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Summary

Antibiotic resistance genes are biologically trans-
mitted from microorganism to microorganism in par-
ticular micro-environments where dense microbial
communities are often exposed to an intensive use of
antibiotics, such as intestinal microflora, and the soil
microflora of agricultural fields. However, recent
studies have detected antibiotic-resistant bacteria
and/or antibiotic resistance genes in the natural envi-
ronment geographically isolated from such areas.
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Here we sought to examine the prevalence of antibi-
otic resistance genes in 54 snow and ice samples
collected from the Arctic, Antarctic, Central Asia,
North and South America and Africa, to evaluate the
level of these genes in environments supposedly not
affected by anthropogenic factors. We observed a
widespread distribution of antibiotic resistance genes
in samples from various glaciers in Central Asia,
North and South America, Greenland and Africa. In
contrast, Antarctic glaciers were virtually free from
these genes. Antibiotic resistance genes, of both
clinical (i.e. aac(3), blawr) and agricultural (i.e. strA
and tetW) origin, were detected. Our results show
regional geographical distribution of antibiotic resist-
ance genes, with the most plausible modes of trans-
mission through airborne bacteria and migrating
birds.

Introduction

Evaluation of the human impact on natural habitats has
focused so far on developing methods to monitor the
concentration of greenhouse gases, nitrogen compounds
and other man-made chemical species. Although antibi-
otic resistance genes are thought to be mostly originated
under natural environments (Martinez, 2008; Martinez,
2009; Allen et al., 2010; D’Costa et al., 2011), the rise in
antibiotic use for medical and agricultural purposes is the
major cause of propagation of antibiotic resistance genes,
and can be considered a major anthropogenic environ-
mental threat affecting the natural environment (Goni-
Urriza et al.,, 2000; Chee-Sanford et al., 2001; Cabello,
2006; Hawkey, 2008). Under the right conditions, micro-
organisms carrying antibiotic resistance genes thrive in
antibiotic-rich micro-environments such as the intestinal
microflora of humans and livestock and the soil microflora
of agricultural fields, and can be distributed into the sur-
rounding environment by water and atmospheric circula-
tion (Lighthart and Shaffer, 1995; Levy and Marshall,
2004; Gibbs et al., 2006). As such, regions adjacent to
hospitals and agricultural fields often show a higher
prevalence of antibiotic-resistant microorganisms than
other similar environments (Andersen and Sandaa, 1994;
Heuer et al., 2002; Furushita et al., 2003; Koike et al.,
2007; Jakobsen et al., 2008; Malik et al., 2008). However,
recent studies have detected antibiotic-resistant bacteria
and/or antibiotic resistance genes in environments
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Fig. 1. Sample location and snow and ice sampling sites. Left: Map showing the locations of the snow and ice samples. Right: Snow samples
were collected in a manner that prevented contamination from other research activity. Samples were taken using a sterilized stainless steel
scoop and stored in sterile tubes. Laboratory procedures for glacial samples were conducted using a Class 100 clean bench in a regular
laboratory, and for Antarctic snow and ice core samples using a Class 100 clean booth located in a clean room. The ice core samples were
melted using a device developed by our group that enabled us to obtain water only from the inner portion of the cores, leaving an intact

20 mm thick outer layer (Fig. S1). Complete separation of the inner and outer core is required to avoid contamination by bacteria that might
adhere to the core surface during drilling and storage. Snow and ice samples collected from glaciers were melted and centrifuged at 22 000 g
for 15 min to obtain pellets, or filtered through a sterile 0.22 um filter unit (Nalgene, Tokyo, Japan). The pellets or membrane filters were then
transferred into separate 2 ml Matrix-E tubes (Qbiogene, Carlsbad, CA, USA) and subjected to DNA extraction with a FastPrep FP120

instrument or multi-beads shocker (Yasui Kikai, Tokyo, Japan).

geographically isolated from these sources (Allen et al.,
2008; Dib et al., 2009; Thaller et al., 2010; Ushida et al.,
2010). In this context, we sought to examine the preva-
lence of antibiotic resistance genes in the glacier environ-
ment, an area usually distant from human industrialized
activities, as a potent indicator of human impact on the
global environment.

In this study, we used advanced polymerase chain
reaction (PCR) techniques to show that antibiotic resist-
ance genes were present in significant numbers in
samples from various glaciers and snowfields. We ana-
lysed 54 surface snow or ice core samples from 51 glacier
sites in Central Asia (China, Kyrgyzstan and Tajikistan);
North America (Alaska); South America (Chile); the Arctic
(Greenland); the Himalayas (Nepal and Bhutan); Africa
(Uganda) and Antarctica to evaluate the level of antibiotic
resistance genes in environments supposedly not
affected by anthropogenic factors (Fig. 1, Table S1). We
included snow samples from the Tateyama mountain
range in Japan, which is adjacent to a highly populated
and industrialized area, and ice core samples taken by the
Japanese Arctic Glaciological Expedition from Austdomen
on the Austfonna ice cap (Svalbard Islands), which dated
from 1900 to 1991. We hypothesize that this type of exten-
sive surveillance may reveal the global circulation of anti-
biotic resistance genes.

Results and discussion

In this survey, we analysed 54 surface snow and ice core
samples from 19 geographically dispersed glaciers
located outside of Antarctica and eight sites within Antarc-
tica. The detection pattern of antibiotic resistance genes
largely reflected the history of antibiotic use and the

propagation of antibiotic resistance genes. The antibiotic
resistance genes or antibiotic-resistant bacteria in a
glacier environment might therefore be used as an
indicator of anthropological impact on the natural
environment.

We chose antibiotic resistance genes that had previ-
ously been detected in the natural aquatic environment.
Primers and Tagman probes for 94 antibiotic resistance
genes and for the bacterial 16S rRNA gene were prepared
as described previously (Ushida et al., 2010).

We detected antibiotic resistance genes in 54 environ-
mental samples (Table S1). Rigorous protocols were
followed at the collection sites and in the laboratory to
avoid sample contamination. For unknown reasons,
however, the tetC gene was detected in all samples,
including negative controls. The tetC gene was therefore
excluded from analysis due to the possibility of reagent
contamination.

Among the 93 antibiotic resistance genes analysed, 45
were detected in 51 surface snow/ice samples and three
in ice core samples (Fig. 2). The most frequently encoun-
tered genes were aac(3) (24/54 sites), strA® (21/54),
blaye (20/54), and strA*' (18/54). The Chilean and Ant-
arctic snow samples were relatively free of resistance
genes such as aac(3) and strA, while the Greenland
glacier samples were free of blayp.

Elevated numbers of antibiotic resistance genes (= 10
genes) were detected in several samples from the 51
sampling sites (50 surface snow/ice and one ice core
sampling sites), from 19 glacier and eight Antarctic sites.
The Central Asian and Himalayan glaciers had the highest
level of gene detection, followed by the African glaciers.
Fewer genes were detected in Greenlandic and Alaskan
glaciers, while the Chilean and the Antarctic samples
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Fig. 2. Antibiotic gene expression in snow and ice samples. Dynamic array analysis of the expression of antibiotic resistance genes. A
representative heat map of delta Ct values of signals is shown. Red and green indicate high and low expression respectively. White indicates
no detectable signal. Specific target amplification (STA) was used to analyse gene expression using a BioMark 48 x 48 Dynamic Array

(Fluidigm, USA) according to the manufacturer’s instructions.

were virtually free from antibiotic resistance genes. The
number of detected resistance genes per glacier site was
generally higher in the lower region of the glacier than in
the upper region of the glacier, with the exception of
Greenland-QA3, which is located in the upper region.
Values for Tateyama samples obtained in March (TA-Mar.,
two resistance genes) were lower than those obtained
during the melting season (TA-Apr., eight genes, TA-Aug.,
six genes). It is noteworthy that, outside of the Antarctic
ice sheet samples, the Tateyama sample (TA-Mar.)
showed the lowest delta Ct value (2.7), followed by the
Iver glacier sample (3.6), and the relatively high Ct values
for the 16S rRNA gene in these two samples suggests
that they contained relatively few bacteria. The average Ct
values for the 16S rRNA genes in the samples from
the upper regions and from Tateyama’s snowfall season
were relatively high: Antarctica (24.6 = 1.9), the Arctic
(19.3 £ 2.7), Chile (19.4 =0.9), Greenland (12.2),
Tateyama (23.3), the Himalayas (24.2), and Alaska (18.8).

The values from the lower regions and Tateyama’s
melting seasons were relatively low: Chile (13.2 = 3.1),
Greenland (13.0 = 4.1), Tateyama (13.0 * 1.4), Nepali
and Bhutanese Himalayas (10.0 £ 1.3), China
(10.8 = 1.7), Kyrgyzstan (8.4 = 1.1), Alaska (10.7 = 1.4),
and Africa (7.2 * 0.8). Antarctic snow samples showed
much higher Ct values for the 16S rRNA gene despite the
large volume of sample analysed (about 2 | per sample).

We observed a widespread presence of antibiotic
resistance genes in all regions studied. Indeed, 45 out of
54 samples showed the presence of antibiotic resistance
genes. Higher detection was observed in the Central
Asian and Himalayan glaciers. Interestingly, most of the
Chilean glacier and Antarctic samples were free from
antibiotic resistance genes. The Ct values for the 16S
rRNA gene in Central Asian and Himalayan samples dem-
onstrate the higher bacterial density compared with other
sampling sites. In particular, the Antarctic and Chilean
glacier samples had a low bacterial density, suggesting
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the relative isolation of these areas from the global trans-
mission of airborne bacteria and/or harsher conditions for
autochthonous growth of bacteria.

Ct values for the 16S rRNA gene and all antibiotic
resistance genes did not show a strong correlation in
either fresh snow or glacial samples (r=0.166, P < 0.05
for glacial samples; r=0.103, P> 0.05 for fresh snow)
(Fig. 3A). The correlations between Ct values for the 16S
rRNA gene and aac(3), the most frequently encountered
antibiotic resistance gene, were also very low (r = 0.274,
P> 0.05) (Fig. 3B).
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This study concentrated on resistance genes rather
than resistant bacteria, and it is difficult to define the
source and origin of these genes. However, the low cor-
relation between Ct values for the 16S rRNA gene and
antibiotics resistance genes (Fig. 3) suggests that, when
detected on glaciers, the abundance of antibiotic resist-
ance genes is not affected by the site of sampling. A
NMDS (non-metric multidimensional scaling) plot of anti-
biotic resistance genes and 16S rRNA genes shows the
regional geographical distribution of resistance genes
(Fig. 4). The relative paucity of antibiotic resistance genes
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Fig. 4. Non-metric multidimensional scaling (NMDS) plot of antibiotic resistance genes and 16S rRNA gene from snow and ice samples. A
reciprocal of the matrix of the Ct values for antibiotic resistance genes and those for 16S rRNA genes was used to perform NMDS based on
the Bray-Curtis similarity measure using PAST 2.15 software (Hammer et al., 2001). The sampling regions are differentiated by colour.

Samples marked ‘S* are fresh snow samples.
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on Antarctic and Chilean glaciers suggests the contribu-
tion of airborne bacteria to the presence of antibiotic
resistance genes. Airborne antibiotic-resistant bacteria
may be limited to the Northern Hemisphere and adjacent
lower latitude zone of the Southern Hemisphere. This
hypothesis is supported by previous observations of
global aerosol and dust transmission, in which the
sources of aerosol and pollution are concentrated in the
Northern Hemisphere, and their export pathway from
the Northern Hemisphere does not affect the Southern
Hemisphere further south than 45°S (Stohl et al., 2002).

The detection of resistance genes in Greenland may
suggest some other method of transmission of resistant
bacteria, because major air circulation towards Greenland
originates from the North Pole and katabatic winds from
the ice sheet (Hobbs, 1945; Klein and Heinemann, 2002),
where no source of resistant bacteria is known. The
involvement of animals in the distribution of resistant bac-
teria is highly plausible. Certain drug resistant bacteria
were detected in the cloaca swab or feces of wild birds in
this area (Sjolund et al., 2008) and a significant number of
intestinal bacteria were detected in ice samples (Sheridan
et al., 2003). Moreover, previous reports demonstrated
that Greenland White-fronted Geese (Anser albifrons fla-
virostris) migrate between Britain and areas adjacent to
the Greenland sampling sites (Wernham et al., 2002), and
Northern Wheatear (Oenanthe oenanthe) migrate from
the eastern Canadian Arctic across Greenland and
Eurasia and into Alaska (Bairlein et al., 2012). However, it
is difficult to make a proper quantitative comparison of the
potential role of winds and wild birds in the dissemination
of antibiotic-resistant bacteria with our current data.

Of the resistance genes that were the more widely
detected among study sites, some are definitely of clinical
origin and others of agriculture origin. For example,
aminoglycoside acetyl transferases (AACs) such as
aac(3) and aacC, and aminoglycoside O-adenyl trans-
ferases (AADs) such as aadA, can be defined as being of
clinical origin (Boehr et al., 2005). Aminoglycoside antibi-
otics were developed as early as 1950, and the rapid
emergence of resistant bacteria induced the introduction
of fluoroquinolon in 1970s. In Asian countries located to
the west of the Central Asian glacier sampling sites, such
as Iran, nosocomial bacteria have shown a very high
resistance to gentamicin and tobramycin (Soroush et al.,
2010). If other western, central and southern Asian coun-
tries show similar tendencies to that of Iran, frequent
detection of these types of resistance genes in Central
Asian and Himalayan glaciers can be explained. This may
be true for India and China, where higher prevalence of
this type of resistance has been reported (Biedenbach
et al., 2009).

The gene strA has been detected with a high preva-
lence in many resistant bacteria (Sunde and Norstréom,
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2005). Streptomycin is of particular importance in agricul-
ture, and intensive horticulture and animal agriculture
might have contributed to the global dissemination of this
type of resistance over 50 years. Indeed, the presence of
the strA gene in plant pathogens has previously been
attributed to the widespread introduction of streptomycin
to agricultural crops (Sundin and Bender, 1996).

The metallo-B-lactamase encoding gene (blawme) was
detected in Asian and African glaciers (2002—2008) and
Japanese surface snow samples (1998). Our failure to
detect blawe in Greenlandic and Alaskan glacier samples
(2007 and 2001 respectively) was unexpected. Detection
of blayr indicates the distribution of clinical bacteria resist-
ant to carbapenem antibiotics. This type of resistance was
reported for the first time in 1995 (Arakawa et al., 1995).
Since then, nosocomial infection by these bacteria has
been reported in Europe, North America and Japan,
mainly associated with the Pseudomonads and Entero-
bacteriaceae (Osano et al., 1994; Minami et al., 1996;
Riccio et al., 2000). These types of resistant bacteria have
become endemic in many countries, though more recently
the prevalence in developed countries has decreased
(Fritsche et al., 2005). Contrary to this decline in preva-
lence of blaye-carrying bacteria in developed countries,
the prevalence is still reportedly high in India (Varaiya
et al., 2008). The detection pattern of blaue in this study
may reflect this tendency of higher prevalence of blae-
carrying bacteria in countries with less severe control of
antibiotic use (Smith and Coast, 2002; Zhang et al.,
2006). This point needs further elucidation. blawe is
located on large plasmids (Arakawa et al., 1995; Ito et al.,
1995) which enables the transfer of resistance to the
various Gram-negative rods. In this context, the dissemi-
nation of resistant P. aeruginosa could cause the onsite
emergence of blae harbouring bacteria, particularly with
cold tolerant pseudomonads such as P. putida or P. fluo-
rescence. Environmental transmission of this type of
resistance should be monitored in the future.

Sporadic detection of tetlV, including on Chilean gla-
ciers, is interesting, because this ribosomal protection
protein has been reported in livestock such as sheep and
pig, and it has been widely detected in a range of livestock
(Scott et al., 2000; Patterson et al., 2007) and in environ-
ments affected by animal agriculture (Koike et al., 2007).
Emergence of tetracycline resistance, ribosomal protec-
tion proteins, was first reported in Streptococcus agalac-
tiae (Burdett, 1980) and is now frequently detected in
nosocomial multidrug-resistant pathogens (Alekshun and
Levy, 2007; Mak et al., 2009).

In contrast to our earlier findings that Antarctic surface
snow samples are virtually free from resistance genes
(Ushida et al., 2010), here we detected the mefA/E gene
in one Antarctic snow sample from Patriot Hill, a site at
which researchers have been actively engaged in scien-
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tific expeditions since 1986 (Mellor, 1993). Although this
antibiotic resistance gene is thought to have originated in
surface bacteria on the Antarctic ice sheet, this was the
only Antarctic sampling site to have had regular human
activity in the last 25 years, and snow samples at all other
Antarctic sites were collected in areas which had not been
disturbed by previous or concurrent activity; therefore, we
speculate that human activity may be responsible for the
introduction of bacteria harbouring the mefA/E gene. As
previously shown for the Antarctic research base, the
direct human impact on transmission of antibiotic-
resistant bacteria cannot be completely excluded. The
international ‘Alien Program’ now catalogues materials
introduced into Antarctica by expeditions and research
programmes (Hughes et al., 2011). We propose here that
antibiotic-resistant bacteria may be classified as one such
‘material’ introduced by human activity.
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Fig. S1. Melting device for ice core analysis. Upper panel:
Top view of the melting head. Lower panel: Cross-section of
the melting head. The ice core samples were melted using a
device developed by our group that enabled us to obtain
water only from the inner portion of the cores; the 20 mm
thick outer layer was remained intact. For the Austdomen ice
core samples taken in 1999 by the Japanese Arctic Glacio-
logical Expedition (JAGE) (Motoyama et al.,, 2001), dating
was calculated by the delta 180 described by Watanabe and
colleagues (2001) and Isaksson and colleagues (2003). In
this experiment, the following three cores were studied: 6.34—
6.78 min depth (dated at 1991 year), 12.02—12.55 m in depth
(dated at 1980 year) and 50.78-51.28 m in depth (dated at

1900 year). The ice cores analysed in this study consisted of
superimposed ice (Motoyama et al., 2001). Complete sepa-
ration of the inner and outer cores is required to avoid con-
tamination by bacteria that can adhere to the cores during
drilling and storage. To determine whether any contamination
had occurred during handling or due to ice core cracks, a
solution of ~ 2 ng ul~" bacterial plasmid vector was applied to
the surface of the core samples. The vector contaminant was
not amplified from the inner part of ice core samples, but
amplified only with the outer layer of ice core samples by 45
cycles of PCR with vector-specific primers. Therefore, we
proceeded with further DNA analyses on the inner portion of
ice core samples.
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