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Coincident with human activity in recent decades, human-associated microorganisms have
arrived to the Antarctic region, possibly linked to increasing presence of scientific bases and
ship-borne tourists. In the Arctic, humans have been present for a very long time, and the few
parts of the Arctic without human activities is decreasing with time. The studies in this thesis
investigate the occurrence of different pathogens in Antarctic and Arctic wildlife, especially
in birds. The first study shows the existence of Enteropatogenic Escherichia coli (EPEC) in
Antarctic fur seals. The EPEC isolates were so called atypical EPECs, carrying the eae gene but
lacking the bfp gene. This is the first record of a diarrheogenic E. coli in wild animals in the
Antarctic. The second study displays that spreading of antibiotic resistance mechanisms appears
to be much more efficient than previously was known. Enterococcus faecium isolated from
Alaskan birds showed high resistance to vancomycin and teicoplanin, but also to ampicillin and
ciprofloxacin. These isolates also carried vanA genes and the virulent esp gene, which places
the isolates in the clinical clone CC17 and indicates the isolates had a human origin. Bacteria
from birds that reside in the Bering Strait region in the third study, demonstrates that only six of
145 E. coli from 532 birds had reduced antibiotic susceptibility. Despite this, selective screen
on E. coli showed only four ESBL-producing isolates. The four E. coli isolates carried CTX-M
genes. One isolate belonged to the E. coli O25b - ST131 genotype, which is a successful clone
with a global spread. In the fourth study, 123 seawater samples and 400 fresh penguin feces
were analyzed. From these, 71 E. coli strains were isolated and only one E. coli from penguins
was resistant to one antibiotic (cloramfenicol), whereas in E. coli from seawater, resistance
against ampicillin, tetracycline, streptomycin and trim-sulfa were detected. E. coli carrying
ESBL type CTX -M genes were also detected and Multilocus Sequencing Typing (MLST)
showed six different sequence types (ST) previously reported in humans: ST131, ST227, ST401,
ST410, ST685 and ST937. In the short time interval between the second study (2005) and
the third study (2010) in relation to the fifth study (2012) we found a dramatic increase in
antibiotic-resistant genes in the Arctic region. Enterococci, E. coli, and Kl. pneumoniae carried
antibiotic resistance genes to an extent and variety not previously reported. E. coli from Arctic
birds showed resistant to 1, 2, 3, 4, and 5 different antibiotics. Resistant gene type vanA was
confirmed in enterococci and ESBL genes type TEM, SHV and CTX-M in E. coli and Kl.
pneumoniae was detected. Multilocus Sequencing typing (MLST), indicating that both E.
coli and Kl. pneumoniae carrying ESBL markers that connects them to the humans. In summary,
the combined studies strengthen that bacteria that cause infections in humans could spread to
relatively pristine environments. We concluded that human and associated antibiotic-resistant
bacteria has reached a global level, then we showed that ESBL- carrying bacteria circulating
nowadays also in the last ESBL-free continent, Antarctica.
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Abbreviations

ATTC

American Type Culture Collection

BFP

Bundle-forming pilus (present in EPEC)

bla

β-lactamase gene

CTX-M

Cefotaximase modified

EAF

Adherence factor plasmid (present in EPEC)

EPEC

Enteropatogenic Escherichia coli

ESBL

Extended spectrum β-lactamase

EUCAST

European Committee on Antimicrobial Susceptibility Testing

LEE

Locus for enterocyte effacement (secretor apparatus)

MLST

Multilocus Sequence Typing

SHV

Sulfhydryl variable-type β-lactamase

ST

Sequence Type

TEM

Temoniera-type β-lactamase

Van-A

Vancomycin A (resistance gene complex)

VRE

Vancomycin resistant Enterococci

Introduction

The knowledge about microorganisms that normally are present in animals
or the environment in the Polar Regions is limited and we know even less
about microorganisms accidentally introduced by humans and other animals.
Furthermore, the consequences that new introduced microorganisms from
other areas can have in the Antarctic and Arctic wildlife are largely unexplored. The Polar Regions have experienced comparatively little anthropogenic influences due to their geographical isolation. For instance, until 1820,
the Antarctic continent had been untouched by humankind and was considered one of the last uncharted areas in the world.
Today, roughly 200 year later, we know that human associated microorganisms have arrived to sub-Antarctic islands and the Antarctic continent in
connection with scientific programs and increased tourism. In the Arctic, the
situation is different because there is a close connection between human
communities and wild terrestrial and marine mammals, as an important part
of nutrition and culture. The proportion of the Arctic that is still uninfluenced by humans is decreasing and the contact between wildlife and man
increases through tourism, hunting and human infrastructure.

Wildlife in Antarctica
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Zoonoses and antibiotic resistance
Zoonotic diseases are infections which can be transmitted between vertebrate
animals and humans. Some of the infectious agents infect only one type of
animal apart from humans, while others can infect several types of animals.
In urban areas, humans generate conditions for the establishment and spread
of infection diseases among animals and people by agriculture, including
livestock and with this an increasing human contact with animal waste and
slaughterhouse waste. Urbanization also favors certain wildlife such as rats,
foxes, skunks, possums some birds species, and other opportunistic species
(Dufour, Snozzi et al. 2003).
Certain ecological, environmental, or demographic factors, can increase
contact with a previously unfamiliar microbe or its natural host and may
promote the emergence of disease These factors increase, together with the
ongoing evolution of viral and microbial variants and selection for drug resistance, suggests that infections will continue to emerge and probably increase (Morse 1995). Treatment of food-producing animals with antibiotics
used in human therapy may present a public health risk by the transfer of
resistant zoonotic pathogens from animals to humans(Tollefson, Angulo et
al. 1998).
A well described development concerns the frequent use of antibiotic that
increase the prevalence of resistance in some of the most common bacteria
in humans like Enterococcus spp. (Gilmore and Hoch 1999). Enterococcus
spp, Klebsiella pneumoniae and Escherichia coli can survive outside the
intestine and reach new hosts (Whitman, Shively et al. 2003). Such bacteria
can acquire virulence factors and could become potent pathogens by horizontal transfer of genes. E. coli and K. pneumoniae carrying antibiotic resistant genes, can transfer resistance to other bacteria by conjugation mechanisms (Aminov and Mackie 2007). Antibiotic-resistant bacteria can be
spread through many routes. When antibiotic resistance present in zoonotic
bacteria, animals and foods is transfer to humans can influence the effective
treatment of infectious diseases.

Indicator bacteria
For the purposes of this project, E. coli, K. pneumoniae and Enterococcus
spp., have been used as indicator bacteria. These bacteria naturally colonize
humans without being pathogenic but can acquire genes for antibiotic resistance and virulence genes. The study focuses in this thesis are the occurrence
of pathogens and antibiotic resistant bacteria in the Polar Regions. Several
bacteria, including E. coli, K. pneumoniae and Enterococcus spp., that were
12

original considered commensals in human, are now carrying genes encoding
antibiotic resistance or pathogenic properties. The use of antibiotics has triggered defense mechanisms, through increased natural selection for antibiotic
resistance, and in the form of intrinsic mutations but primarily through horizontal gene transfer, so certain bacteria have become resistant to all antibiotics today known in clinical practice, a property that during the last decades
has reached a global scale.
The antibiotic resistance is not a current phenomenon. Recent studies have
reported the presence of genes that encode resistance to modern variant of
antibiotics from a 30 000 years old Arctic permafrost sediment (D/'Costa,
King et al. 2011) and in bacteria from a cave in New Mexico that has been
isolated for over 4 million years (Bhullar, Waglechner et al. 2012). While
antibiotic resistance is a natural condition present in microorganisms for
defense against, for example, own produced molecules with anti-bacterial
effect, the processes are widely spread in a variety of commensals and
pathogens and can be disseminated by one or more different gene transfer
mechanisms.
Today, it is difficult fully calculate the immense impact that the discovery
and production of antibiotics, over the past century has had on the quality of
life and human survival. However, by their nature, antibacterial substances,
in addition to their essential qualities, possess contaminants characteristics if
they released in the environment. Discharges from antibiotic production, for
instance, lead to promotion of resistance genes and facilitating their mobility
in highly contaminated aquatic environments. The β-lactamase genes, for
example, are ancient and have been found in remote and desolate environments, which imply that β-lactamases occur naturally in bacteria present in
the environment. The enzyme that hydrolyzes expanded-spectrum cephalosporin at a clinically significant level, the CTX-M extended-spectrum βlactamase (ESBL), was acquired by bacteria that can cause infection in humans and took their genes from environmental Kluyvera strains (Davies and
Davies 2010). It is also accurate that the acquisition of resistance has connection with the massive consumption of antibiotics. The increased prevalence of colonization and infection with antibiotic resistant strains have an
association between antibiotic prescription and resistance development
(Sedlakova, Urbanek et al. 2014).
The bacteria carrying resistance genes have spread from human communities
to wildlife and the environment as a consequence of antibiotic selection
pressure that promotes resistance in bacterial populations and exacerbates
the exchange of genes between environmental microorganisms and bacterial
flora colonizing humans and other animals including birds (Wooldridge
2012; da Costa, Loureiro et al. 2013; Trott 2013). In the few decades since
13

its introduction, millions of tons of antibiotics have been used for various
purposes. The production has improved and provided increasingly cheap
compounds that encourage their use without a prescription and selfmedication. The development of modified synthetic antibiotics based on
native compounds and the expansion of antibiotic resistance in the microbial
populations are the result of many years of selection relentlessly through use,
overuse and misuse. This is not a natural process, but a factor introduced by
man in nature (Davies and Davies 2010).

Escherichia coli
E. coli is a commensal microorganism of the intestinal tract of warmblooded animals, most prevalent in mammals, less prevalent in birds and
uncommon in fish, frogs and reptiles (Gordon and Cowling 2003). E. coli is
the predominant facultative anaerobe of the human colonic flora; however,
some strains have the ability to cause intestinal, urinary or central nervous
system diseases in their hosts. Diarrheagenic E. coli probably represent the
most common cause of child diarrhea worldwide (Nataro and Kaper 1998).
The prevalence of pathogenic E. coli in symptomatic patients is estimated to
about 2-5% and 14-17% in developed and developing countries, respectively
(Thapar and Sanderson 2004).
Enteropathogenic E. coli (EPEC) was the first E. coli strain implicated in
human disease, somewhere between 1940 and 1950, but the pathogenic
mechanisms remained unknown to the 1980 when the factors involved in the
lesion formation, host signal pathways response to the infection, and the
genetic basis of EPEC pathogenesis became identified (Chen and Frankel
2005). Today we know that EPEC is one of six diarrhoeagenic E. coli
strains. EPEC has the ability to form a distinctive pedestal-like structure on
the surface of intestinal epithelial cells; a lesion known as attaching and effacing (A/E). EPEC is predominantly a human enteric pathogen, but have the
availability to infect other animal models (Law, Gur-Arie et al. 2013). EPEC
can be divided in typical and atypical EPEC, depending on the presence or
absence of the adherence factor plasmid (pEAF) (Hernandes, Elias et al.
2009). At present the prevalence of atypical EPEC is higher than that of
typical in several countries. Typical EPEC is uncommonly isolated from
animals, and humans are the major reservoir. In contrast, the atypical strains
are present in both healthy and diseased animals (dogs, monkeys, cats and
bovines) and humans. There are some doubts about whether atypical EPEC
from animals represent risks for human health, and whether animals really
play the role of reservoirs of atypical EPEC (Moura, Sircili et al. 2009). As
early as 1979, EPEC were found in birds (Hussong, Damare et al. 1979), and
in a reasonably recent study in Tokyo, 25 % of analyzed E. coli bacteria
from wild birds carried the eae gene and were considered as reservoirs of
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atypical EPEC (Kobayashi, Kanazaki et al. 2009). EPEC has also been found
in asymptomatic free-living Amazon parrots, Anodorhynchus hyacinthinus,
Anodorhynchus leari and Amazona aestiva (Becker Saidenberg, Robaldo
Guedes et al. 2012). EPEC is also a food borne pathogen detected at different stages of the chicken slaughtering process (Alonso, Padola et al. 2011).
Cattle are an additional source of EPEC, that can be transmitted to humans
(Monaghan, Byrne et al. 2013). EPEC cannot invade hosts tissues in vivo
and their virulence depend on an ultra-structural lesion formed by intimate
contact with the apical plasma membrane of the small intestine epithelial cell
(Clarke, Haigh et al. 2003; Girao, Girao et al. 2006). Typical EPEC causes
infant diarrhea in developing countries but is uncommon in industrialized
countries, where atypical EPEC seems to be a more important cause of diarrhea. Atypical EPEC is more closely related to Shiga toxin-producing E. coli
(STEC). Typical EPEC, carry the eae and bfp genes (eae ++ bfp+) while
atypical EPEC carry the eae gene, but not the bfp gene (eae ++ bfp-)
(Trabulsi, Keller et al. 2002).
E. coli is a genetically variable bacterial species, with different clones that
also vary in which virulent factors and antibiotic resistance genes they carry.
These genes can either be located on the chromosome, but more commonly
on mobile genetic elements, such as plasmids. E. coli that carry ESBL genes
are one of the most important problems in hospitals settings and have also
become established in the human community, in domestic and wild animals.
Wild birds can be colonized by different strains of E. coli, including human
pathogen serotypes. ESBL-producing E. coli have been found in several wild
bird species, including Mallards (Anas platyrhynchos), Herring gulls (Larus
argentatus) and other aquatic birds in the Baltic Sea region (Bonnedahl,
Drobni et al. 2010; Literak, Dolejska et al. 2010; Stedt, Bonnedahl et al.
2014), from Germany and Mongolia in Black kites (Milvus migrans), Red
kites (Milvus milvus), Black vultures (Aegyptus monachus) an Demoiselle
cranes (Anthropoides virgo) (Guenther, Aschenbrenner et al. 2012). Czechs,
Swedish, German and Portuguese studies have shown that E. coli isolates
from wild birds predominantly harbor CTX-M ESBL genotypes, the variants
that are currently the most common in clinical samples and food animals.

Klebsiella spp
Klebsiella spp. can be found in a variety of environment such as soil, vegetation and water and had been identified as a major component of the microflora in several nonclinical environments (Brisse, Grimont et al. 2006).
There are 7 species in the genus, of which K. pneumoniae is the clinically
most important. In humans, Klebsiella spp in general, and K. pneumoniae
and K. oxytoca in particular, are involved in nosocomial infections
(Neuberger, Oren et al. 2008). In animals, Klebsiella are mostly associated
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with sepsis, infections of urinary and respiratory tracts, and mastit (Brisse
and Duijkeren 2005). The bacterium is gram-negative, non-motile with a
prominent polysaccharide capsule that provides resistance against many host
defense mechanisms. K. pneumoniae has become a multidrug resistant bacterium responsible for human infections in several countries and strains that
carry ESBL genes have emerged (Bagattini, Crivaro et al. 2006). It was estimated that in late 2 000, Klebsiella spp. was responsible of 8 % of all nosocomial bacterial infections in the United States and in Europe, placing them
among the eight most important infectious pathogens in hospitals, and data
from the United Kingdom and Germany are remarkably similar to those
reported by the Centers for Disease Control and Prevention (Podschun and
Ullmann 1998). Center for Disease Control reported that K. pneumoniae
isolated in the United States in 1997 showed resistance rates to ceftazidime
and other third generation cephalosporins between 3.6 and 9.7% for bloodstream, pneumonia, wound, and urinary tract infections, while this figure
increased to 20.6% in 2003 (Siegel JD 2012).

Enterococcus spp
Enterococcus species were for a long time considered as a commensal,
harmless part of the human intestinal micro-flora, with the exception of opportunistic strains isolated in clinical practice that caused sporadic infection.
The genus Enterococcus includes more than 17 species, but only a few cause
clinical infections in humans. Enterococcus faecalis and Enterococcus faecium have been the most prevalent species cultured from humans, accounting for more than 90% of clinical isolates, into the Enterococcus species. E.
faecium represents most vancomycin-resistant enterococci (VRE). E. fecalis
represents 90 to 95% of human clinical infection caused by Enteroccoccus
while E. faecium represents between 5 to 10% (de Perio, Yarnold et al.
2006). The emergence VRE changed this view and VRE strains has now
become a common cause of hospital infections (Coates, Hu et al. 2002;
Walsh and Amyes 2004) and is the third to fourth most prevalent nosocomial
pathogen worldwide (Werner, Coque et al. 2008).
The emergence of VRE is mainly a result of wide use of vancomycin in human medicine and the abundant use of avoparcin, a glycopeptide like vancomycin, as growth promotor in livestock production. Avoparcin was first
introduced in barnyards animals in 1975 in Europe but is today no longer
used, mainly in broilers and pigs and confers cross-resistance to vancomycin; this use selected for VRE that were commonly isolated from farm animals in European countries in the 1990s. In contrast, avoparcin has never
been approved in Canada and the USA (Nilson 2011). In 1958, vancomycin
was approved to treatment of infectious disease (Levine 2006) and few decades after the introduction, resistance in Enterococcus were reported; first
16

1986 in Europe and 1987 in the United States (Murray 2000). In the USA,
VRE is now endemic, frequent in hospitals but is absent in healthy people,
while in Europe outbreaks are sporadic and healthy people and farm animals
are sometimes colonized. From the European animal reservoir VRE has
spread to healthy human and hospitalized patients but the origin of American
resistance genes remains to be established (Bonten, Willems et al. 2001).
VRE genes can spread to other gram-positive bacteria but are rarely reported
as cause of community acquired infection (Raja, Karunakaran et al. 2005).
The origin of the VRE gene complex is probably found in the environment.
Results from vanA gene studies in strains from different countries has demonstrated a high heterogeneity and polymorphism and the unaffected vanA
gene cluster in the majority of the strains but, from one specific study cannot
be explained by a narrow geographical origin and suggests that its wide
spread among different ecosystems (Kuhn, Iversen et al. 2005).
There are two types of vancomycin resistance in enterococci; the intrinsic is
found in species as E. gallinarum, E. flavescens and E. casseliflavus and the
acquired that occurr in E. faecium and E. faecalis. There are six different
gene complexes that encode resistance to vancomycin (VRE): van A, B, C,
D, E and G. The two genotypes of main clinical significance are vanA and
vanB located on transposons that facilitate transfer between bacteria
(Ballard, Pertile et al. 2005). The different gene clusters consist of up to nine
genes encoding proteins of different functions; their connection leads to an
alternative cell wall precursor less susceptible to glycopeptide binding. Variants of vanA and vanB types are found worldwide, with vanA predominating; their reservoir is E. faecium (Werner, Strommenger et al. 2008).

Antibiotic Resistance in Enterobacteriaceae
The antibiotic function is inhibiting the bacterial growth by interfering with
vital cells functions. Several of the most important members of the family
Enterobacteriaceae are becoming progressively more resistant to available
antibiotics (Paterson 2006). The resistance in bacteria that infect humans is
often related to prolonged hospital stays that increase the risk of complications. Antimicrobials have during long time been used as growth factor in
animal production and also as prophylactic in livestock (Livermore 2003).
Antibiotics were discontinued as growth promoters in 1986 in Sweden, followed by Denmark in late 1990, and subsequently the European Union
(Pruden, Larsson et al. 2013). The European Union implemented ban on five
antimicrobials use as growth factors: avoparcin, spiramycin, tylosin, bacitracin and virginiamycin (Casewell, Friis et al. 2003) with the regulatory
purpose to decelerate the antibiotic resistance. Every time a new antibiotic is
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released, resistant strains increase fitness for the bacteria that carries the
gene in question by selection and the resistance rapidly spreads in the bacterial population. One example is Salmonella resistance to fluoroquinolones
and β-lactam antibiotics and the emergence of multi-resistance that are considerate to be a direct consequence of antibiotic supplementation of animals
feeds (Threlfall 2002). Many antibiotic resistance factors are encoded on
mobile elements that can transfer both within and between bacterial species,
inclusively a broader range of human pathogens. The bacteria that become
resistant by acquiring of resistance genes, inherit also the ability to spread
these genes further to other bacteria that can reach the neighboring environment (Calva, Sifuentes-Osornio et al. 1996; Paterson 2006). The continued
use of antibacterial drugs in human, animal and agriculture, can be seems as
an evolutionary experiment whose consequences are impossible to predict
when copious volumes of antibiotics circulate in the environment. In the
lapse of few decades, the number of commensally or pathogenic bacteria
resistant to antibiotics has visibly increased (Guillemot and Courvalin 2001).

β-lactam antibiotics
β-lactam antibiotics is the major antibiotic group and the most commonly
used in treatment of human infections. They share a β-lactam ring structure
and are divided in five mains groups: Penicillins, Cephalosporins, Carbapenems, Monobactams and β-lactamase inhibitors. The β-lactam history
started in1928, when Alexander Fleming observed the inhibitory effects of a
contaminant fungus (Penicillium notatum) against the Staphylococcus colonies (Medeiros 1997; Fleming 2001). Fleming´s observations were the simultaneous start of the Penicillin (β-lactam) and Penicillinase (β-lactamase)
époque, since both the susceptibility and resistance were reported. These
observations were later experimentally confirmed and the active substance
that destroy the β-lactam was identified as an enzyme, β-lactamase in “Bacilli coli” now known as E. coli (Abraham and Chain 1940) and the existence of the first β-lactamase was demonstrated even before the first βlactam antibiotic (Penicillin), became used in clinical practice. Enzymatic
modification in the β-lactam ring of Penicillins or Cephalosporins and the
addition of different chemical groups to lateral chains result in new variations of these antibiotics (Drawz and Bonomo 2010). β-lactam antibiotics
have a bactericidal action, avoiding the petidoglycan assembly, which is the
component that provides stability and rigidity to the bacterial cell. These
antibiotics bind to the penicillin binding protein (PBP), whose function is to
catalyze transpeptidation and carboxipeptidation reactions necessary for the
synthesis of the peptidoglycan in the cell wall (Scheffers and Pinho 2005).
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β-lactamase enzymes
The most common resistance mechanism to β-lactam antibiotics in Enterobacteriaceae is the β-lactamase production either mediated through chromosomal genes or extra-chromosomal plasmids (Damoa-Siakwan 2005). The
chromosomal resistance appears by mutation that is transmitted vertically
between mothers to daughter cells. On the other hand, plasmids and transposons may be horizontal self-transferable between bacteria of the same, or
different species. The transfer of genetic material is done by mechanisms
such as transformation, conjugation and transduction (Smith 1971). The
bacterial resistance is a natural or acquired condition characterized by the
bacteria ability to avoid the antibiotic effects (Bush, Jacoby et al. 1995). The
efficacy of β-lactam antibiotics is continuously tested by the emergence of
new and broad resistant bacteria strains (Frère 2006).

Extended Spectrum β-Lactamases (ESBL)
The enzymes type ESBL represents a major threat to human health thought
resistant pathogenic gram-negative bacteria. Currently, ESBL is mostly
found in E. coli isolates in nosocomial acquired infections. The prevalence in
Europe is higher than in the USA, but lower than Asia and South America
(Dhillon and Clark 2012; Guzmán-Blanco, Labarca et al. 2014). In 1988 and
1989, the first ESBLs isolated were reported in Latin America (Argentina
and Chile); an area that still has the highest rate in the world, with the highest prevalence in Brazil and Chile (Ghafourian, Sadeghifard et al. 2014).
Mobile genetic elements, mainly epidemic plasmids and the dispersion of
specific clones have been responsible for the increase in ESBL-producing
strains in Enterobacteriaceae (Canton, Novais et al. 2008). Resistant genes
spread and proliferate between hosts and geographical areas under persistent
antibiotic selection pressures. The primary resistance mechanism against
these compounds is the production of enzymes that inactivate the antibiotic
through the cleavage of the β-lactamic ring by β-lactamases. These enzymes
are divided in two groups, the serine and the metallo β-lactamases (Aminov
and Mackie 2007). Today the number of protein sequences for β-lactamases
exceeds 1000 (http://www.lahey.org).
Based primarily on sequence or molecular structure, β-lactamases have been
classified in four groups (Table 1*): A, B, C and D (Ambler 1980; Hall and
Barlow 2005). The class B β-lactamases are zinc-dependent enzymes and A,
C, D are serine hydrolases. The other widely used classification is based on
the ESBL enzymes' function, according to the substrate and the inhibition
profile which are divided in three main groups: 1: Cephalosporinases, that
are not inhibited by clavulanic acid, 2: (the larger) broad spectrum enzymes
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generally inhibited by clavulanic acid, except the 2d and 2f group and the
group 3 metallo β-lactamases (Bush, Jacoby et al. 1995). At present, the
most clinically important are class A and C enzymes, both active-site serine
enzymes (Andersson, van Scheltinga et al. 2001; Bush and Jacoby 2010).
Table 1: Classification schemes for bacterial β-lactamases (Bush et al. 2010).
*Published with permission to modification from Karen Bush

*BushJacoby
(2009)

BushJacobyMedeir
os
(1995)

Molecular
classes
(subclass)

Distinctive
substrate

1

C

NI

C

1
1e
2a
2b

2

2a
2b

Inhibited by
1

Defining by hydrolysis

Representative
Enzyme

No

Cephalosporins than
benzylpenicillin,
cephamicins

AmpC,P99, ACT1, CMY-2, FOX-1,
MIR-1

No

Ceftazidime, oxyminoβ-lactams

GC1, CMY-37

No

Benzylpenicillin than
cephalosporins

PC1
TEM1, TEM2,
SHV1

CA/TZ
B

EDT
A

Cephalosporins

No

Cephalosporins

No

A

Penicillins

A

Penicillins, early
Cephalosporins

Yes
Yes

No

Benzylpenicillin and
cephalosporins

Yes

No

Oxymino-β-lactamas
(Cefotaxim, Ceftazidim,
Ceftriazone,
cefepime,aztreonam)

TEM3, SHV2,
CTX-M-15, PER-1,
VEB-1

2be

2be

A

Extendedspectrum,
Cephalosporins,
monobactams

2br

2br

A

Penicillins

No

No

Resistance to clavulanic
acid, sulbactam, an
tazobactam

TEM-30, SHV-10

2ber

NI

A

Extendedspectrum,
Cephalosporins,
monobactams

No

No

Oxymino-β-lactams
combined with resistance
to clavulanic acid,
sulbactam, and tazobactam

TEM-50

2c

2c

A

Carbenicillin

Yes

No

Carbenicillin

PSE-1, CARB-3

A

Carbenicillin,
cefepime

Yes

No

Carbenicillin, cefepime,
and cefpirome

RTG-4

D

Cloxacillin

Variable

No

Cloxacillin or oxacillin

OXA-1, OXA-10

Variable

No

Cloxacillin or oxacillin
and oxymino-β-lactams

OXA-11, OXA-15

Variable

No

Cloxacillin or oxacillin
and carbapenems

OXA-23, OXA-48
CepA
KPC-2, IMI-1,
SME-1

2ce
2d

NI
2d

2de

NI

D

Extendedspectrum
cephalosporins

2df

NI

D

Carbapenems

Yes

No

Cephalosporins, inhibited
by clavulanic acid but not
aztreonam

2e

2e

A

Extendedspectrum
cephalosporins

2f

2f

A

Carbapenems

Variable

No

Carbapenems, oxymino-βlactams, cephamycins

3a

3

Carbapenems

No

Yes

Broad spectrum includinsg
carbapenems but not
monobactams

Carbapenems

No

Yes

Carbapenems

B (B1)
B (B3)

1

3b

3

B (B2)

NI

4

Unknown

IMP-1, VIM-1,
CerA, IND-1
L1, CAU-1.GOB-1,
FEZ-1
CphA, Sfh-1

CA, clavulanic acid/TZB, tazobactam, 2NI, not included.

ESBL hydrolyze and inactivate all penicillins and cephalosporins; including
the extended spectrum cephalosporins; such as ceftazidime, cefotaxime,
ceftriaxone and monobactam (aztreonam); most of them have also the ability
to cleave fourth generation cephalosporins, such as cefepime and cefpirome
but not cephamycins (cefoxitin and cefotetan) closely related to cephalosporins and carbapenems (imipenem, meropenem, ertapenem). There are
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approximately 300 different ESBLs described (Karen Bush personally communication), a large number of which are mutations of the classical broadspectrum β-lactamase enzymes initially named TEM and SHV, or other βlactamases of clinical significance. Additionally, ESBL enzymes are also
inhibited by β-lactamase inhibitors such as clavulanic acid, sulbactam and
tazobactam (Schreckenberger 2004).

ESBL CTX-M types: groups and origins
The term, ESBL was initially used to describe the classic TEM and SHV
mutation variants that hydrolyze oxymino-cepahlosporins (Paterson and
Bonomo 2005). ESBL are enzymes that inactivate broad spectrum β-lactam
antibiotic of recent generation. The ESBL enzymes genes are often plasmidencoded and the members of TEM and SHV have been the most successfully
(Medeiros 1997; Kim, Kim et al. 2006). The first plasmid-encoded βlactamase was isolated in the early 1960s in a single E. coli strain from a
blood culture from a Greek young woman named Temoniera, therefore designated TEM-1 (Livermore 1995; Rupp and Fey 2003). The SHV-1 (sulfhydryl variable) β-lactamase was first described in 1970. The SHV enzyme
was chromosomally-encoded in K. pneumoniae, but in 1979 its presence was
revealed also in plasmids. SHV is frequently plasmid-mediated in E. coli
(Ford and Avison 2004) and most of these genes are often placed in mobile
genetic elements, as transposons and integrins that facilitate the dissemination with other resistance determinant (Lin, Hsu et al. 2010). The broadspectrum OXA-enzymes (Oxacillinases) are ESBLs especially active against
Oxacillin and Carbapenem; classical OXA confers resistance to carboxipenicillin and ureidopenicillins, but not to ceftazidime. Variants of OXA-ESBL
enzymes often arise by point mutations (Bert, Branger et al. 2002).
Most ESBL variants are derived from the traditional TEM or SHV βlactamase enzymes, often found in E. coli and K. pneumonia. In the recent
decades the CTX-M enzymes have become more prevalent and frequent than
TEM and SHV (Canton and Coque 2006; Gupta 2007; Govinden, Mocktar et
al. 2007). CTX-M enzymes are not closely related to the traditional TEM or
SHV since they have a high homology with a chromosomal enzyme from an
environmental bacterium of the genus Kluyvera (Bush and Jacoby 1997;
Bradford 2001; Humeniuk, Arlet et al. 2002). Kluyvera spp. is uncommonly
reported from clinical isolates, but the mobilization of chromosomal blaCTX-M
genes into human bacterial strains, has resulted in different CTX-M clusters.
Traditionally, each CTX-M cluster has been related to the chromosomal bla
gene present in different Kluyvera, as K. cryocrescens, K. ascorbata, K.
georgiana and Kluyvera spp. ESBL-CTX-M types were first discovered in
1989 and in a period of two decades between 1990 and 2010, the TEM and
SHV have been replaced by CTX-M and reached an extraordinary disper21

sion, not only to the hospitals but also to the community (Bauernfeind,
Grimm et al. 1990; Bonnet 2004; Canton, Gonzalez-Alba et al. 2012).
The explosive dissemination of CTX-M around the world has now reached a
pandemic level (Cantón and Coque 2006; Coque, Novais et al. 2008). The
CTX-M-15 presence in E. coli for instance, could have two explanations:
mobilization via plasmid that code for blaCTX-M-15 gene from strain to strain,
and E. coli strains themselves may be spreading in a clonal fashion, as has
been described in other resistant clones as methicillin-resistant Staphylococcus aureus (Nicolas-Chanoine, Blanco et al. 2008). There is a linkage between the blactx-m and conjugative plasmids which allows broad and successfully dissemination of bacterial clones of E. coli ST131-O25:H4-B2 on every
continent (Naseer and Sundsfjord 2011). Certain CTX-M enzymes are commonly present in specific countries, such as CTX-M-9 and CTX-M-14 in
Spain, CTX-M-2 in South America, while other such as CTX-M-15 have a
worldwide distribution (Rodriguez, Power et al. 2004; Cantón and Coque
2006; Pfeifer, Cullik et al. 2010) . Based on the amino acid sequence, the
CTX-M enzymes can be divided in five groups; group I (CTX-M-1, -3, -10,
to -12, -15, -22, -23, 28, -29, and -30); group II (CTX-M-2, 4 to 7, and -20
and Toho-1); group III (CTX-M-8); group IV (CTX-M-9, -13, -14, -16 to 19, -21, and -27 and Toho-2) and finally group V (CTX-M-25 and 26)
(Bonnet 2004). In addition, there are minor groups of clinically important
ESBL types (Jacoby and Munoz-Price 2005) and recently ESBL NDM-1
has been described (Poirel, Lagrutta et al. 2010). The New Delhi Metallo-βlactamase (NDM-1) first isolated 2008 in Sweden in a K. pneumoniae from a
patient from India is the most recently described ESBL. NDM-1 has been
detected in India, Pakistan, the United Kingdom, Canada, Japan and other
countries. E. coli and K. pneumonia are the most common bacteria that carry
NDM-1 genes but the transmission is possible by horizontal gene transfer
between different bacteria.

Bacterial Plasmids
Plasmids are extra chromosomal genetic elements capable of controlled selfreplication using chromosome host factors during bacterial cell division.
They may vary in size <1-500 Kb and 1-30 copies/cell. Although, usually
considered dispensable genetic material, most plasmids provide a variety of
phenotypes, for example, confer the ability to resistance to antibiotics or
heavy metals. Thus, the plasmids may be between 1 and 15% the genome of
many bacterial species. The common plasmid structure is extra- chromosomal circular units of DNA (Burrus, Pavlovic et al. 2002). Their most wellknown property is their ability to horizontal transmit genes by conjugation
that confers certain selective advantages as autonomy from host replication
22

and offers wide alternative hosts within heterogeneous bacterial population;
E.coli, for instance, it has been estimated that up to 18% of their genome has
been acquired as a result of recombination events following horizontal gene
transfers (Tauch, Schneiker et al. 2002).

Conjugative plasmids
Conjugative plasmids are associated principally with the overuse of antibiotic and increasing anthropogenic pollution with heavy metals or petroleum
derivatives and more than thousand different plasmids have been described
(Norman, Hansen et al. 2009). Conjugative plasmids are relatively large and
carry genes required for the conjugation process (Batchelor, Pearson et al.
2004). Plasmids with transmission ability usually carry a mobilization (mob)
and the origin of transfer (oriT) regions, genetic information necessary for
the initiation of DNA transfer. Mobilizable plasmids have an important role
in horizontal gene transfer and spreading of antibiotic resistance (Francia,
Varsaki et al. 2004). The conjugative plasmid becomes a vehicle for the
transportation of genetic information and as a mobile genetic element
(MGE) it has a modular composition formed by a gene cassette insert into an
integron which may be inserted in a transposon (Domingues, da Silva et al.
2012). A PCR based replicon typing (PBRT) scheme is available, targeting
the replicons of the major plasmid families occurring in Enterobacteriaceae.
Additionally, more than 1,000 resistance plasmids have been typed and assigned to specific plasmid families by PBRT and hybridization/conjugation
methods (Carattoli 2009).

Conjugative plasmids and antibiotic resistance genes
The blaCTX-M-15 gene, often associated with the blaTEM-1, blaOXA-1, and other
resistance genes, has been located mainly on plasmids belonging to a group
of low-copy-number plasmids, often carrying more than one replicon. Enterobacteriaceae producing ESBL, of the CTX-M type in particular, is a
major problem worldwide, causing outbreaks as well as sporadic infections
(Paterson and Bonomo 2005). The emergence and wide spread of the CTXM-15 enzyme is one of the most relevant findings associated with the current
epidemiology of ESBL. Recent studies have demonstrated that the highly
virulent Escherichia coli O25:H4-ST131 is responsible for the pandemic
dissemination of the CTX-M-15 enzyme (Woodford 2008). Plasmids carrying the blaCTX-M-15 gene are not exclusive to clone ST131, since have been
identified in other E. coli sequence types (ST405, ST354, ST28, and ST695),
in a Shigella sonnei, in Salmonella enterica serovar Enteritidis and in K.
pneumoniae (Coque, Novais et al. 2008). The blaTEM-1 gene often coexists
with the blaCTX-M-15 gene on the same plasmid (Boyd, Tyler et al. 2004). The
nature of the plasmid gives information about the potential host located on a
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specific plasmid type, for example, blaCTX-M-15 is not expected to spread to
Acinetobacter or Pseudomonas spp. since the host range of this plasmid is
limited to genera of Enterobacteriaceae, whereas others linked to are supposed to have a larger host range, including Pseudomonas spp. and grampositive bacteria (Villa, Garcia-Fernandez et al. 2010). Moreover, carbapenem-hydrolyzing oxacillinases such as blaOXA-58 located on A. baumannii plasmids are not expected to disseminate in E. coli, since it was demonstrated that these plasmids do not replicate in this species (Poirel, Marque et
al. 2005).
Plasmids are important in bacterial evolution and in adaptation to environmental changes, because they may carry genes that are useful to the host
bacterium. One particularly problematic development is the emergence of
multi-resistance; that is, bacteria becoming resistant to many, if not all,
medically used antibiotics. Information of these processes is important to
better understand the basics of prokaryotic evolution and the principles underlying the accumulation and spread of antibiotic resistance in bacterial
communities (Norberg, Bergstrom et al. 2011).

Wild birds and E. coli as bio-indicators of resistance
Wild birds may carry microorganisms from the current place they are at the
time of sampling and therefore they also are good indicators for detection of
the presence of antibiotic resistant bacteria in the environment (Blanco,
Lemus et al. 2007; Bonnedahl, Drobni et al. 2009; Ardiles-Villegas,
González-Acuña et al. 2011). Many birds are migratory, some species transhemispheric migrants. For instance, the Pectoral Sandpiper (Calidris
melanotos) migrates up to 18,000 miles per year from breeding grounds in
northeast Asia or Alaska and central Canada, all the way down to wintering
grounds in South America, Australia and even New Zealand (Lehnen and
Krementz 2005), but many other species fly long or short distances as a part
of their annual routine. Birds that migrate could possibly be implicated in
transmission of microorganisms as biological or mechanical carriers
(Hubalek 2004) and thereby act as transporters between different geographical areas (Abulreesh, Goulder et al. 2007). This hold true also for the Antarctic, where some birds, migrate to the Antarctic during the austral winter and
could collect human-associated bacteria along their seasonal pathways
(Griekspoor, Olsen et al. 2009). Birds that reside on or overwinter in Antarctica, to take an example, can be used as bio-markers to determine the presence of microorganisms in the environment (Broman, Bergstrom et al.
2000). Previous studies have shown the presence of antibiotic resistant bacteria in birds migrating through Europe and also in their migration routes
extending to the Arctic (Sjolund, Bonnedahl et al. 2008). These findings
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indicate that migratory birds are potential transporters of bacteria that cause
disease in humans (Sellin, Palmgren et al. 2000).
Normally, E. coli is one of the dominant bacteria in the digestive tract of
humans. Their number varies between 100 billion (1x 1011) and 10 trillion
(1x 1013) per gram of feces. E. coli colonizes the intestinal tract early in age,
already a few hours after birth and remains there for life in a mutual favorable relationship (Canny and McCormick 2008). However, when the intestinal wall, a physiological barrier is damaged, E. coli can cause disease if it
reaches the urinary tract, or the blood circulation. The use of E. coli as indicator bacteria present several advantages since they are perceptible to laboratory techniques; is a stable, easy to grow and keep bacterium and has been
used for a long time as a standard to measure and interpret patterns of susceptibility to antibiotics and detect specific antibiotic resistance genes
(Dobrindt, Agerer et al. 2003; Fux, Shirtliff et al. 2005). Studies in Antarctic
birds have demonstrated the presence of human associated bacteria like
Campylobacter jejuni, Salmonella enteritidis Phage Type 4, Salmonella
havana, Salmonella typhimurium and Salmonella newport (Olsen, Bergstrom
et al. 1996; Broman, Bergstrom et al. 2000; Palmgren, McCafferty et al.
2000; Griekspoor, Olsen et al. 2009).

Bacterial dissemination into Polar Regions
The Arctic and Antarctica are rich and diverse ecosystem for birds, fish and
mammals. The short summer and long winter is forcing many animals to be
migratory. Animals and birds can successfully be used as markers to detect
the presence of human associated and antibiotic resistant microorganisms.
This in turn means that there is a risk that migratory birds (and other animals) can bring pathogens or resistant bacteria into the often dense (colonies) animal populations in the Arctic / Antarctic environments (Brinkmeyer,
Knittel et al. 2003). It has been shown in studies from lower latitudes that
migratory birds can act as reservoirs or vehicles of human pathogen bacteria
(Olsen, Bergstrom et al. 1996; Palmgren, McCafferty et al. 2000; Dolejska,
Cizek et al. 2007; Griekspoor, Olsen et al. 2009). In one of the few studies
from the Arctic it was shown that E. coli cultivated from migratory shorebirds sampled on the Siberian and Alaskan tundra, displayed antibiotic resistance, suggesting that these bacteria have reached broad geographic dissemination (Sjolund, Bonnedahl et al. 2008). Probably the birds picked up the
bacteria in their wintering grounds, often highly populated areas in South
East Asia, and brought them back to the breeding grounds. If the introduction of antibiotic resistant bacteria is a hazard to the ecosystems remain to be
elucidated. The only continent, for example, exempt of ESBL-producing E.
coli until now, was Antarctica. On the other hand, the number of tourists
visiting the Polar Regions is continuously increasing, which also raise the
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risk of introducing microorganism (Olsen, Bergstrom et al. 1996; Upton M
1997). In Antarctica, however, international agreements regulate the quantity
of visitors, researchers or tourists that may be present at the same time on
Antarctica (Ensminger, McCold et al. 1999). One additional factor is the
waste from Antarctic research bases. The question about leakage from the
stations sewage is not sufficient known. When inadequate treated liquid
waste, spools in the seawater, human bacteria may become introduced in the
environment (Upton M 1997).
In the Arctic, on the other side, the industrial development has been most
intense and has resulted in substantial impacts while the regions had also
been strategic militarized territory. The Arctic has a population of about 3.8
million inhabitants and the environment has been under extern stress for
considerable time (Nowlan 2001). Effects or consequence of bacteria from
humans into the Arctic and Antarctic native fauna is to date superficially
studied. In polar regions, the local biota has been less exposed to anthropogenic antibiotic pressure and is considered particularly vulnerable to alterations (Hagen 2001). For these reasons, it is important to investigate how
widespread the presence of human related microorganisms is in these relative pristine environments. Human pathogenic bacteria, as Salmonella had
been isolated from penguins and seals from sub-Antarctic islands and they
had with high probability been introduced by discarding of waste and waste
water to the environment (Olsen, Bergstrom et al. 1996; Palmgren,
McCafferty et al. 2000).

Adelie penguins (Pygosceles adeliae), Antarctica.
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Aims

The overall aim, within the framework of this project, runs along two main
lines:
I.
The occurrence of human-associated microorganisms, with focus
on Enterobacteriaceae (studies I, II, III, IV and V) and
II.

Distribution of antibiotic resistant bacteria in the surrounding environment of the Arctic and Antarctic (studies II, III, IV and V).

To realize these studies, both animals (mostly birds) that occurred in the
Polar Regions and bacteria (mostly E. coli) isolated from these, where used
as bio-indicators. Under the assumption that the bacteria that colonize humans, pathogens or not, could have reached out to relative pristine environments, specific aims were formulated to illustrate emergence of anthropogenic microorganisms in the Polar Regions.
The following topics were specifically studied:
1. The presence of general antibiotic resistance in bacteria from wildlife and environment in the Arctic and the Antarctic.
2. Investigate if birds and other animals are god bio-indicators to
measure the presence of human associated pathogens and antibiotic
resistant bacteria in Polar Regions.
3. The presence of human associated bacteria in the environment in relation to human activities.
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Material and methods

Sample collection
The collection of samples was performed in several expeditions to the Antarctic Peninsula and South Shetland Islands in the southern hemisphere, and
to the Sub-Arctic regions as Bering Strait, Commander Islands, Wrangel
Island, Kamchatka peninsula (Siberia), Barrow (Alaska) and Thule
(Greenland) in the northern hemisphere. From 2002 to 2011, a total of 1819
samples were collected and analyzed. In 2002, on the South Shetlands Island, rectal swabs from 33 Antarctic Fur Seals (Arctocephalus gazella) were
collected (Study I). In 2005 in Siberia and in Alaska, a total of 704 faecal
samples were collected from Lorino, Kolyushin Bay, Wrangel Island, Barrow and Thule (on Greenland) (Study II). In 2009, a total of 532 fresh faecal
samples were collected from the Pertropavlosky river delta and various sites
around the Bering Island, the largest of the Commander islands (Study III).
In 2010, 167 fresh faecal samples were collected in Barrow, Alaska (Study
V). In the austral summer 2011, the research stations Bernardo O´Higgins on
the Antarctic Peninsula, the Fildes Bay (King George Island) and the Arturo
Prat (Greenwich Island) in the South Shetlands Islands were visited and 123
seawater samples were collected from the sea surface and filtered through
sterile 0.45 µm membrane filters and 400 fresh penguin faecal samples from
colonies close to the bases were also collected (Study IV). The majority of
sampled birds in studies II, III and V were gull species. In study I and IV
only Antarctic fur seals pups and Gentoo penguins (Pygoscelis papua) respectively were sampled.
The transport of the samples was done in an unbroken cold chain (-80ºC)
from the field stations to the final destination at the laboratories. The faecal
droppings from birds were taken from the ground, collected by sterile cotton
swabs and immediately put in transport medium (Luria-Bertani broth; BD
Sparks, USA, phosphate saline buffer containing 0.45 % natrium citrate
(C6H9Na3O9), 0.1 % magnesium sulfate (MgSO4), 1 % amonium sulfate
((NH4)2SO4) and 4.4 % glycerol).
The samples from Antarctic fur seals were taken by swab in charcoal transport medium (Transwab, BioDisc, Solna, Sweden) and preserved at refrigerator temperature until analysis. The seawater from Antarctica were filtered
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during the field work and the filters like the faecal samples were conserved
in saline buffered medium, and stored at -80ºC under transportation to the
laboratory.

Capture of Gentoo penguins (Pygoscelis papua) for sampling, Antartica.

Isolation and identification of bacteria
The isolation and identification of Enterococcus spp, E. coli and K. pneumonia were performed using traditional microbiological culture techniques and
biochemical test (studies I, II, III, IV and V), such as supplement enrichment
broth with subsequent plating in selective agar-medium containing inhibitor
substances. The species identification was done by manual or automated
biochemical test. In study I, each rectal swab sample from Antarctic fur seal
pups was plated onto MacConkey agar, incubated at 37°C for 24h and E. coli
was identified by colony morphology and standard conventional biochemical
test. The fresh faecal samples from Glaucos gull (Larus hyperboreus) in
study II were enriched in brain heart infusion broth supplemented with aztreonam and vancomycin before plated on chromID VRE agar substrate
(bioMérieux, Marcy l´Etoile France) and incubated for 48h at 37°C. Typical
colonies were identified by biochemical testing and the Phoenix Automated
Microbiology System (Becton Dickinson). Each fresh faecal sample from
study III, IV and V was cultivated on UriSelect agar-plates (Bio-Rad Labo29

ratories, Marnes.La-Coquete, France) for presumed strains of E. coli (study
III, IV) and additional K.pneumonia (study V). Only one randomly selected
colony of E. coli and/or K. pneumonia from each sample was isolated when
growth was present. E. coli species identity was confirmed by conventional
biochemical testing and K. pneumonia by mass spectrometry method matrixassisted laser desorption-ionization time of flight (MALDI-TOF).

Antibiotic resistance screening (Studies II, III, IV, V)
Minimum Inhibitory Concentration (MIC-value) for the isolated Entercoccus
faecium in study II was quantified for vancomycin, teicoplanin, ampicillin
and ciprofloxacin using E-Test strips (AB Biodisk, Solna, Sweden). One E.
coli per sample from studies III, IV, V and additionally one K. pneumoniae
from study V, if they were present, were chosen to antibiotic sensitivity testing. Each strain was tested according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) disk diffusion methods, against a
panel of eleven antibiotics selected for their representativeness in human and
veterinary medicine (Oxoid, Cambrige, United Kingdom) that included tetracycline (30 µg/disc), ampicillin (10 µg/disc), streptomycin (10 µg/disc),
chloramphenicol (30 µg/disc), nalidixic acid (30 µg/disc), cefadroxil (30
µg/disc), fosfomycin (50 µg/disc), tigecycline (15 µg/disc), sulfamethoxazole/trimethoprim (25 µg/disc), nitrofurantoin (15 µg/disc) and mecillinam
(10 µg/disc). E. coli strain ATCC 25922 was used as control. Breakpoints
for antibiotic susceptibility were determined according to EUCAST and the
Normalized Resistance Interpretation (NRI) method for the reconstruction of
the wild-type population distribution for a given bacterial species and an
antimicrobial agent (Kronvall 2010).

EPEC genetic detection (Study I)
The study focus was to identify specific virulent factors in the putative E.
coli strains. From each MacConkey plate, 10 lactose fermenting colonies
showing E. coli morphology were selected for testing by a multiplex polymerase chain reaction (PCR), designed for simultaneous amplification of
different pathogenic genes: stx1, stx2 for EHEC, eae and bfp for EPEC, and
stII, lt for ETEC (Vidal, Vidal et al. 2004). The E. coli strains 933J carrying
the stx1, stx2 and eae genes, strain 2348/69 carrying bfp gene, strain H10407
carrying stII and lt genes were used as positive controls, while E. coli 25922
was used as negative control.
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VRE genetic detection (Studies II and V)
VRE in papers II and V were selected by pre-enrichment of samples in broth
supplemented with antibiotics followed by culture on selective agar plates.
Typical enterococci colonies were re-cultured and characterized by biochemical tests. The presence of vanA, vanB and esp genes in these isolates
were determined by PCR using previously designed primers (Dutka-Malen,
Evers et al. 1995; Shankar, Baghdayan et al. 1999). The chromosomal gene
esp encodes a surface cell-wall protein which plays a role in enterococcal
virulence since it is present in infection-derived Enterococcus spp isolates
(Shankar, Baghdayan et al. 1999).

ESBL genetic determination (Studies III, IV, V)
ESBL producing bacteria were detected by enrichment of samples in BHI
broth supplemented with vancomycin and posterior culture on ESBLselective plates. Typical colonies were sub-cultured and identified as ESBL
producing by agar diffusion method with a disk containing cefpodoxime
(cephalosporin) against a combined cefpodoxime and clavulanic acid (βlactamse inhibitory) disk. Phenotypically confirmed strains were then tested
for CTX-M ESBL by a multiplex real time PCR to detect the presence of
blaCTX-M genotype groups (CTX-M-1, -2, -8/25 and -9) according to previous
described protocols (Birkett, Ludlam et al. 2007).
Positive isolates were sequenced using the GenScript BacReady multiplex
PCR system (Edelstein, Pimkin et al. 2003; Bouallegue-Godet, Ben Salem et
al. 2005). TEM and SHV ESBL genes were detected using previously described primers (Pitout, Thomson et al. 1998) and a SYBR®Green-based
real-time PCR protocol, followed by sequencing. Multi-Locus Sequence
Typing (MLST) technique was performed to characterize a subset of CTXM ESBL detected and sequence types (ST) were assigned (Studies III, IV
and V). Phylogenetic groups were evaluated using a triplex PCR method and
the pabB gene (study III) for specific O25b-St 131 identity verification
(Clermont, Dhanji et al. 2009). The pabB gene polymorphism is absent in
non-ESBL strains.
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Results

Study I: EPEC in Antarctic fur seals
Of thirty-three cloacal samples from Antarctic fur seals, two tested positive
for the eae gene. The typical colonies for E. coli were selected and amplified
by PCR using primers for detection of three different diarrheagenic E. coli:
EHEC, EPEC and ETEC (Vidal, Vidal et al. 2004). The chromosomal locus,
eae detected in these samples is required for the intimin expression, a protein
identified as virulent determinant in EPEC. This is the first record of EPEC,
an anthropogenic E. coli pathogen in Antarctic wildlife. Only typical EPEC
carry EPEC adherence factor (EAF), a plasmid that has the gene encoding
for bfp, bundle-forming pilus. The two isolates in this study were atypical
EPEC (eae+ and bfp-).

Study II and V: VRE in Point Barrow, Alaska, USA
The analyzed samples from 2005 and 2010 revealed two (in a total of 33
samples) and seven (in a total of 150 viable samples) E. faecium isolates
with a MIC for vancomycin and teicoplanin on >256 and 98 µg/ml, respectively. Besides harboring the specific gene vanA, and the esp gene, they also
exhibited high resistance to ampicillin and ciprofloxacin. No other VRE
were found. The vancomycin resistant strains were isolates from Glaucous
gulls, a bird species confined to the Arctic region with limited geographical
movement during the non-breeding season.

Study III: Dissemination of ESBL
In 145 E. coli isolated to measure antibiotic sensibility, only six strains, four
sampled from Petropavlovsk River delta and two from Bering Island, displayed reduced susceptibility to some of the eleven tested antibiotics. Although the low general antibiotic susceptibility, four ESBL- producing E.
coli strains were detected in 532 samples and one E. coli O25b-ST131, a
human clinic clone, carrying blaCTX-M-15 was found in a Glaucouswinged gull (Larus glaucescens) sample from the Commander Islands. Two
of those isolates were found in the same sample from a Black-headed gull
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(Chroicocephalus ridibundus) which together with the fourth ESBL-carrying
isolate was from Petropavlovsk river delta. All four isolates carried CTX-M
type ESBL, two bla CTX-M-14 and two bla CTX-M-15. The E. coli harbored bla CTX-M-15 had a ST 131 genotype.
Table 2: Phenotypic and genotypic traits of ESBL-producing E. coli isolates from
Commander Islands/Nicoloskoye (Glaucous-winged gull) or (P) Petropavlosk river
delta (Black-headed gull).
bla genotype
CTXM

TEM

SHV

Phylogenetic
group

ST-types

Phenotypic resistance

65917 (C)

-15

+

-

B2

ST131

AMP,CFR,TOB,S(I),TE,CIP,SXT,W

66106:1 (P)

-14

+

-

D

ST609

AMP,CFR,CN,TOB,TE,CIP(I),SXT,W,C
(I)

66106:2 (P)

-15

-

-

D

ST746

AMP,CFR

66114 (P)

-14

+

-

D

ST609

AMP,CFR,CN,TO,TE,CIP(I),SXT,W,C(I)

Antibiotics: AMP, ampicillin; CFR, cefadroxil; CN, gentamicin; TOB, tobramycin, S, streptomycin, TE, tetracycline; CIP, ciprofloxacin; SXT, sulfamethoxazole/trimethoprim; W,
trimethoprim; C, chloramphenicol. Intermediate susceptibility denoted I.

One isolate was positive for the pabB gene (p-aminobenzoate synthase),
unique to typical phylogenetic group B2 subgroup I in O type 25b E. coli
clone ST131.

Study IV: Human-associated ESBL in the Antarctic
E coli from 123 seawater and 400 penguins samples were isolated, 40 from
water and 31 from penguins (71 strains). The isolates were chosen randomly
to determine the general antibiotic sensibility profiles against a panel of
eleven antibiotics. Only one E. coli isolate from penguins had a resistance
phenotype, in this case to chloramphenicol.
In E. coli from seawater samples, three isolates were resistant to a least one
antibiotic and several were resistant to two or more compounds. Ten putative
E. coli, with ESBL phenotypes were detected by double disc diffusion
method and confirmed by a specific PCR assay for detecting different groups
of CTX-M β-lactamases (Pitout, Hossain et al. 2004).
Sequencing showed that four E. coli from King George Island (Fyldes Bay)
carried the blaCTX-M-1, while four from Arturo Prat and two from Bernardo
O´Higgins carried the blaCTX-M-15 gene. The ESBL isolates were further analyzed by MLST and six different STs were identified: ST131, ST227,
ST401, ST410, ST685, and ST937 (Table 3).
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Table 3: Genotypic and fenotypic characteristics of ESBL-producing E. coli isolates
from water samples collected at three researches bases in the Antarctic region, 2011.
ESBL genotypes
CTX-M
TEM
SHV

Location

-15
-15
-15
-15
-15
-15
-1
-1
-1
-1

Greenwich Island
Antarctic Peninsula
King George Island

-

-

ST
ST410
ST410
ST410
ST685
ST937
ST131
ST401
ST131
ST410
ST227

MLST
Clonal Complex
ST23 complex
ST23 complex
ST23 complex
Unassigned
Unassigned
Unassigned
Unassigned
Unassigned
ST23 complex
ST10 complex

Phenotypic
Resistance (S)*
Na,Tet,Amp,Cfr
Na,Tet,Amp,Cfr
Na,Tet,Amp,Cfr
Na,Amp,Cfr
Na,Tet,Amp,Cfr
Na,Tet,Amp,Cfr
Amp, Cfr
Amp, Cfr
Amp, Cfr
Amp, Cfr

Susceptibility: * Na, Nalidix acid; Tet,T etracyclin; Amp, Ampicillin; Cfr, Cefradoxil

Study V: Emergence of ESBL among a five years
period, Alaska, USA (Point Barrow)
All the samples (n = 202) taken at Point Barrow, Alaska, USA in 2005 were
negative for ESBL (study II); in contrast samples from 2010 (study V) revealed a very different situation. In 137 randomly selected E. coli from 167
samples, practically half (48 %) were resistant to at least one antibiotic (Table 4). Phenotypic ESBL harboring bacteria were detected in 33 E. coli and
35 K. pneumonia in a total of 55 (37 %) samples since 13 samples included
more than one isolate.
Table 4: Resistance profile of randomly selected E. coli, Alaska , USA, 2010.
Co-resistance frequency

Resistance frequency
Antibiotic
AMP
TE
CFR
SXT
S
NA
C
TGC
F
MEL

No. Samplesb

% of total

62
10
8
6
5
4
1
0
0
0

45
7.3
5.8
4.4
3.6
2.9
0.7
0
0
0

No. of abc
0
1
2
3
4
5
6
>1

No. Samplesb

% of total

71
44
18
1
1
1
1
66

52
32
13
0.7
0.7
0.7
0.7
48

a
AMP, ampicillin; TE, tetracycline; CFR, cefadroxil; SXT, sulphamethoxazole/trimethoprim; S,
streptomycin; C, chloramphenicol; TGC, tigecycline; F, nitrofurantoin and MEL, mecillinam.
b
Total number of randomly selected E. coli was 137, isolated from 150 viable samples.
c
Denotes number of simultaneous antibiotic resistance phenotypes in each isolate.

The majority of E. coli harbored CTX-M-9 ESBL enzymes, many in combination with TEM-1 type. The other isolates harbored TEM-19 and CTX-M15 from CTX-M group 1. No E coli harbored SHV type ESBL, while in K.
pneumonia SHV was present in 34 strains and one isolate harbored only
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TEM-19. A number of 10 K. pneumonia harbored CTX-M-15 in combination with SHV and TEM-1; 16 isolates harbored only SHV variants. MLST
was performed on a subset of 27 E. coli harboring CTX-M variants and 10
K. pneumoniaiae harboring TEM, SHV and CTX-M (Table 5).
Table 5: Characterization of E. coli and K. pneumoniaiae ESBL-producing isolates (
Isolates (n)
E. coli (n=33)
12
11
5
3
1
1
K. pneumonia (n=35)
5
5
2
2
8
1
1
4
6
1

CTX-M

bla genotype
SHV

TEM

14
14
27
15

-

1
19
1

15
15
15

12
12
12
102
102
59
1
No seqv*
2

1
1
19
19
1
1

MLST profile
ST38 (ST2253)
ST131 (ST10)
ST2967
ST405
ST131
ST2967

E. coli included 33 isolates from 32 samples and K. pneumoniaiae 35 isolates from 35 samples.12 samples included both E. coli and K. pneumonia. Two of the E. coli isolates harbored
a novel MLST allele, rendering the novel ST2253/ST2967. One single E. coli and sex K.
pneumonia isolates carried only blaTEM-1 and blaSHV-1 may contain undetected ESBL genes
due to the non-ESBL phenotype of TEM-1and SHV-1 respectively.
*Single SHV phenotype none sequenced in K. pneumonia.

MLST result in E. coli showed previously described ST types ST10, ST131,
ST405 and ST2253, all reported from human isolates. The performed MLST
in 27 E. coli harboring CTX-M type ESBL are distributed as following: ST
131 in 12 isolates, ST38 in 10 isolates, ST405 in 3 isolates, ST10 in 1 isolate
and ST2253 in 1 isolate.

Tourist ship visiting Antarctica.
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Discussion

There is growing concern about harmful pathogens being introduced accidentally into Antarctica by humans. The detection in recent years of resistant
bacteria in the Polar regions has verified that antibiotic resistant genes can be
found in regions with no or low antibiotic pressure (Sjolund, Bonnedahl et
al. 2008; Bonnedahl, Drobni et al. 2009; Hernandez, Bonnedahl et al. 2010).
The dominance of humans in all ecosystems in the world involves various
costs, one of these is the introduction of non-native microorganisms into the
new areas; an anthropogenic invasion sometimes called “biological pollution” (Daszak, Cunningham et al. 2000). The consequences that human microorganisms, pathogen or not, may have on the environment and the local
wildlife in the Polar Regions, is hard to predict. Before 1990, all the waste
from Antarctic research stations were dumped in landfill sites located close
to the bases, or were discarded into the sea (Bargagli 2008). Fecal bacteria
can survive a few minutes to several days in the seawater, depending on
factors like temperature, solar radiation, and salinity; factors that in Antarctica change dramatically according to the season, possibly affecting fecal
bacteria survival rate (Hughes 2003). Supervision of dumping of potential
pollution waste needs improvement and better quality control to guarantee
that no human microorganisms can disturb the local environment and the
native fauna.
We detected EPEC in Antarctic fur seals from the sub-Antarctic South Shetlands islands (Study I). This is the first report of EPEC from the Antarctic
fauna. How this pathogen became introduced to the seals is unclear. Possible
explanations could be contamination of the liquid waste produced in nearby
research bases, ships that dump their waste in open sea, or to an increased
tourism to the Antarctic. Another possibility is introduction by birds, as there
are species such as kelp gulls (Larus dominicanus) and other sporadic visitors that during non-breeding time may reach densely populated areas in
southern South America during the polar winter (Reed, Meece et al. 2003;
Hubalek 2004; Abulreesh, Goulder et al. 2007; Aronson, Thatje et al. 2011).
Human derived bacteria have been demonstrated in sewage outlets and waste
from the Antarctic stations and the local fauna has accidentally been infected
by contamination from sewage. The low water temperature allows these
bacteria to survive in the environment for relatively long time (Palmgren,
McCafferty et al. 2000). Numerous studies have established the strong asso36

ciation between the presence of the eae gene and EPEC capacity to cause
disease in humans (Trabulsi, Keller et al. 2002). EPEC studies in strains
isolated from pets (cats and dogs), farm animals (bovines sheep, and rabbits), and wild animals (monkeys) revealed a close clonal relationship and
the potential to cause diarrhea in humans (Moura, Sircili et al. 2009). It is
unknown whether EPEC can cause infection or mortality in wild animals or
birds. However, this finding can be a catalyst for future studies addressing if
the presence of EPEC in Antarctic is an external agent accidentally introduced into the region and not part of the normal intestinal flora of these animals and whether EPEC can have any impact on the preservation of the vulnerable wildlife in the region.
The finding of VRE in Glaucous gull from Barrow, Alaska, USA (study II)
done in 2005 during the Beringia expedition, showed that antibiotic resistant
bacteria and antibiotic resistant genes (vanA-gene) had already reached remote, isolated and sparsely populated areas in the world. Alaska is a low
populated region and the antibiotic consumption is also expected to be low.
However, the results in the present studies indicate that few places on the
world may be excluded to spread of antibiotic resistance. The Glaucous gull
is a bird that has a circumpolar distribution and is short distance migrator to
the North Atlantic to North Pacific Ocean. This species is a regular visitor of
urban environments like city dumps and sewage outlets close to human habitats (Schmutz and Hobson 1998; Bustnes, Miland et al. 2005). Wild birds are
not exposed to clinically antibiotic use, but they can acquire antibiotic resistant bacteria through contact with humans, domesticated animals mainly in
the urban environment (Guenther, Ewers et al. 2011). The VRE isolated is
this area is a well-known and widespread clinical E. faecium strain of the
CC17 complex. These strains are characterized by ampicillin and quinolone
resistance and carry the esp gene, which are often isolated from clinical
samples of human origin (Top, Willems et al. 2008). Five years after the first
study, VRE was found in the same bird species in the same place. The current isolates harbored both vanA and the esp gene and belonged to the same
lineage as in the 2005 study. (study V). The prevalence of VRE in 2005 (6.0
%) was similar to the study in 2010 (4.7 %). These results probably indicate
a non-significant variation of VRE in the area, but support the hypothesis on
spreading of resistant genes from urban community to ecosystem with low
antibiotic pressure. The long distance spreading of VRE is probably not done
by migratory birds. It is more likely that the birds are indicators of VRE in
the environment and that birds act as a short distance or local disseminators.
It is unknown for how long time birds can be carriers or if VRE can have
negative effects on the birds.
Despite the low antibiotic susceptibility found in bacteria from studied birds
fresh fecal samples collected in Kamchatka peninsula and Commander Is37

lands, four ESBL producing E. coli strains were detected in this area. One
sample contained two different ESBL producing E. coli and all isolates harbored CTX-M type ESBLs, two blactx-m-14 and two blactx-m-15. One isolate belonged to the globally disseminated ESBL E. coli O25b-ST131 clone (study
III). This strain was found in Glaucous-winged gulls at Commander Island,
which may be a consequence of the successful transfer of the pandemic
ST131 E. coli clone of human origin to the environment (Dolejska, Frolkova
et al. 2011). In the last years an important increase of ESBL bacteria, principally of type CTX-M, have been reported worldwide and a study in Europe
found ESBL producing strains from low in Germany (1 - 5 %) too high in
Russia, Poland and Turkey (39-47 %) (Goossens 2001). Information about
the presence of antibiotic resistance bacteria from the Far East region in
Russia is infrequent and it is reasonable to assume that a low antibiotic usage
in the sparsely populated regions have presumably a slow antibiotic dissemination. This observation is congruent with the antibiotic resistance level
observed in bacteria from the Sub-arctic Petropavlovsk-Kamchatski and the
Commander Islands (study III).
ESBL carrying bacteria isolated from birds illustrate the presence of resistant
genes in the sub-Arctic area. In summer 2010, feces samples from Glaucous
gulls were collected in Barrow, Alaska, USA. The results showed the occurrence of antibiotic resistant bacteria in Enterobacteriaceae including the
ESBL-types CTX-M, TEM and SHV, either in single or combined form.
Bacteria that harbored ESBL were found in 34.1 % of samples, and from
both E. coli and K. pneumonia. In E. coli, both CTX-M and TEM were detected but K. pneumonia had CTX-M, TEM and SHV variants (study V).
The MLST typing showed different ST genotypes in E. coli with a related to
clinical isolated in humans. The ESBL producing bacteria, principally the
CTX-M variants, is no longer just a problem located in medical facilities.
Currently they are spreading in the community and the environment (Zarfel,
Galler et al. 2013). Bacteria harboring CTX-M and E. coli sequence type 13
(O25b:H4), associated with the CTX-M-15 ESBL is probably the most important and predominant in human infections and were also found in E. coli
in the present Arctic material which means that this antibiotic resistant type
has spread globally. These findings would indicate that the epidemic of antibiotic resistance is no longer only a problem of public health, but is spreading to the environment, to wild and domestic animals and also to areas considered pristine as the Polar Regions. We are facing an ecological alteration
of unknown consequences extending rapidly around the world.
The dissemination of ESBL CTX-M genes of non-human origin differs from
the ESBL CTX-M nosocomial reported genes. ESBL genes types CTX-M-1
are dominant in farm animals, while CTX-M-15 found in Barrow, is the
dominant ESBL gene isolates in human and uncommonly found in animals
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(Chong, Ito et al. 2011). The global distribution of ESBL CTX-M variants is
one of the most significant illustrations of rapid and global dissemination of
plasmid-mediated resistance determinants among bacterial pathogens and
resistant genes to quinolones, aminoglycosides, macrolides, tetracyclines,
sulphonamides, trimethoprim and chloramphenicol have all been associated
with blaCTX-M containing plasmid (Naseer and Sundsfjord 2011). Antibiotic
susceptibility testing in ESBL carrying bacteria revealed differences between
the two species: all E. coli were susceptible to five of the eleven compounds
while all K. pneumonia was resistant against to three to eight compounds
(Study V). Bacteria, such as E. coli and K. pneumonia, considered until recently as commensal and harmless, found in normal bowel flora, play today
a crucial role in the spread of resistance and can act as important reservoir
for multiple antibiotic resistances and carry ESBL-type specific genes. The
finding of E. coli and K. pneumonia with resistance against a large number
of antibiotics, often use in public health treatment, is an indicator of the
global magnitude of the problem. ESBL carrying bacteria were not present
in sampled material from the Swedish Arctic expedition, “Beringia 2005”,
but were observed in a large quantity in Barrow in 2010. Remarkably is the
presence of ST10, ST38, ST131 and ST405 in E. coli which are the ST types
responsible for the dissemination of CTX-M worldwide. This is an indication that the ESBL did not emerge spontaneously in the Alaska environment.
As these ESBL genotypes are found in remote parts of Alaska strongly support the spreading from urbanized areas to more pristine environments. Birds
in general are good bio-indicators that reflect the presence of microorganisms in the ecosystems, in particular under non breeding periods at lower
latitudes close to urban areas with high antibiotic pressure and dissemination
of antibiotic resistant bacteria and resistance genes to the environment. This
study has verified that antibiotic resistant genes can also be found in bacteria
isolated from wild birds not exposed to significant antibiotic pressure in
remote environment.
The Arctic is one of region of the earth that has been geographically isolated
and the sub-Arctic area have experienced a relative less anthropogenic influence; despite this, arctic micro-organisms display resistance against the third
generation cephalosporins and other classes of antibiotics. The bacteria that
carry antibiotic resistant genes could be introduced by migratory birds or the
human intervention by inhabitants, tourism and researchers in the region. In
summary, in only few years between 2005 and 2010 the frequency of ESBL
harboring bacteria that can be associated to human clinic strains, in the same
sampling area and in the same bird species, had increased in the region.
Until now ESBL producing bacteria have been described in all continents
except Antarctica (Rupp and Fey 2003), this reality has changed with the
finding of ESBL type CTX-M in Antarctica (Hernandez, Stedt et al. 2012).
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Antarctica, given its geographic isolation, extreme environmental conditions
and limited accessibility, is often considered the last pristine continent in the
world but the human presence has dramatically increased since the first
documented landing in 1820. Several studies have demonstrated the presence of coliforms and other fecal bacteria since many research stations discharge human waste directly into the sea (Cowan, Chown et al. 2011Cowan,
Chown et al. 2011). Until now, the lower prevalence of E. coli in Gentoo
penguins, the highly antibiotic sensibility and the absence of ESBL indicate
a sporadic interaction between penguins and the human intestinal bacteria.
On the other hand, penguins are part of the ecosystem in which the ESBL
type carrying bacteria were found and they may be less exposed to waste
water discharged from human settlements into the Antarctic sea.
Birds and other wildlife may play an epidemiological role as carriers that
could spread antibiotic resistant bacteria and antibiotic resistant genes along
their migrations routes and can be used as biological markers to detect the
presence of human associated microorganisms without or minimal effect on
the birds and local wildlife (Guenther, Ewers et al. 2011). Although, no
ESBL or antibiotic resistance were detected in penguin’s' samples, the presence of human intestinal bacteria carrying ESBL genes in sea water that
penguins use to catch krill as food, can be a cause of contamination.

Migratory wildbirds as bio-indicators.
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Conclusions

The studies presented in this thesis support the assumption that bird migration can be accidentally or partly involved in the spread of human-associated
pathogens in the Polar Regions, in particular the Arctic.
However, the studies support the notion that human-associated pathogens are
mainly spread through the human presence in polar areas. In a few years the
frequency of human associated bacteria carrying ESBL genes in the same
sampling Arctic area had increased.
The overall antibiotic resistance in bacteria isolated in the Arctic and Antarctica samples is low, in contrast to highly urbanized and densely populated
areas.
Bacteria resistant to antibiotics and carrying ESBL genes were demonstrated
in the environment adjacent to the scientific bases in Antarctica. Bacteria
isolated from wildlife at the same time in the same places showed absence of
resistance. This is indicative that environmental bacteria isolates are related
to human activities.
The ESBL-producing bacteria are nowadays present also in the last ESBLfree continent, the Antarctica.
The presence of Enterococcus spp, E. coli and K. pneumoniae associated to
human clinical isolates, carrying both virulence and antibiotic resistance
genes, were detected as well in the Arctic as in the Antarctic.
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Future Point of View

Today, humanity is growing rapidly, the earth begins to be overcrowded and
every ecological niche is colonized by humans that introduce changes whose
consequences can reach unpredictable and irreversible levels. Public health
is profoundly influenced when the human population is increasing so fast.
Human colonization of new ecosystems may be the direct cause of changes
in the environment through direct and indirect pollution. A visible result of
this is the effect on human health resulting from the use and abuse of antibiotics; a weapon we have to combat infectious diseases that become ineffective by susceptibility changed in bacteria. The reason for this new paradigm,
has its origin in the form of human life that makes alterations in bacterial
populations developed or acquired mechanisms of resistance to all antibiotics described.
This thesis is only one link in the long chain of studies that purport to explain how pathogenic bacteria associated with man have now spread to the
most remote environmental such as the Arctic and the Antarctic, providing
evidence to the situation of acute antibiotic resistance to which we are witnesses. Human activities have several dimensions that can affect or increase
the pollution and affected wild and microbial life. Human wastes released to
the environment containing significant levels of antibiotics. Commercial
production of antibiotics cannot be precisely measured, but is estimated
around million metric tons per year. Today, due to the mass production of
antibiotics, most ecosystems exhibit different levels of contamination by
commercial antibiotics. Residues of antibiotics promote the selection, mobilization, dissemination and establishment of resistance genes in clinical and
environmental microorganisms.
The rapidly dissemination of resistant genes by bacteria indicate that the
main concern should be, from today, the protection of the polar regions from
pollution by human activities and the increasing number of visitors. At present it is detecting the presence of bacteria resistant to multiple antibiotics
loading ESBL-type genes in both the Arctic and Antarctic. If this situation
accelerates, it is possible that Antarctica now considered the continent of the
future and the Arctic that could store substances prototypes to new molecules that serve as models for the design of new antibiotics could be lost.
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Sammanfattning på svenska

Den moderna människan livsstil har orsakat rubbningar i naturen. Den massiva användningen av antibiotika har triggat oönskade effekter hos bakteriers
resistensmekanismer och gjort dem motståndskraftiga mot de flesta antibiotika. I denna avhandling redovisas att patogena och antibiotikaresistenta
bakterier även finns i orörda miljöer. Den första studien visar förekomsten
av Enteropatogenic Escherichia coli (EPEC) hos Antarktiska pälssälar. Fynden utgörs av den atypiska EPEC, som bär på eae-gen men saknar bfpgenen. Detta är det första fyndet av en diarréframkallande E. coli, - en antropogen patogen- hos vilda djur i Antarktis. Den andra studien visar att antibiotikaresistensmekanismers spridning verkar vara mycket mer effektiva än
vad som hittills varit kända då Enterococcus faecium isolerade från fåglar i
Alaska visade hög resistens mot vancomycin och teicoplanin men också mot
ampicillin och ciprofloxacin. Dessa bär också på generna vanA och esp,
vilket placerar isolaten inom den kliniska klonen, CC17 och indikerar isolatens mänskliga ursprung. Bakterier från fåglar från Beringsundsregionen i
den tredje studien, visar att endast sex av 145 E .coli från 532 fåglar, hade
nedsatt antibiotikakänslighet. Trots detta var fyra E. coli ESBLproducerande, två av dessa från samma prov. Alla fyra isolat bar på CTX-M
gener. Ett isolat tillhörde E. coli O25b-ST131 som är en globalt framgångsrik och spridd klon. För att mäta den mänskliga inverkan på den Antarktiska
miljön (studie 4) analyserades 123 havsvattenprover och 400 färska avföringsprover från pingviner. Från dessa isolerades 71 E. coli-stammar och
endast en E. coli från pingviner var resistent mot ett antibiotikum (cloramfenicol), medan E. coli från havsvatten var resistenta mot, ampicillin, tetracyclin, streptomycin och trim-sulfa. E. coli bärande på ESBL typ CTX-M gener
påvisades och genotypning visade att dessa tillhörde tidigare rapporterade
genotyper hos människa: ST131, ST227, ST401, ST410, ST685 och ST937.
I det korta tidsintervallet mellan den andra studien provtagningen (2005) och
den tredje studien (2010) i relation med den femte studien (2012) konstaterades en explosionsartad ökning av antibiotikaresistensgener i den arktiska
regionen. Enterokocker, E. coli och Klebsiella. pneumoniae, bar på antibiotikaresistensgener i en omfattning och en variation som inte tidigare rapporterats. E. coli från arktiska fåglar uppvisar resistens mot 1, 2, 3, 4 och 5 olika
antibiotika. Resistenta gener av typen vanA bekräftades hos enterokocker
och ESBL gener typ TEM, SHV och CTX-M hos E coli och K. pneumoniae
påvisades. Multi-locus Sequencing Typning (MLST), indikerar att både E.
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coli och K. pneumoniae bär på ESBL-markörer som kopplar dessa till människan.
Sammanfattningsvis, de sammanförda studierna stärker antagandet att bakterier som orsakar infektioner hos människan, kan spridas ”utanför kliniken”
till orörda miljöer. Humanassocierade och antibiotikaresistenta bakterier har
nått en global nivå, då vi påvisade att ESBL-producerande bakterier även
kan detekteras från Antarktis.

Chinstrap penguins (Pygoscelis antartica) in Antarctica.

Gentoo penguins, Sub-Antarctic Skua and Snowy Sheathbill in Antarctic.
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Resumen en Español

Las regiones polares se han mantenido geográficamente aisladas durante
millones de años y han experimentado influencias antropogénicas muy
reducidas. Coincidentemente con la actividad humana, microorganismos
externos han llegado a las islas sub-antárticas y al continente antártico, como
consecuencia de los programas científicos y el turismo. En el Ártico, la
situación es diferente, ya que ha existido una estrecha relación entre las
comunidades humanas nativas y los animales silvestres y mamíferos marinos
como parte importante de la nutrición y las expresiones culturales. El Ártico
libre del contacto con los seres humanos está disminuyendo y la relación
entre la fauna silvestre y el hombre aumenta con el turismo, la caza e
infraestructura humana. Los estudios de esta tesis describen en parte la causa
del cambio de paradigma en la salud pública, cuando bacterias patógenas
asociadas al ser humano y resistentes a los antibióticos son encontradas en
ambientes relativamente prístinos o no habitadas por seres humanos.
El primer estudio (I) muestra la existencia de Escherichia coli
enteropatogenica (EPEC) en el lobo fino antártico. Los hallazgos son de
EPEC atípica, que carga el gen eae pero carece del gen bfp. Este es el primer
registro de una E. coli diarreogenica, un patógeno antropogénico, en
animales silvestres Antárticos. El segundo estudio (II) muestra que la
difusión de los mecanismos de resistencia a los antibióticos, parece ser
mucho más eficiente de lo que previamente se conocía. E. faecium aislados
en aves silvestres de Alaska que, no solamente mostrarón una alta resistencia
a la Vancomycina y Teicoplanina, sino que también a la Ampicilina y
Ciprofloxacina. Estos también son portadores de genes específicos vanA y el
gen de virulencia esp, que ubica a estas cepas bacterianas dentro del clon
clínico CC17 e indica que estas son de origen humano. Las bacterias en aves
que se encuentran en la región del Estrecho de Bering, en el tercer estudio
(III), muestran que sólo seis de 145 E. coli aislados de 532 muestras,
mostraban susceptibilidad reducida a los antibióticos. A pesar de ello, cuatro
E.coli eran productoras de BLEE, dos de ellas, en una misma muestra. Las
cuatro cepas aisladas de E. coli portaban genes CTX -M. Una cepa de E.
coli pertenecía a la línea clonal O25b- ST131 que es un clon exitoso de
difusión mundial. Para medir el impacto humano en el medio ambiente
antártico, en el cuarto estudio (IV), se analizaron 123 muestras de agua de
mar y 400 heces frescas pingüinos. De estas, 71 cepas de E. coli fueron
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aisladas y sólo una E. coli en pingüinos fue resistente a un antibiótico
(Cloramfenicol), mientras que las E. coli de agua de mar, fueron resistentes
contra la Ampicilina, Tetraciclina, Estreptomicina y Trim-sulfa y tambien
cargaban genes de BLEE de tipo CTX -M que al ser analizadas por la
técnica de Multilocus Sequence Typing (MLST) mostraron seis tipos
diferentes de secuencias (ST) reporteadas anteriormente en seres humanos:
ST131, ST227, ST401, ST410, ST685 y ST937. En el corto intervalo de
tiempo entre el muestreo del segundo estudio (2005) y el tercer estudio
(2010) en relación con el quinto estudio (2012) encontramos un aumento
dramático en los genes de resistencia a los antibióticos en la región ártica; las
E. coli y K. pneumoniae cargaban genes de resistencia a antibióticos en un
grado y variedad no reporteada previamente. Las E. coli de las aves árticas
mostraron resistencia a 1, 2, 3, 4, 5 y antibióticos diferentes. Resistencia a la
Vancomycina mediada por el gen vanA se confirmó en enterococos y los
genes de BLEE tipo TEM, SHV y CTX-M fueron detectados en E. coli y K.
pneumoniae. Multilocus Secuenciación (MLST), indicó que tanto E. coli
como K. pneumoniae cargaban marcadores de BLEE que los conecta con
cepas halladas en humanos.
En resumen, la combinación de estos estudios refuerza nuestra hipótesis
inicial acerca de que las bacterias que causan infecciones en los seres
humanos podrían extenderse a ambientes relativamente prístinos. Llegamos
a la conclusión de que, bacterias patógenas y resistentes a los antibióticos
asociados a los humanos ya han alcanzado a un nivel global y nos demuestra
entonces que las bacterias productoras de BLEE están hoy día circulando
también en el último continente libre de BLEE, la Antártica.

Chilean research base in Antarctica.
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