clinical settings, is causing
concern in many regions of the globe, remote, extreme environments, such as Antarctica, are thought to be relatively
free from the negative impact of human activities. In fact, Antarctica is often perceived as the last pristine continent
on Earth. Such remote regions, which are assumed to have very low levels of AMR due to limited human activity, rep-
resent potential model environments to understand the mechanisms and interactions underpinning the early stages
of evolution, de novo development, acquisition and transmission of AMR. Antarctica, with its defined zones of human
colonisation (centred around scientific research stations) and large populations of migratory birds and animals,

also has great potential with regard to mapping and understanding the spread of early-stage zoonotic interactions.
However, to date, studies of AMR in Antarctica are limited. Here, we survey the current literature focussing on the
following:

i) Dissection of human-introduced AMR versus naturally occurring AMR, based on the premise that multiple
drug resistance and resistance to synthetic antibiotics not yet found in nature are the results of human con-
tamination

ii) The potential role of endemic wildlife in AMR spread

There is clear evidence for greater concentrations of AMR around research stations, and although data show reverse
zoonosis of the characteristic human gut bacteria to endemic wildlife, AMR within birds and seals appears to be very
low, albeit on limited samplings. Furthermore, areas where there is little, to no, human activity still appear to be free
from anthropogenically introduced AMR. However, a comprehensive assessment of AMR levels in Antarctica is virtu-
ally impossible on current data due to the wide variation in reporting standards and methodologies used and poor
geographical coverage. Thus, future studies should engage directly with policymakers to promote the implementa-
tion of continent-wide AMR reporting standards. The development of such standards alongside a centralised report-
ing system would provide baseline data to feedback directly into wastewater treatment policies for the Antarctic
Treaty Area to help preserve this relatively pristine environment.
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Introduction

Antimicrobial resistance (AMR) is a major global health
*Correspondence: mscl@bas.ac.uk problem [1]. The highly influential O’Neill report pre-
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by 2050 [2], figures which will almost certainly be fur-
ther exacerbated by the effects of SARS-CoV2 [3]. Thus,
concerted global action is required to tackle this problem
from many different angles. The O’Neill report identified
ten critical interventions, one of which was surveillance
[2]. Whilst fundamental for tracking the emergence and
spread of AMR, the development of effective policies
and interventions ultimately depends on surveillance [4].
Indeed, global AMR surveillance has begun identifying
weaknesses in national systems against AMR and pro-
ducing evidence for important drivers of AMR spread [5].
Nonetheless, surveillance studies are limited by the qual-
ity and formatting of data. Global surveillance systems
are disjointed, sampling numbers are low, methodologies
for surveillance are not uniform and not all clinical data
are recorded electronically [6].

One global region where surveillance is particularly
poor is Antarctica. This remote, extreme environment is
not a known AMR hotspot, yet relatively pristine regions,
where levels of human settlement are low, can act as
simpler model systems to study the factors that propa-
gate AMR. Investigating AMR in such regions can help
determine the extent to which human activity has pro-
moted the spread of antimicrobial resistance genes and
antibiotic-resistant bacteria [7]. In addition, Antarctica
is home to many species of charismatic megafauna (e.g.
whales, seals, penguins, albatrosses), which migrate long
distances, including to regions with large human popula-
tions [8, 9]. These animals have the potential to harbour
human-associated antibiotic-resistant bacteria and act as
vectors, as previously demonstrated in Arctic terns [10].
Hence, Antarctica also provides a useful model to dis-
sect the role of migratory wildlife and their interaction
with humans to understand the increasing anthropogenic
influence on the spread of AMR [11].

Antarctica is known as the last pristine continent,
effectively isolated from the rest of the world by both
oceanic and atmospheric circulations [12, 13]. Although
it is a difficult-to-reach and extremely cold environment,
human presence in Antarctica has gradually increased
since the first recorded landings in the nineteenth cen-
tury [14, 15]. Today, this is large due to the generally
expanding tourism industry (with over 74,000 visitors to
the region during the 2019/2020 summer season, albeit
numbers fell dramatically with the commencement of the
COVID pandemic [16]) and the increasing presence and
activity of governmental Antarctic programmes [17, 18].
Although the annual number of tourists generally far out-
weighs the yearly number of staff of national programmes
operating via Antarctic research stations (around 5000),
the latter cumulatively spend much longer on the con-
tinent, often several months per scientist. Such scien-
tific visits may comprise station-based science, but also
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include many other ship- and aircraft-based activities,
including deployment and supply of field parties. Tour-
ists are generally on short trips of a couple of weeks and
based on cruise ships that generally facilitate brief land-
ings at a small number of easily accessible locations and
either take sewage out of Antarctica or, at a minimum,
dispose of it at least 12 nautical miles from the coast [19,
20]. Thus, occupancy of research stations, one of which
has in excess of 1000 people living there in the summer,
represents the higher risk for the spread of AMR on the
continent, compared with tourists, as sewage is largely
dealt with on the continent. As will be described later, the
treatment of sewage is highly variable between different
research stations.

Historically, the rapid rise of human presence in Ant-
arctica only started in the build-up to the International
Geophysical Year in 1957/1958. Before that, there was
relatively little human activity apart from a couple of
whaling stations and Argentinian and UK research sta-
tions (Orcadas Base established on Laurie Island, South
Orkneys in 1903 and several stations along the Antarc-
tic Peninsula resulting from Operation Tabarin in 1943,
respectively). The International Geophysical Year (IGY)
of 1957-1958 sponsored the building of several research
stations in Antarctica to support scientific exploration.
This resulted in the core of the present-day network,
which currently comprises 30 nations operating 76 per-
manent research stations [21, 22]. These represent a
range of different sized operations, with some stations
operating all year round, whilst others are only open for
a few months in the Austral summer. Most stations gen-
erally have fewer than 60 beds. A handful has over 100
beds, including Marambio (170), Frei and Amundsen-
Scott Pole (with 150 beds apiece), Rothera (136), Syowa
(130) and Mario Zucchelli (124), but all are dwarfed by
McMurdo, run by the USA near the Ross Sea with a
capacity for 1200 personnel. Critically, the initial period
of the station building and scientific expansion in Ant-
arctica coincided with the development of modern anti-
biotics. Thus, even the earliest scientists had access to
sulfonamides, as evidenced by medical stores lists from
1949 showing tablets and bottles of sulphathiazole (Addi-
tional file 1). They also potentially had access to penicillin
in a period when waste regulation was non-existent.

Uniquely, Antarctica, more particularly all regions
from 60° S latitude to the South Pole, is governed through
consensus by the 29 Consultative Parties to the Antarc-
tic Treaty (see https://www.ats.aq). The Treaty which
designated Antarctica ‘as a natural reserve, devoted to
peace and science;, includes the Protocol on Environmen-
tal Protection to the Antarctic Treaty (1991) and puts
in place strict regulations for environmental protection,
including waste management, although the requirements
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for wastewater treatment are limited (see https://www.
ats.aq/e/protocol.html). To date, there have been no rig-
orous evaluations of AMR in Antarctica, which clearly
has health implications for personnel working in such a
remote environment, although this issue has been noted
by the Council of Managers of National Antarctic Pro-
grams [23].

Here, we conduct an extensive review of published
studies of AMR, south of 60° S identifying antibiotic-
resistant bacteria, antibiotic-resistant genes or resistance-
associated plasmids. The criteria for literature screening
and inclusion in this review are presented in Additional
file 2. It should be noted that studies specifically targeted
at identifying novel antimicrobials in Antarctic bacteria
for biotechnology exploitation are excluded, as they do
not represent the main focus of this review. We present
a synthesis of findings, evaluating the extent of resistance
to semi-synthetic and synthetic antibiotics (often used as
a proxy for anthropogenic-introduced AMR) and the effi-
cacy of methods of surveillance and relate these to poten-
tial future policy decisions.

AMR in Antarctica

Today, a wide range of antibiotics are available, which
work against different aspects of cellular biosynthe-
sis. These can be designated as natural, semi-synthetic
or synthetic (Additional file 6), which aid in identifying
whether humans are the potential drivers of resistance.
Research investigating AMR in Antarctica dates back
to the late 1970s/early 1980s with the limited screen-
ing (mainly for penicillin and tetracycline resistance) of
environmentally isolated Antarctic bacteria and plasmids
[24-26]. Since then, AMR screening on the continent has
increased and revealed interesting results on the natural
levels of AMR, mechanisms of resistance (albeit largely
based on the identification of antibiotic resistance genes
via sequencing, without associated functional data), evi-
dence for anthropogenic influences on AMR levels and
animals as vectors of AMR (Fig. 1, top panel; Additional
file 3).

Endemic AMR

AMR is a natural phenomenon. A few studies have failed
to isolate resistance in pristine Antarctic isolates [27-
29], but this may simply be due to the methodologies
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employed in the studies, and antibiotic-resistant genes
have been detected at low levels in Antarctic bacteria.
Antibiotic-resistant bacteria have been isolated from
diverse environmental samples including soils, hypoliths
(bacterial communities under rocks), freshwater lakes
and glacial ice cores from regions without human activ-
ity [30-33]. Whilst the prevalence of human-derived
AMR in such pristine and semi-pristine environments is
intuitively surprising, it is suggested that it is the extreme
nature of the environment that has fuelled resistance,
particularly for broad-spectrum resistance [34]. Most
conventional antibiotics originate from species within
natural environments as a component of normal defence
mechanisms. In harsh environments, bacteria compete
for limited nutrients, and the ability to produce anti-
biotics would provide a competitive advantage within
these restricted and slow-growing communities [34]. For
example, the prevalence of bacterial B-lactamases was
suggested as a defence mechanism against the -lactam-
producing fungi prevalent in some soil samples [35].
This competitive advantage theory was validated by the
study of Van Goethem et al. [32], in which the number of
antibiotic-resistant genes in a sequenced environmental
sample was negatively correlated with species richness
[31-33, 35, 36]. These studies, although limited in extent,
are providing important clues as to how the mechanisms
of AMR may have evolved in this environment.
Single-strain genome sequencing has identified a high
diversity of antibiotic-resistant genes present in Antarc-
tic bacteria. For example, numerous multi-drug efflux
pumps were identified in the genome of Sphingomonas
sp. strain Ant H11 from an Antarctic hypolith [31].
Interestingly, a sul2-strA gene cluster encoding resist-
ance to sulphonamides was identified in DNA extracted
from a 1200-1400-ybp (years before present) ice core.
Sulphonamides are synthetic drugs, but an antibiotic-
resistant gene cluster in such an ancient sample supports
the hypothesis that most antibiotic-resistant genes active
against synthetic antibiotics originated from environmen-
tal bacteria [33]. Hence, this gene cluster active against a
‘synthetic antibiotic’ may mimic a natural chemical yet
to be discovered/classified. These findings are supported
by the identification of diverse antibiotic-resistant genes
extracted from 30,000-year-old permafrost sediments
[37] and phylogenetic analyses of P-lactamase genes

(See figure on next page.)

absent

Fig. 1 Top panel: map of Antarctica showing the locations in which all the studies analysed in this review took place. If a single author investigated
more than one site and clearly distinguished the results of each site, each sample site was recorded individually in Additional file 3. Markers in the
sea are from cruise samplings. Bottom left panel: summary of studies conducted in the South Shetland Islands according to the types of antibiotic
identified at each site; full details of studies are detailed in Additional file 4. Bottom right panel: summary of resistance found to 3-lactams and
aminoglycosides in Antarctica; full details of studies are detailed in Additional file 5. NB: when an antibiotic class is annotated as not being present,
e.g. resistance to B-lactams not aminoglycosides, this means that the relevant study did not find resistance to aminoglycosides, rather than it being
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dating their origin to over 2 billion years ago [38]. Both
of these Antarctic genome sequencing studies failed to
show the presence of mobile genetic elements (e.g. trans-
posons, integrons and recombinases) associated with
antibiotic-resistant genes, indicating that either horizon-
tal gene transfer was unlikely to be involved in their prop-
agation or that such mechanisms are not evolutionarily
stable (or could be lost in the absence of specific selec-
tion pressures). In contrast, a number of mobile genetic
elements were found in the genome of Staphylococcus
edaphicus sp. that encoded a high number of antibiotic-
resistant genes including p-lactamase and an alternative
penicillin-binding MecC protein [35]. However, a more
expansive metagenomic shotgun approach showed a
complete absence of mobile genetic elements flanking
antibiotic-resistant genes leading to the hypothesis that
vertical transmission has a much greater role than hori-
zontal gene transfer in the dissemination of antibiotic-
resistant genes in pristine Antarctic soils, with phylogeny,
rather than horizontal gene transfer, driving resistome
content [32]. Furthermore, this latter study indicated
that the major resistance mechanism was via single and
multidrug efflux pumps (comprising 60% of antibiotic-
resistant gene identifications) with antibiotic inhibition
strategies, exemplified by B-lactamases, less commonly
identified [32, 39]. A more recent molecular study, spe-
cifically screening for integrons and antibiotic-resistant
genes, identified a considerable number in Antarctic soil
samples but failed to show any association between the
two [40]. A clearer pattern may emerge with the genera-
tion of much needed additional data, as current data are
very limited.

The examples above relate to terrestrial samples (hypo-
liths and soil), but antibiotic-resistant genes have also
been found in freshwater lake and marine samples, albeit
at much lower levels than soil samples [41, 42]. In a wide-
ranging study on bacterium-bacterium interactions
amongst psychrophilic bacteria isolated from Terra Nova
Bay, only 15% of cultivated bacteria exhibited inhibitory
interactions, and even fewer had some level of identifia-
ble AMR [43, 44]. It was suggested that this relatively low
level of inhibition, compared with other studies, was due
to the fact that the bacteria were isolated from unfiltered
seawater and were in a free-living stage, rather than a bio-
film or associated with organic particles [45]. Hence, they
were not in close proximity with each other and, there-
fore, did not have to devote unnecessary cellular energy
to antagonistic and competitive biochemical interactions
[41]. Interestingly antibiotic-resistant gene-containing
bacteriophage particles have also been isolated from Ant-
arctic seawater, and again, it is thought that acquisition
and maintenance were due to natural community compe-
tition [46]. It is known that bacteriophage play a role in
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the dissemination of antibiotic-resistant genes in aquatic
environments, indicating that in this environment, hori-
zontal transfer of antibiotic-resistant genes may be more
prevalent [41, 42, 46]. Thus, the two types of environ-
ment (terrestrial and marine) may have different evo-
lutionary mechanisms for the gain and maintenance of
AMR. In general, the relative abundance of antibiotic-
resistant genes in Antarctica is much lower than that in
other global regions where there is greater anthropogenic
influence [47]. Thus, it has been hypothesised that the
mechanisms of resistance found in the pristine Antarc-
tic environments depict a ‘pre-antibiotic’ state or rather
a ‘pre-widespread human use of antibiotics in medicine’
state [39].

Identification of potentially anthropogenically introduced
AMR

Globally, the emergence of AMR as a serious health
concern is connected to human activity. The increases
in human activity on the Antarctic continent have pro-
voked a question of whether humans may be introduc-
ing antibiotic-resistant genes into this unique region
[10]. However, answering this research question is
complicated by the presence of endemic resistance, as
detailed above. Whilst a general strategy of sampling soil
and water at varying distances to established research
stations was adopted to correlate AMR with levels of
human activity, researchers have developed different
strategies to distinguish human-associated from natu-
rally occurring resistance. For example, mesophiles have
been used as a proxy for human-derived bacteria and
psychrophiles as a proxy for endemic bacteria [44]. The
results identified higher levels of antibiotic resistance in
mesophiles with a greater incidence of multi- and single-
drug resistance compared to psychrophiles. Further-
more, the levels of resistance increased with proximity to
Palmer Station, which houses a maximum of 46 person-
nel in the summer (13 in winter) [48]. Two studies spe-
cifically screened Escherichia coli strains from a range of
environmental samples for the presence of AMR at Davis
Station (90 people during the summer, 17 in winter) [49,
50]. E. coli carrying AMR determinants were isolated
from water, sediments and the filter-feeding bivalve, Lat-
ernula elliptica. Interestingly, no resistance was found
in the E. coli in the burrowing urchin, Abatus nim-
rodi. This led to the hypothesis that antibiotic-resistant
gene spread was being mediated via the water column,
which would impact the filter-feeding bivalve more as it
actively pumps water across its gills, whereas the urchin
feeds on sediment deposits. Clearly, more studies are
needed to validate this hypothesis. In a slightly different
approach, cultivatable bacteria isolated from three very
different areas were screened for antibiotic sensitivity
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[51]. The first was a remote region of Antarctica, with lit-
tle recorded human or wildlife activity. The second was
an area with known wildlife activity (migratory birds),
and the third was an area close to human influence (i.e.
research stations). The researchers found some antibiotic
resistance in the remote regions and areas associated
with wildlife visits, but antibiotic resistance was highest
in the human-impacted area. Bacterial diversity varied
across the three areas sampled, but the researchers also
found an association of resistance to synthetic antibi-
otics with areas of high anthropogenic activity, leading
them to suggest resistance to synthetic antibiotics as a
proxy for the human-associated introduction [51]. Simi-
lar results associating greater levels of AMR closer to the
research stations have also been found in a more recent
metagenomics analysis [36]. Thus, in an Antarctic con-
text, AMR in mesophilic bacteria, including E. coli, and
resistance to synthetic antibiotics have generally been
used as proxies for anthropogenic-introduced AMR.
This correlative approach is validated by the identifica-
tion of E. coli gene cassettes in Antarctic samples, which
are identical to those found in clinical contexts [49].

Antibiotics and waste management

When research stations were built in Antarctica prior to
the 1980s, waste regulation was, at most, minimal. Even
the earliest station residents had access to synthetic anti-
biotics (Additional file 1) with raw sewage introducing
antibiotics and human-derived E. coli into the ecosys-
tem, albeit at very low levels given the number of stations
and occupancy rates in the initial ‘colonisation’ of land
south of 60° S. However, regulation of waste disposal and
treatment changed dramatically at the end of the twenti-
eth century with the implementation of the Protocol on
Environmental Protection to the Antarctic Treaty (also
known as the Environmental Protocol or Madrid Proto-
col). The Protocol was originally signed in 1991 and for-
mally adopted by the signatory Parties in 1998. Annex
III to the Environmental Protocol provides strict regula-
tions for minimising and disposing of waste on the conti-
nent, including the banning of the introduction of certain
products like polychlorinated biphenyls (https://www.
ats.aq/e/protocol.html), but its treatment requirements
with regard to wastewater disposal are limited to macera-
tion, albeit some stations operate wastewater treatment
plants that deliver much higher treatment standards [52,
53]. In 2005, a comprehensive survey of wastewater treat-
ment at Antarctic stations indicated that 37% of the per-
manent stations and 69% of the summer stations lacked
any form of treatment facility [52, 53]. In 2013, the Ant-
arctic Treaty Consultative Meeting adopted the Clean-
Up Manual (revised in 2019, available at: https://docum
ents.ats.aq/recatt/Att667_e.pdf) that contained practical
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guidelines for member states to meet their obligations
under Article 1(5) of Annex III to the Protocol.

The introduction of antibiotics and antibiotic-resist-
ant genes into the wider ecosystem is well known via
wastewater treatment plants in other global regions [54,
55]. This is also the case in Antarctica, as revealed by
five studies, which specifically tested wastewater from
research stations [49, 50, 56—58]. These studies charac-
terised the AMR of E.coli strains isolated from outfalls
of wastewater treatment plants at several sites along the
Antarctic Peninsula and South Shetland Islands. They
revealed multiple drug resistance to -lactams, aminogly-
cosides, tetracycline, and trimethoprim-sulfonamide and
included the first identification of a human-associated
extended-spectrum [-lactamase (ESBL) in a bacterium
isolated from the Antarctic environment [56, 58]. These
were followed by a study conducted in 2016-2017, which
analysed water samples from the same sites in more
detail [57]. In this later study, all samples were analysed
for the presence of antibiotics using liquid chromatogra-
phy coupled to tandem mass spectrometry (LC-MS/MS)
and for the presence of antibiotic-resistant E. coli [57].
Eight antibiotic compounds were identified in significant
quantities using LC-MS/MS, including the quinolones
ciprofloxacin and norfloxacin, the macrolides azithromy-
cin, clarithromycin and erythromycin. Whilst antibiotic-
resistant E. coli were present in the water samples tested
for antibiotics, the researchers were unable to directly
correlate the observed resistance with the compounds
identified in the same samples [57]. Similar evaluations of
cultivated antibiotic-resistant E. coli collected from vari-
ous sources around Davis Station also revealed AMR for
aminoglycosides and sulphonamides and the presence of
mobile genetic element intlI amplicons in gene cassettes.
These gene cassettes were identical to those found in
clinical contexts and thus are almost certainly of human
origin [49].

These five isolated studies clearly show incomplete deg-
radation of antibiotics via wastewater treatment plants
and their introduction into the Antarctic environment.
They also catalogue the persistence of human-derived E.
coli in very cold waters. These studies highlight the need
for more extensive research to determine whether certain
types of wastewater treatment plants perform better in
such an extreme environment, or if they can be modified
to work more efficiently in very cold conditions [53, 57,
59]. Related to this issue of AMR and wastewater treat-
ment is the problem of plastic contamination in Antarc-
tica. In spite of its physical isolation, further enhanced
by strong oceanic and atmospheric currents around the
continent, various types of plastic waste have been iden-
tified in the Southern Ocean, many of which originate
from outside of the Antarctic Treaty Area [60]. A recent
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study investigating the biofilms associated with a piece
of macroplastic waste collected from the shores of King
George Island identified AMR in associated cultivatable
bacteria [61]. This evidence of plastic having the potential
to act as a vector of antibiotic-resistant genes represents
a novel route for AMR introduction and gives the Ant-
arctic Treaty Consultative Parties a further cause for con-
cern regarding waste management [62].

AMR in Antarctica: King George Island (a case study)

To date, of all the AMR studies carried out in Antarctica,
the majority have been carried out in the South Shet-
land Islands, particularly King George Island, which is
the largest island in the archipelago. The South Shetland
Islands are one of the more accessible areas of Antarctica
being close to the tip of the Antarctic Peninsula. They
also have the greatest density of research stations in Ant-
arctica (20 in total, of which 11 are occupied year-round)
(https://www.comnap.aq/). Nine studies concentrated on
King George Island and identified both phenotypic and
genotypic resistance to a range of natural, semi-synthetic
and synthetic antibiotics (Fig. 1, bottom left panel; Addi-
tional file 4). Resistance to a range of antibiotic drug
classes was found, including -lactams, macrolides, ami-
noglycosides, sulphonamides, cephalosporins, polymyx-
ins and fluoroquinolones [30, 39, 47, 51, 56-58, 61, 63].
These studies indicate that resistance to broad-spectrum
antibiotics, such as B-lactams and aminoglycosides, is
particularly prevalent. This may be due to surveying bias,
as nearly all studies investigating phenotypic resistance
checked for resistance to B-lactams and aminoglycosides
via either antibiotic resistance assays or targeted PCR of
antibiotic resistance genes (Fig. 1, bottom right panel;
Additional file 5).

Resistance to p-lactams was more common than that
to aminoglycosides in most studies carried out in the
Antarctic, including King George Island (Additional
file 5). Twelve studies found resistance to B-lactams
across 29 sites, with phenotypic resistance to ampicillin,
penicillin, cefazolin, cefuroxime, methicillin, oxacillin,
amoxycillin, penicillin G, carbenicillin, ceftazidime and
cefixime identified. Molecular resistance mechanisms to
B-lactams, including genes such as blacry.ay blareaii7
blarpy1s7 and blargy,, were also identified [51, 56, 63].
Ten of these studies found resistance to aminoglycosides
across 16 sites. Phenotypic resistance was found to ami-
noglycosides such as streptomycin and kanamycin with
the presence of genes such aadA, strA and strB [39, 63].
Additional antibiotic-resistant genes were identified that
confer resistance to sulphonamides, e.g. sull, sul2 and
SulA [39, 47, 63]; quinolone, e.g. acra-04, opr], qacedelta
and gach [59]; and efflux pumps, e.g. amrB and ceoB [39].
When the efficacy of some of these genes was assayed, it
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was interesting to note that the efflux pumps amrB and
ceoB did not increase the tolerance of Antarctic bacteria
to levels of clinical concern [39]. Therefore, it was sug-
gested that even if these antibiotic-resistant genes are
present, they may require selection pressure to generate
significant risk in the future [39].

In terms of how those antibiotic-resistant genes are
propagated, the results of the more molecular-centred
analyses on King George Island failed to present a clear
picture. In general, levels of plasmids and mobile genetic
elements were lower in Antarctic bacteria compared with
those from other more impacted regions (e.g. samples
from active sludge, chicken and swine faeces in Hong
Kong and China) [39]. However, one King George Island
study identified significant resistance to aminoglycosides,
which are often plasmid-encoded [51], whilst another
suggested that plasmid-encoded antibiotic-resistant
genes were only at low levels, occurring in less than
16% of characterised antibiotic-resistant bacteria [39].
The latter study also suggested that efflux pumps were
the major mechanism of AMR in Antarctica, compris-
ing 60% of bacteria showing AMR [39]. This result was
supported by shotgun metagenomics data from another
region of Antarctica, north of the Mackay Glacier, Victo-
ria Land [32]. These metagenomics data contained many
efflux pump sequences indicating the genetic poten-
tial for their expression in different Antarctic bacteria
but require functional studies for verification of activ-
ity. Furthermore, two King George Island studies cor-
related the presence of specific mobile genetic elements
(Intl1, tnp05 and tnpA2) with antibiotic-resistant genes.
Antibiotic-resistant genes, such as pikR2, were associated
with the mobile genetic element Intli, whilst StrB, SulA
and gacedeltal-01 were associated with the transposon
tnpA05 and SulA, qacedeltal-01 and cmla-01 with trans-
poson tnpA2 [63]. Interestingly, an earlier study by the
same group identified a correlation of the mobile genetic
element Intll with the sulphonamide- and quinolone-
resistant genes sull, sul2 and gnrS, which was not repro-
duced in the later study. This may not be surprising as
the approaches in the two studies were completely differ-
ent with PCR of antibiotic-resistant genes directly from
soil DNA in one [47] and identified from whole-genome
sequencing of cultivated bacteria in the other [63].

Unfortunately, due to the wide variety of methods
employed in these studies, it is difficult to develop an
overview of AMR incidence on King George Island.
For example, five studies surveyed cultivatable bacte-
ria [30, 39, 51, 61, 63] and three specifically screened E.
coli strains [56—58]. With regard to molecular analysis of
antibiotic-resistant genes, targeted PCR was employed
in two studies [47, 51], whilst a global metagenomics
approach was carried out in a single study [39] (Table 1).
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Furthermore, the samples ranged from pristine sites to
wastewater treatment plants.

Are animal vectors of AMR in Antarctica?

A major gap in our knowledge is the influence of the
charismatic megafauna on AMR in the region. Data con-
cerning the role of wildlife as vectors of AMR in Ant-
arctica are very limited, even though it is known that
animals and humans may work synergistically to promote
the spread of antibiotic-resistant genes [10]. In this con-
text, it is perhaps ironic that there has been considerable
interest in the early to mid-twentieth century in charac-
terising the gut flora of polar wildlife, particularly birds
[64, 65]. These studies date back to 1899 with the reports
of Levin from Spitzbergen and Ekelof during the Swed-
ish South Polar Expedition in 1901-1903 [64, 66, 67].
The results from these early culture experiments seemed
to indicate that the guts of many polar birds were ‘bac-
teriologically sterile; fuelling further research in this
area [64]. As culture techniques improved alongside the
development of molecular biology, bacteria were readily
isolated from bird guts (and occasionally other species,
such as fur (Arctocephalus gazella) and Weddell seals
(Leptonychotes weddellii)) [65]. Research then concen-
trated on the phylogenetic characterisation of serovars
via pulsed field gel electrophoresis (PFGE) with a particu-
lar interest in identifying Salmonella and Campylobacter
species in Antarctic wildlife, which likely originated from
humans or domestic animals (which were allowed on
the continent in the early days). These studies provided
evidence of reverse zoonosis, with birds such as brown
skuas (Stercorarius antarcticus) particularly likely to pick
up human pathogens as they actively scavenge around
areas of human activity [11, 65]. In some of these stud-
ies, tests were carried out for phenotypic AMR profiling

Table 1 Summary of methods used in King George Island studies
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using standard disc diffusion methods which showed that
all Salmonella isolates were susceptible [68, 69]. In rela-
tively recent studies of E. coli strains found in wastewa-
ter outfalls from research stations, low levels of human
extra-intestinal E. coli strains (ST95 and ST131) were
found in seawater, sediments, the clam Laternula ellip-
tica and Weddell seals [45, 46]. Furthermore, a study
of Weddell seals, fur seals (Arctocephalus gazella) and
southern elephant seals (Mirounga leonina) identified the
presence of E. coli strains ST73, ST95, ST141 and ST131
in several populations [70]. The transfer of ST95 to
endemic wildlife was particularly worrying as this E. coli
strain is a significant cause of avian disease [49, 50] and
also the identification of ST131 in pinnipeds was of con-
cern as ST131 fluoroquinolone-resistant subclones are
frequently associated with human urinary tract infections
[70]. Thus, for many years since the first colonisations of
Antarctica, this limited screening suggested that endemic
wildlife was effectively ‘AMR-free; although there was
evidence of increasing levels of reverse zoonosis.

In 2008, the first identification of tet(M) resistance
was reported in cloacal swabs from Adélie penguins
(Pygoscelis adeliae) colonising Hukuro Cove, Langhovde,
on the coast of eastern Antarctica [71]. The research-
ers suggested that wildlife may act as reservoirs of anti-
biotic-resistant genes and spread these through faecal
contamination, although the report was very brief and
omitted full details of how many penguins were screened.
A follow-up study showed that a variety of tez(M) genes
were present in the same Adélie population [72]. Subse-
quent studies on animal faeces, representing a total of
four emperor (Aptendytes forsteri) and almost 450 gentoo
penguins (Pygoscelis papua), failed to identify antibiotic-
resistant bacteria in the faecal samples, with the excep-
tion of a single gentoo penguin sample that contained

Study Initial culture media

Antibiotic susceptibility test

Molecular analyses

Hernadez et al. (2012) [56] ChromoCult® Coliform Agar ES

Uniselect4 plates

Tam et al. (2015) [30] LB, R2A and Marine agar 2216

Rabbia et al. (2016) [58] ChromoCult® Coliform Agar ES

LB media

None

ChromoCult® Coliform Agar ES
Marine agar 2216

Yuan et al. (2019) [39]

Na et al. (2019) [47]
Hernandez et al. (2019) [57]
Lagana et al. (2019) [61]

None

Jaraetal. (2020) [51]
Na et al. (2021) [63]

R2A agar
Beef extract peptone agar

Disc diffusion: EUCAST
Disc diffusion using prescience/
absence of inhibition

Disc diffusion: CLSI

Disc diffusion: CLSI

Disc diffusion: CLSI
Kirby Bauer test: EUCAST and CLSI

Disc diffusion: CLSI
Disc diffusion: CLSI

g-RT PCR 3 primer sets
Multi-locus sequence typing (MLST)

Colony screening by randomly amplified polymor-
phic DNA (RAPD) analysis and 16S rDNA

Fingerprint analysis using pulsed field gel electro-
phoresis (PFGE)

lllumina HiSeq 2000 or 2500 100bp PE
165 rRNA plus gRT-PCR of 4 ARGs
None

165 rRNA plus restriction fragment length poly-
morphism (RFLP) analysis
16S rRNA plus PCR of 20 ARGs

16S rDNA plus gqRT-PCR of circa 300 primer sets
for ARGs
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bacterial resistant to chloramphenicol [56, 73, 74]. Such
results suggest that antibiotic resistance is rare amongst
the bacteria isolated from wild birds in Antarctica. These
data are largely supported by other studies. For exam-
ple, screening of 25 E. coli strains collected from cloa-
cal swabs or faecal samples from gentoo penguins, kelp
gulls (Larus dominicanus) and snowy sheathbills (Chionis
albus) showed only intermediate level resistance [58].
Three other studies have identified some form of AMR in
Antarctic wildlife. A multi-drug resistant strain of Salmo-
nella enterica serovar Enteriditis was isolated from gen-
too penguins close to the Bernardo O’Higgins Research
Station on the Antarctic Peninsula in 2014. However, this
strain was only found in 2% of penguins sampled and was
not found in samples collected in the two subsequent
years (2015 and 2016) [75]. The researchers did not deter-
mine the source of the drug resistance but hypothesised
that the penguins may have carried the resistant patho-
gen from elsewhere following migration. PCR screening
for sulphonamide resistance in faecal samples from single
samplings of a penguin, bird and seal in Fildes Peninsula
[47] and a single bird dropping from the Fildes Peninsula
produced positive results [63]. A further study demon-
strated AMR in environmental samples collected from an
area designated as having ‘possible animal influence; but
was not correlated with any wildlife sampling [51].

Overall data on AMR in Antarctic wildlife are very lim-
ited, with more recent results largely dominated by pen-
guin-derived samples. It is clear that AMR may reside in
endemic wildlife, but the extent and transmissibility are
virtually unknown. Where instances of AMR in wildlife
have been identified, the significance of the findings have
been difficult to verify, particularly when they are either
not repeatable, or sample numbers are very low. Clearly,
more extensive and systematic analyses are required,
especially in view of the current COVID-19 pandemic,
which has exacerbated concerns about animal-human
transmission (and vice versa) of novel viruses and dis-
eases [11, 76].

Limitations of current data

This review carried out an extensive literature search of
articles investigating AMR in Antarctic environments.
Analysis in the relevant publications is based on the
premise that resistance to synthetic antibiotics is derived
from human activity and is largely correlative. There is
also the issue of whether culture-based tests for antibiotic
activity in the laboratory (often used in medical micro-
biology) are suitable for AMR detection in this environ-
ment, especially as cultivation success levels are low and
there may be as yet undefined specific triggers for expres-
sion. Overall, the isolated and uncoordinated nature
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of the studies limits our ability to interpret the results
further and estimate the true prevalence of AMR levels
on the continent. The results published by many stud-
ies describe a few isolates that had been extracted from
a limited number of sampling sites, with a variety of dif-
ferent experimental approaches used to describe AMR in
terms of antibiotic-resistant bacteria (identified by assay-
ing cultivatable bacteria with antibiotics) or molecular
analyses of antibiotic-resistant genes [31, 39, 46, 49]. In
some cases, although studies surveyed antibiotic-resist-
ant bacteria in a range of environmental samples (e.g.
water, soil and animal faeces), faecal samples where such
bacteria were identified were sometimes selected from a
single representative animal. Thus, data are too limited to
infer the prevalence of AMR in Antarctic animals, espe-
cially birds and seals or the role of animals as vectors of
AMR in Antarctica [47, 63, 77]. In addition, there are few
current data, with many studies published years after the
sample collection dates. In this synthesis, the most recent
sampling date was 2019, with most studies falling before
2015 [28, 30, 33, 58, 73]. Furthermore, many studies did
not report the exact sampling locations in a systematic
manner. In some instances, both the named area and
coordinates were reported, whilst others merely named
an area or provided maps indicating sampling points [32,
41, 46, 47, 63, 73]. Reporting precise coordinates of sam-
pling sites in conjunction with maps or site names should
be standard, as it provides uniformity that can support
comparative analyses.

Culture-based approaches for investigating antibiotic
resistance were employed by most studies. Whilst these
are useful for associating resistance with a particular
bacterium, they do not provide data on the molecular
resistance mechanisms unless whole-genome sequencing
is employed. Very few antibiotic-producing bacteria are
currently cultivatable in the laboratory, which restricts
the capacity to fully capture antibiotic-resistant gene
diversity or abundance, unless deep sequencing metagen-
omics approaches are employed [32, 39]. In addition,
some studies screened the isolated bacteria for pheno-
typic antibiotic resistance, but a uniform definition of
phenotypic resistance was absent. Most studies quoted
the use of the Clinical and Laboratory Standards Institute
(CSLI) guidelines [35, 39, 51, 58, 74]. However, one study
determined phenotypic resistance using antibiotic discs
and determined the absence of bacterial growth around
the disc as susceptibility [30]. Similarly, another study
mentioned using the Kirby-Bauer test, but not the use of
CSLI guidelines [61]. A further study cultivated bacteria
on Muller Hinton agar with concentrations of antibiotic
according to WHO [78, 79] and German (DIN Norm
58930) standards [42].
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Future prospects

It is clear from the research carried out to date that more
extensive and detailed research is needed to obtain even
a reasonable understanding of the extent of AMR in
Antarctica and the influence of humans in this regard.
Given the chronic and generally accumulative nature of
the AMR problem, any short-term evaluations need to
be conducted alongside long-term monitoring of AMR
in designated regions, specifically at/near research sta-
tions. More extensive surveys are also required of the
AMR status of endemic wildlife to determine how they
may act as either reservoirs of AMR and/or vectors of
AMR (of either natural or anthropogenic origin) and the
occurrence of reverse zoonosis [11]. In parallel, a greater
standardisation of approach is needed to enable direct
comparisons between different studies [80].

Greater emphasis needs to be placed on reporting
metadata, with minimal reporting standards introduced,
including logging the exact sampling date and GPS co-
ordinates for each sampling event. Studies which com-
bine both culture-based and metagenomics and genome
sequencing approaches are to be encouraged, as only
then can real links be made between AMR, the underly-
ing mechanisms and how antibiotic resistance genes are
propagated in this relatively pristine environment (i.e.
the prevalence and role of plasmids and mobile genetic
elements). Similarly, sequencing approaches should ena-
ble better differentiation between natural/intrinsic and
anthropogenically introduced/acquired AMR and also
shed light on the role of animals in AMR interactions.
With regard to culture-based methodologies, there is a
requirement for an equivalent to EUCAST/CLSI break-
points for environmental bacteria. Currently, there are no
standardised breakpoints to validate disc diffusion assays
with non-clinical bacterial isolates. In this regard, mini-
mal inhibitory concentration (MIC) can be used to study
phenotypic resistance. However, with many samples and
multiple antimicrobials to test, this is a costly and labori-
ous task. These recommendations should form the basis
for discussion and the development of an AMR protocol
and checklist by Antarctic Treaty Consultative Parties, as
discussed further below.

Due to the extreme environmental conditions, many
Antarctic terrestrial environments are dominated by
microbial species, and these comparatively simple com-
munities provide excellent opportunities for research
that would be more difficult elsewhere. For some time,
researchers have recognised the importance of reducing
the release of human-associated microorganisms into
marine and terrestrial environments to prevent ‘genetic
pollution’ of the continent [12, 49, 81, 82]. The Antarc-
tic Treaty Consultative Meeting has taken steps to reduce
microbial contamination of a small number of areas
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through the designation of ‘restricted’ zones within some
Antarctic Specially Protected Areas (ASPAs) (e.g. ASPA
126 Byers Peninsula, Livingstone Island) [81]. Further-
more, the Scientific Committee on Antarctic Research
(SCAR) has developed a series of field codes of conduct
(https://www.scar.org/policy/scar-codes-of-conduct/),
which are endorsed by the ATCM, that include recom-
mendations to reduce contamination of terrestrial and
geothermal environments by microorganisms originating
from human sources and other environments. However,
much still needs to be done with the issue of AMR having
been little discussed within the Antarctic Treaty System
[83]. With maceration, the only treatment mandated by
the Environmental Protocol, and many stations (particu-
larly the small stations or those occupied only during the
summer months) providing little or no sewage treatment,
there is scope for substantial improvement in standards,
which may reduce the release of antibiotics, human-
derived E. coli and antibiotic-resistant bacteria into the
marine and/or ice environment [82]. The unique govern-
ance structure of the Antarctic Treaty region provides
an opportunity to enact continent-wide regulations and
standards on AMR monitoring, which would not only
encourage long-term monitoring, but also provide input
into waste management strategies and insight into AMR
levels (endemic and human-introduced) in this remote
region.

Summary

Although traditionally viewed as a relatively pristine
environment, antibiotic-resistant genes and antibiotic-
resistant determinants were found in studies all across
the continent. Initial evaluations suggest that AMR
in most of Antarctica may closely represent a ‘pre-
antibiotic state’ [39] and can therefore be used as a
proxy to model AMR interactions and propagation in
more industrialised regions. However, many questions
remain, especially with regard to the levels of natu-
rally occurring AMR (as opposed to anthropogenically
introduced AMR) due to the isolated, ad hoc nature of
the studies reported and the wide varieties of method-
ologies employed. Certainly, more functional studies
are required to verify the activities and interactions
of antibiotic resistance genes identified in sequencing
studies, along with whole-genome sequencing of culti-
vated Antarctic antibiotic-resistant bacteria. The cur-
rent data clearly indicate that there is much potential
for the future in research evaluating AMR in Antarc-
tica, which may not be as pristine with regard to AMR
as previously assumed, particularly around research
stations. In addition, there are clear policy outcomes
from such studies with regard to wastewater manage-
ment in the region. Finally, whilst this review describes
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the current state of knowledge concerning AMR in
Antarctica, this extreme region is also viewed as a
potential source of novel compounds, including antimi-
crobial agents [84—86], which may well be uncovered in
future AMR evaluations, particularly those focussed on
sequencing approaches.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-022-01250-x.

Additional file 1. Extract from MV John Biscoe medical stores list written
by Dr William Sladen in 1949, when he was the doctor on call between
postings at Hope Bay (Antarctic Peninsula) and Signy Island (South Orkney
Islands), showing tablets and bottles of sulphathiazole.

Additional file 2. Initial screening criteria for literature review. Parameters
for choice of studies investigating AMR on the Antarctic continent.

Additional file 3. Referenced GPS locations of studies of AMR in
Antarctica.

Additional file 4. Summarised data of studies on King George Island.

Additional file 5. Locations of studies that found resistance markers for
B-lactams and aminoglycosides in Antarctica.

Additional file 6. Natural, synthetic and semi-synthetic antibiotics and
their drug classes. Examples of antibiotics, the drug classes they belong to,
their targets and nature (natural, semi-synthetic or synthetic). The list is not
exhaustive of all antibiotics or drug classes.

Acknowledgements

The authors would like to thank Laura Gerrish at the British Antarctic Survey
(BAS) for preparing the maps and also Kevin Roberts from the BAS Archives for
finding the MV John Biscoe store listings. This manuscript contributes to the
BAS Polar Science for Planet Earth ‘Biodiversity, Evolution and Adaptation'Team
(MSC and LSP) and the BAS Environment Office Long Term Monitoring and
Survey project (EO-LTMS) (KAH), which are supported by NERC core funding,
and Research Theme 2 ‘Human Impact and Sustainability’ of the ‘Integrated
Science to inform Antarctic and Southern Ocean Conservation' (Ant-ICON)
research programme of the Scientific Committee on Antarctic Research
(SCAR).

Authors’ contributions

KH wrote the first draft, assisted by HPN and CAW. MSC revised the second
draft. Thereafter, all authors (KH, HPN, KAH, LSP, MSC and CAW) contributed
equally to the manuscript and read and approved the final manuscript.

Authors’ information
Not applicable

Funding
HPN was funded by Anglia Ruskin University QR Postdoctoral Fellowship. KH
was partially funded by a BAS Innovation voucher.

Availability of data and materials

Not applicable

Declarations

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Competing interests

The authors declare that they have no competing interests.

Author details
'School of Life Sciences, Faculty of Science and Engineering, Anglia Ruskin
University, East Road, Cambridge CB1 1PT, UK. “Marine Biology and Ecology

Page 11 of 13

Research Centre, School of Biological and Marine Sciences, University of Plym-
outh, Drake Circus, Plymouth PL4 8AA, UK. 3British Antarctic Survey, Natural
Environment Research Council, High Cross, Madingley Road, Cambridge CB3
OET, UK.

Received: 15 October 2021 Accepted: 23 February 2022
Published online: 06 May 2022

References

1. White A, Hughes JM. Critical importance of a One Health approach to
antimicrobial resistance. Ecohealth. 2019;16(3):404-9.

2. O'Neill J. Tackling drug-resistant infections globally: final report and
recommendations. London: Government of the United Kingdom; 2016.

3. Knight GM, Glover RE, McQuaid CF, Olaru ID, Gallandat K, Leclerc QJ, et al.
Antimicrobial resistance and COVID-19: intersections and implications.
Elife. 2021;10:e64139.

4. World Health Organization (WHO). Global Antimicrobial Resistance and
Use Surveillance System (GLASS) Report: early implementation 2020.
Geneva: WHO Press; 2020.

5. Sriram A, Kalanxhi E, Kapoor G, Craig J, Balasubramanian R, Brar S, et al.
State of the world's antibiotics 2021: a global analysis of antimicrobial
resistance and its drivers. Washington DC: Center for Disease Dynamics,
Economics & Policy; 2021.

6.  Schnall J, Rajkhowa A, lkuta K, Rao P, Moore CE. Surveillance and monitor-
ing of antimicrobial resistance: limitations and lessons from the GRAM
project. BMC Med. 2019;17(1):176.

7. Scott LC, Lee N, Aw TG. Antibiotic resistance in minimally human-
impacted environments. Int J Environ Res Public Health. 2020;17(11):3939.

8. Croxall JR, Silk JRD, Phillips RA, Afanasyev V, Briggs DR. Global circumnavi-
gations: tracking year-round ranges of nonbreeding albatrosses. Science.
2005;307(5707):249-50.

9. Murphy EJ, Johnston NM, Hofmann EE, Phillips RA, Jackson JA, Constable
AJ, et al. Global connectivity of Southern Ocean ecosystems. Front Ecol
Evol. 2021;9(454):624451.

10. Herndndez J, Gonzélez-Acufa D. Anthropogenic antibiotic resistance genes
mobilization to the polar regions. Infect Ecol Epidemiol. 2016;6:32112.

11. Cerda-Cuéllar M, More E, Ayats T, Aguilera M, Munoz-Gonzalez S, Antilles
N, et al. Do humans spread zoonotic enteric bacteria in Antarctic? Sci
Total Environ. 2019;654:190-6.

12. Cowan DA, Chown SL, Convey P, Tuffin M, Elughes K, Pointing S, et al.
Non-indigenous microorganisms in the Antarctic: assessing the risks.
Trends Microbiol. 2011;19(11):540-8.

13. Peck LS. Antarctic marine biodiversity: adaptations, environments and
responses to change. In: Hawkins SJ, Evans AJ, Dale AC, Firth LB, Smith IP,
Hughes DJ, editors. Oceanography and marine biology: an annual review,
Vol 56;2018. p. 105-236.

14. Pertierra LR, Hughes KA, Vega GC, Olalla-Tarraga MA. High resolution spa-
tial mapping of human footprint across Antarctica and its implications for
the strategic conservation of Avifauna. PLoS One. 2017;12(1):e0173649.

15. Hughes KA, Fretwell P, Rae J, Holmes K, Fleming A. Untouched Antarctica:
mapping a finite and diminishing environmental resource. Antarct Sci.
2011,23(6):537-48.

16. Hughes KA, Convey P. Implications of the COVID-19 pandemic for Antarc-
tica. Antarct Sci. 2020;32(6):426-39.

17. Brooks ST, Jabour J, van den Hoff J, Bergstrom DM. Our footprint on
Antarctica competes with nature for rare ice-free land. Nat Sustainability.
2019;2(3):185-90.

18. International Association of Antarctica Tour Operators (IAATO). IAATO
statement on 2019/20 visitor numbers. (2021). Available at: https://iaato.
org/wp-content/uploads/2020/07/IAATO-on-Antarctic-visitor-figures-
2019-20-FINAL.pdf Accessed: Sept 2021.

19. Bender NA, Crosbie K, Lynch HJ. Patterns of tourism in the Antarctic
Peninsula region: a 20-year analysis. Antarct Sci. 2016;28(3):194-203.

20. Convey P, Peck LS. Antarctic environmental change and biological
responses. Science. Advances. 2019;5(11):aaz0888.

21. Hughes KA, Oliver J, Rodger A, Shears J, Culshaw R, Bowman R. Under-
standing Antarctica — 50 years of British Scientific Monitoring (1959-
2009). Cambridge: British Antarctic Survey; 2009. p. 20.


https://doi.org/10.1186/s40168-022-01250-x
https://doi.org/10.1186/s40168-022-01250-x
https://iaato.org/wp-content/uploads/2020/07/IAATO-on-Antarctic-visitor-figures-2019-20-FINAL.pdf
https://iaato.org/wp-content/uploads/2020/07/IAATO-on-Antarctic-visitor-figures-2019-20-FINAL.pdf
https://iaato.org/wp-content/uploads/2020/07/IAATO-on-Antarctic-visitor-figures-2019-20-FINAL.pdf

Hwengwere et al. Microbiome

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

(2022) 10:71

COMNAP. Antarctic station catalogue. Christchurch: COMNAP Secretariat;
2019. Available at: https://www.comnap.ag/wp-content/uploads/2019/
11/COMNAP_Antarctic_Station_Catalogue.pdf

COMNAP. 2014. https//documents.ats.aq/ATCM38/att/ATCM38_att094_e.pdf
Miwa T, Mochizuki I, Watanabe K, Kobata S, Imamura H, Ninomiya K, et al.
The susceptibility of Clostridia from the Antarctic soil to antibiotics. In:
Williams JD, Geddes AM, editors. Laboratory aspects of infections. Boston:
Springer US; 1976. p. 89-93.

Wynn-Williams DD. Distribution and characteristics of Chromobacterium
in the maritime and sub-Antarctic. Polar Biol. 1983;2(2):101-8.

Kobori H, Sullivan CW, Shizuya H. Bacterial plasmids in Antarctic natural
microbial assemblages. Appl Environ Microbiol. 1984;48(3):515-8.
Ushida K, Segawa T, Kohshima S, Takeuchi N, Fukui K, Li ZQ, et al. Applica-
tion of real-time PCR array to the multiple detection of antibiotic resistant
genes in glacier ice samples. J Gen Appl Microbiol. 2010;56(1):43-52.
Segawa T, Ushida K, Narita H, Kanda H, Kohshima S. Bacterial communi-
ties in two Antarctic ice cores analyzed by 16S rRNA gene sequencing
analysis. Polar Sci. 2010;4(2):215-27.

Segawa T, Takeuchi N, Rivera A, Yamada A, Yoshimura Y, Barcaza G, et al.
Distribution of antibiotic resistance genes in glacier environments. Envi-
ron Microbiol Rep. 2013;5:127-34.

Tam HK, Wong C, Yong ST, Blamey J, Gonzalez M. Multiple-anti-
biotic-resistant bacteria from the maritime Antarctic. Polar Biol.
2015;38(8):1129-41.

Gunnigle E, Ramond JB, Guerrero LD, Makhalanyane TP, Cowan DA.

Draft genomic DNA sequence of the multi-resistant Sphingomonas sp
strain AntH11 isolated from an Antarctic hypolith. FEMS Microbiol Lett.
2015;362(8):fnv037.

Van Goethem MW, Pierneef R, Bezuidt OKI, Van De Peer Y, Cowan DA,
Makhalanyane TP. A reservoir of ‘historical’antibiotic resistance genes in
remote pristine Antarctic soils. Microbiome. 2018;6:40.

Okubo T, Ae R, Noda J, lizuka Y, Usui M, Tamura Y. Detection of the
sul2-strA-strB gene cluster in an ice core from Dome Fuji Station, East
Antarctica. J Glob Antimicrob Resist. 2019;17:72-8.

Bell TH, Callender KL, Whyte LG, Greer CW. Microbial competition in polar
soils: a review of an understudied but potentially important control on
productivity. Biology. 2013;2(2):533-54.

Pantlicek R, Sedlacek |, Indrakova A, Vrbovska V, Maslanova I, Kovarovic V,
et al. Staphylococcus edaphicus sp nov,, isolated in Antarctica, harbors the
mecC gene and genomic islands with a suspected role in adaptation to
extreme environments. Appl Environ Microbiol. 2018;84(2):e01746-17.
Wang F, Stedtfeld RD, Kim OS, Chai B, Yang L, Stedtfeld TM, et al. Influence
of soil characteristics and proximity to Antarctic research stations on
abundance of antibiotic resistance genes in soils. Environ Sci Technol.
2016;50:12621-9.

D'Costa VM, King CE, Kalan L, Morar M, Sung WWL, Schwarz C, et al.
Antibiotic resistance is ancient. Nature. 2011,477(7365):457-61.

Hall BG, Barlow M. Evolution of the serine beta-lactamases: past, present
and future. Drug Resist Updates. 2004;7(2):111-23.

Yuan K, Yu K, Yang RQ, Zhang QH, Yang Y, Chen EZ, et al. Metagenomic
characterization of antibiotic resistance genes in Antarctic soils. Ecotoxi-
col Environ Saf. 2019;176:300-8.

AnteloV, Gimenez M, Azziz G, Valdespino-Castillo P, Falcon LI, Ruberto
LAM, et al. Metagenomic strategies identify diverse integron-integrase
and antibiotic resistance genes in the Antarctic environment. Microbiol
Open. 2021;2012(10):e1219.

De Souza MJ, Bharathi PAL, Nair S, Chandramohan D. “Trade-off"in
Antarctic bacteria: limnetic psychrotrophs concede multiple enzyme
expressions for multiple metal resistance. Biometals. 2007;20(6):821-8.
De Souza MJ, Nair S, Bharathi PAL, Chandramohan D. Metal and antibi-
otic-resistance in psychrotrophic bacteria from Antarctic marine waters.
Ecotoxicology. 2006;15(4):379-84.

Lo Giudice A, Brilli M, Bruni V, De Domenico M, Fani R, Michaud L.
Bacterium-bacterium inhibitory interactions among psychrotrophic bac-
teria isolated from Antarctic seawater (Terra Nova Bay, Ross Sea). FEMS
Microbiol Ecol. 2007;60(3):383-96.

Lo Giudice A, Casella P, BruniV, Michaud L. Response of bacterial isolates
from Antarctic shallow sediments towards heavy metals, antibiotics and
polychlorinated biphenyls. Ecotoxicology. 2013;22(2):240-50.

Long RA, Azam F. Antagonistic interactions among marine pelagic
bacteria. Appl Environ Microbiol. 2001;67:4975-83.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 12 of 13

Blanco-Picazo P, Roscales G, Toribio-Avedillo D, Gomez-Gomez C, Avila
C, Balleste E, et al. Antibiotic resistance genes in phage particles from
Antarctic and Mediterranean seawater ecosystems. Microorganisms.
2020;8(9):1293.

Na GS, Wang CX, Gao H, Li RJ, Jin SC, Zhang WL, et al. The occurrence of
sulfonamide and quinolone resistance genes at the Fildes Peninsula in
Antarctica. Mar Pollut Bull. 2019;149:110503.

Miller RV, Gammon K, Day MJ. Antibiotic resistance among bacteria iso-
lated from seawater and penguin fecal samples collected near Palmer
Station, Antarctica. Can J Microbiol. 2009;55(1):37-45.

Power ML, Samuel A, Smith JJ, Stark JS, Gillings MR, Gordon DM. Escher-
ichia coli out in the cold: dissemination of human-derived bacteria into
the Antarctic microbiome. Environ Pollut. 2016;215:58-65.

Stark JS, Corbett PA, Dunshea G, Johnstone G, King C, Mondon JA,

et al. The environmental impact of sewage and wastewater outfalls in
Antarctica: an example from Davis station, East Antarctica. Water Res.
2016;105:602-14.

. Jara D, Bello-Toledo H, Dominguez M, Cigarroa C, Fernandez P, Vergara

L, et al. Antibiotic resistance in bacterial isolates from freshwater
samples in Fildes Peninsula, King George Island, Antarctica. Sci Rep.
2020;10(1):3145.

Thomsen A. Waste water treatment in Antarctica—a feasibility study
for grey water at Wasa Station. Master of Science thesis. Stockholm:
Dept. of Industrial Ecology, Royal Institute of Technology; 2005.
Grondahl F, Sidenmark J, Thomsen A. Survey of waste water disposal
practices at Antarctic research stations. Polar Res. 2009;28(2):298-306.
Gracia-Lor E, Sancho JV, Serrano R, Hernandez F. Occurrence and removal
of pharmaceuticals in wastewater treatment plants at the Spanish Medi-
terranean area of Valencia. Chemosphere. 2012;87(5):453-62.

Rizzo L, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, et al. Urban
wastewater treatment plants as hotspots for antibiotic resistant bacteria
and genes spread into the environment: a review. Sci Total Environ.
2013;447:345-60.

Hernandez J, Stedt J, Bonnedahl J, Molin Y, Drobni M, Calisto-Ulloa N, et al.
Human-associated extended-spectrum beta-lactamase in the Antarctic.
Appl Environ Microbiol. 2012;78(6):2056-8.

Herndndez F, Calisto-Ulloa N, Gomez-Fuentes C, Gomez M, Ferrer J,
Gonzalez-Rocha G, et al. Occurrence of antibiotics and bacterial resist-
ance in wastewater and sea water from the Antarctic. J Hazard Mater.
2019;363:447-56.

Rabbia V, Bello-Toledo H, Jimenez S, Quezada M, Dominguez M, Vergara
L, et al. Antibiotic resistance in Escherichia coli strains isolated from
Antarctic bird feces, water from inside a wastewater treatment plant,
and seawater samples collected in the Antarctic Treaty area. Polar Sci.
2016;10(2):123-31.

Hughes KA, Blenkharn N. A simple method to reduce discharge of sew-
age microorganisms from an Antarctic research station. Mar Pollut Bull.
2003;46(3):353-7.

Waller CL, Griffiths HJ, Waluda CM, Thorpe SE, Loaiza |, Moreno B, et al.
Microplastics in the Antarctic marine system: an emerging area of
research. Sci Total Environ. 2017;598:220-7.

Lagana P, Caruso G, Corsi |, Bergami E, Venuti V, Majolino D, et al. Do
plastics serve as a possible vector for the spread of antibiotic resist-
ance? First insights from bacteria associated to a polystyrene piece

from King George Island (Antarctica). Int J Hygiene Environ Health.
2019;222(1):89-100.

Zhang MZ, Haward M, McGee J. Marine plastic pollution in the polar
south: responses from Antarctic Treaty System. Polar Rec. 2020;56:e36.
Na GS, Zhang WL, Gao H, Wang CX, Li RJ, Zhao FQ, et al. Occurrence and
antibacterial resistance of culturable antibiotic-resistant bacteria in the
Fildes Peninsula, Antarctica. Mar Pollut Bull. 2021;162:111829.

Sieburth JM. Gastrointestinal microflora of Antarctic birds. J Bacteriol.
1959;77(5):521-31.

Vigo GB, Leotta GA, Caffer MI, Salve A, Binsztein N, Pichel M. Isolation and
characterization of Salmonella enterica from Antarctic wildlife. Polar Biol.
2011,34(5):675-81.

Levin M. Les microbes dans les regions Arctique. Anrn. inst. Pasteur.
1899;13:558-67.

Ekeldf, E. Bakteriologische Studien wahrend der Schwedischen Suid-polar
Expedition. 1908. Wiss. Ergeb. Schwed. Sudpol-Exped., 1901-1903, Band
IV, Lief 7, Stockholm.


https://www.comnap.aq/wp-content/uploads/2019/11/COMNAP_Antarctic_Station_Catalogue.pdf
https://www.comnap.aq/wp-content/uploads/2019/11/COMNAP_Antarctic_Station_Catalogue.pdf
https://documents.ats.aq/ATCM38/att/ATCM38_att094_e.pdf

Hwengwere et al. Microbiome

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

(2022) 10:71

Olsen B, Bergstrom S, McCafferty DJ, Sellin M, Wistrom J. Salmonella ente-
ritidis in Antarctica: zoonosis in man or humanosis in penguins? Lancet.
1996;348(9037):1319-20.

Palmgren H, McCafferty D, Aspan A, Broman T, Sellin M, Wollin R, et al.
Salmonella in sub-Antarctica: low heterogeneity in salmonella serotypes
in South Georgian seals and birds. Epidemiol Infect. 2000;125(2):257-62.
Mora A, Garcia-Pena FJ, Alonso MP, Pedraza-Diaz S, Ortega-Mora LM,
Garcia-Parraga D, et al. Impact of human-associated Escherichia coli
clonal groups in Antarctic pinnipeds: presence of ST73, ST95, ST141 and
ST131.5ci Rep. 2018;8:4678.

Rahman MH, Sakamoto KQ, Nonaka L, Suzuki S. Occurrence and diversity
of the tetracycline resistance gene tet(M) in enteric bacteria of Antarctic
Adelie penguins. J Antimicrob Chemother. 2008;62(3):627-8.

Rahman MH, Sakamoto KQ, Kitamura S, Nonaka L, Suzuki S. Diversity

of tetracycline-resistant bacteria and resistance gene tet(M) in fecal
microbial community of Adelie penguin in Antarctica. Polar Biol.
2015;38:1775-81.

Skurnik D, Ruimy R, Andremont A, Amorin C, Rouquet P, Picard B, et al.
Effect of human vicinity on antimicrobial resistance and integrons in ani-
mal faecal Escherichia coli. J Antimicrob Chemother. 2006;57(6):1215-9.
Bonnedahl J, Olsen B, Waldenstrom J, Broman T, Jalava J, Huovinen P, et al.
Antibiotic susceptibility of faecal bacteria in Antarctic penguins. Polar
Biol. 2008;31(6):759-63.

Retamal P, Llanos-Soto S, Salas LM, Lopez J, Vianna J, Hernandez J, et al.
Isolation of drug-resistant Salmonella enterica serovar enteritidis strains in
gentoo penguins from Antarctica. Polar Biol. 2017;40(12):2531-6.
Barbosa A, Varsani A, Morandini V, Grimaldi W, Vanstreels RET, Diaz JI, et al.
Risk assessment of SARS-CoV-2 in Antarctic wildlife. Sci Total Environ.
2021,755:143352.

Marcelino VR, Wille M, Hurt AC, Gonzalez-Acuna D, Klaassen M, Schlub TE,
et al. Meta-transcriptomics reveals a diverse antibiotic resistance gene
pool in avian microbiomes. BMC Biol. 2019;17:31.

World Health Organization. Standardization of methods for conducting
microbic sensitivity tests. Second report of the Expert Committee on
Antibiotics. Geneva: WHO; 1961.

World Health Organization. WHO meeting on surveillance for the preven-
tion and control of health hazards due to antibiotic-resistant Enterobac-
teria. Geneva: WHO; 1977.

Chandler CIR. Current accounts of antimicrobial resistance: stabilisation,
individualisation and antibiotics as infrastructure. Palgrave Commun.
2019,5:53.

Hughes KA, Cowan DA, Wilmotte A. Protection of Antarctic microbial
communities -‘out of sight, out of mind’ Front Microbiol. 2015;6. https://
doi.org/10.3389/fmicb.2015.00151.

Stark JS, Conlan KE, Hughes KA, Kim S, Martins CC. Sources, dispersal and
impacts of wastewater in Antarctica. Antarct Environ Portal. 2019. https://
doi.org/10.18124/zpkd-y002 Available at: https://environments.ag/publi
cations/sources-dispersal-and-impacts-of-wastewater-in-antarctica/.
Belgium, South Africa, United Kingdom and SCAR. Human footprint in
Antarctica and the long-term conservation of terrestrial microbial habi-
tats. Working Paper 39. Brussels: Antarctic Treaty Consultative Meeting
XXXVI; 2013.

Lo Giudice A, Brun 'V, Michaud L. Characterization of Antarctic psychro-
trophic bacteria with antibacterial activities against terrestrial microor-
ganisms. J Basic Microbiol. 2007;47(6):496-505.

Nunez-Montero K, Barrientos L. Advances in Antarctic Research for
Antimicrobial Discovery: a comprehensive narrative review of bacteria
from Antarctic environments as potential sources of novel antibiotic
compounds against human pathogens and microorganisms of industrial
importance. Antibiotics-Basel. 2018;7(4):90.

Tian YA, Li YL, Zhao FC. Secondary metabolites from polar organisms.
Marine Drugs. 2017;15(3):28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fmicb.2015.00151
https://doi.org/10.3389/fmicb.2015.00151
https://doi.org/10.18124/zpkd-y002
https://doi.org/10.18124/zpkd-y002
https://environments.aq/publications/sources-dispersal-and-impacts-of-wastewater-in-antarctica/
https://environments.aq/publications/sources-dispersal-and-impacts-of-wastewater-in-antarctica/

	Antimicrobial resistance in Antarctica: is it still a pristine environment?
	Abstract 
	Introduction
	AMR in Antarctica
	Endemic AMR
	Identification of potentially anthropogenically introduced AMR
	Antibiotics and waste management
	AMR in Antarctica: King George Island (a case study)
	Are animal vectors of AMR in Antarctica?
	Limitations of current data
	Future prospects
	Summary

	Acknowledgements
	References


