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Cryoconite holes are vertical cylindrical melt holes in the glacier 
surface, which are produced when glacier surfaces with depo-
sition of wind-borne debris are heated by solar radiation 
(Wharton et al., 1985). The debris in the cryoconite hole is 
a mixture of inorganic and organic particulates. Most of the 
organic carbons contained in the cryoconite holes originate 
allochthonously rather than by autochthonous primary pro-
duction by autophototrophic bacteria or algae (Stibal et al., 
2008). Cryoconite holes are regarded to be an important gla-
cier habitat for microbial life, as sediments from cryoconite 
holes are characterized by lower pH values, finer texture, 
higher water content, and higher concentration of nutrients than 
samples from supraglacial moraines and kames, and support 
higher levels of microbial life (Stibal et al., 2006). Cryoconite 
holes have been known to support active microbial communities 
including bacteria, microalgae, fungi, and metazoans (Mueller 
et al., 2001; Takeuchi et al., 2001; Margesin et al., 2002; 
Säwström et al., 2002; Christner et al., 2003; Stibal et al., 2006). 
Maintaining a very low temperature with ice at the bottom, 
cryoconite holes are habitats harboring cold- adapted micro-
bial life and cold-active enzymes (Margesin et al., 2002, 2003b, 
2005, 2007; Christner et al., 2003).
  With the advancement of molecular techniques, cultivation- 
independent approaches for describing microbial diversity 
have opened up new perspectives for microbial ecology and 
have been widely used in research on microbial communities 
(Bai et al., 2006). Although cultivation-independent approaches 

avoid the limitations of traditional culture-based methods, by 
which approximately 1% of the environmental bacteria can 
be cultured by general laboratory practices (Kirk et al., 2004; 
Bai et al., 2006), the culture-based approach applied in this 
study has benefits over molecular approaches in some respects. 
It is not possible to determine and compare the physiological 
characteristics of samples using a molecular approach. Further, 
the characterization of culturable microorganisms can provide 
information on the ecological roles of at least some members 
of the microbial community, and thus may augment knowledge 
of community structure derived from direct molecular appro-
aches (Jiang et al., 2006). In addition, a culture-based approach 
is required to assemble a collection of micoorganisms on which 
to conduct biochemical, genetic and physiological experiments, 
and within which to probe inter- and intra-species interactions 
(Jiang et al., 2006).
  Microbial communities are highly sensitive to environmental 
changes and respond rapidly to changing environmental con-
ditions or anthropogenic stress (Webster and Negri, 2006). 
Although a number of studies on the relationship between 
the microbial community composition and human impacts or 
environmental gradients have been reported for various natural 
environments, including a stream-groundwater exchange zone, 
soils, caves, sediments, fresh water, coastal water, and biofilms 
(Øvreås et al., 1998; Paerl, 1998; Dorigo et al., 2002; Hancock, 
2002; Margesin et al., 2003a; Powell et al., 2003; Nocker et

al., 2004; Webster and Negri, 2006; Ikner et al., 2007), studies 
on the influence of human impact on microbial community 
composition of cryoconites have not been reported. In this 
study, the influence of human impact on the microbial com-
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 Samples used in this study

Sample No. Sampling date Locality (Austria) Altitude a.s.l. Parent rocks Human impact
Cr4 2006-08-23 Pasterze - Großglockner, Hohe Tauern 2200 m silicate 0 (absent)
Cr6 2006-08-25 Bankerferner - Wurmkogel, Ötztaler Alps 2820 m silicate 0 (absent)
Cr7 2006-08-25 Pitztaler Jöchl Ferner, Ötztaler Alps 2875 m silicate 0 (absent)
Cr9 2006-08-28 Tiefenbachferner - Ötztaler Alps 2900 m silicate 1 (weak)
Cr5 2006-08-23 Zugspitze - Zugspitz glacier 2620 m carbonate 2 (strong)
Cr3 2006-06-29 Eisgratferner - Stubaier glacier 2900 m silicate 3 (very strong)

munities of cryoconite holes from an alpine area was investi-
gated by comparing diversity and physiological characteristics 
of cultured bacterial isolates from samples of six cryoconite 
holes with different frequencies of human visits. Growth tem-
perature and hydrolytic enzyme secretion of microorganisms 
were studied based on the assumption that frequent human 
visits may increase the opportunity to introduce microorganisms 
of human origin and to enrich populations of microorganisms 
utilizing exogenous proteins and lipids.

Cryoconite samples were collected from mountains in the Austrian 
Alps during June and August 2006 and transported to the laboratory 
at the University of Innsbruck as quickly as possible. Samples (0.9 
ml) were placed into cryo-vials with 0.9 ml of 20% glycerol and trans-
ported to the laboratory at the Korea Polar Research Institute in 
an ice-box packed with dry-ice. They were preserved at -80°C until 
used. The degree of human impact on the sampling site was designated 
as 0 (none), 1 (weak), 2 (strong), and 3 (very strong) according to 
the frequency of human visits to the area of the sampling site. The 
altitude ranged between 2200 and 2900 m above sea level and the 
parent rock of the glacier was mostly silicate except for one sample 
with carbonate rock (Table 1).

For cultivation of bacterial isolates, samples were serially diluted up 
to 10-4 in sterilized distilled water and 100 l of the diluted sample 
suspension were spread on five kinds of medium: nutrient agar 
(Difco, USA), 1/10 diluted nutrient agar (0.1NA), R2A (Difco, USA), 
1/10 diluted R2A (0.1R2A), and YM agar (Difco) and incubated at 
10°C and 20°C for 7 days. Then, three to four colonies from each 
of the various similar colony types, considering size, shape, elevation, 
margin, color, surface texture, and opacity, were selected and trans-
ferred to fresh media. The subculturing was repeated twice or more 
until pure isolates were obtained. Pure cultures of bacterial isolates 
were preserved at -80°C in 20% glycerol.

Cell suspensions were prepared by adding a half-full loop (5 mm 
diameter) of cells from agar plates to 500 l of distilled water, with 
vigorous shaking using a vortex mixer. They were diluted 40 fold 
with sterilized distilled water and transferred to 96 well plates for 
replica plating. To examine the growth response to temperature, the 
suspension was inoculated onto solid media by replica plating with 
a 96 pin replicator (VP-408B, V&P Scientific, USA) and incubated 
at 4°C, 10°C, 15°C, 20°C, 25°C, 30°C, and 37°C for 3 days. Growth 
was evaluated by scoring as follows: 0, no growth; 1, the diameter 

of the colony was smaller than 4 mm and translucent; 2, the diameter 
of the colony was smaller than 4 mm and dense, or between 4 and 
8 mm and translucent; 3, the diameter of the colony was between 
4 and 8 mm, and dense; 4, the diameter of the colony was bigger 
than 8 mm. The secretion of protease and lipase was examined by 
replica plating onto 0.1 NA plates supplemented with 1% skim milk 
(Difco) or 1% tributyrate (Sigma, USA), respectively. The plates 
were incubated for 3 days for protease secretion, and for 7 days for 
lipase secretion at 10°C and 20°C. Enzyme secretion was scored as 
follows: 0, no clear zone; 1, faint clear zone; 2, clear zone was evident 
and width of clear zone was smaller than the radius of the colony; 
3, width of clear zone was bigger than the radius and smaller than 
the diameter of the colony; 4, width of clear zone was bigger than 
the diameter of the colony.

Bacterial strains were identified by sequence similarity and phyloge-
netic analysis of 16S rRNA gene sequences. The 16S rRNA gene 
was amplified from a single colony of pure cultures with two universal 
primers, 27F (5 -AGA GTT TGA TCM TGG CTC AG-3 ) and 1492R 
(5 -GGT TAC CTT GTT ACG ACT T-3 ), as described by Lane 
(1991). PCR was carried out with 25 l reaction mixtures containing 
1× PCR reaction buffer, 200 M of dNTPs, 0.2 M of each primer, 
a single colony as a template and 1 unit of Taq DNA polymerase 
(In-Sung Science, Korea). The PCR procedure included an initial 
denaturing step at 95°C for 5 min and 30 cycles of amplification (95°C 
for 30 sec, 56°C for 30 sec, and 72°C for 30 sec) and a final extension 
step at 72°C for 5 min. PCR products were purified using the 
AccuPrep PCR Purification kit (Bioneer, Korea) and sequenced with 
the same primers used for PCR amplification. The sequence of the 
16S rRNA gene was compared with that of type strains available 
in the EzTaxon database (Chun et al., 2007) to find closely related 
species and choose reference sequences for phylogenetic analyses. 
Phylogenetic trees were reconstructed by the neighbor-joining method 
(Saitou and Nei, 1987) based on the distance matrix generated ac-
cording to the Kimura’s two-parameter model (Kimura, 1980) using 
PHYLIP ver. 3.69 (Felsenstein, 2009). The confidence level of the tree 
topology was evaluated by bootstrap analysis using 1,000 sequence 
replications. Species affiliation of a bacterial isolate was determined 
when the isolate formed a monophyletic group with reference species 
and had 99% or higher similarity. Sequences were submitted to NCBI 
GenBank under the accession numbers HQ824836-HQ825082.

Two hundred and forty seven bacterial isolates were obtained 
from samples taken at six cryoconite sites with different levels 
of human impact. Most of the isolates could grow between 
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Frequency of bacterial isolates with different maximum 
growth temperature for samples with different level of human im-
pacts (HI).

Frequency of bacterial isolates without protease and lipase 
activities at 10°C and 20°C for samples with different level of human 
impacts (HI).

(A)

(B)

Comparison of protease (A) and lipase (B) activities at 10°C
and 20°C for samples with different level of human impacts (HI).

4°C and 30°C, while growth at 37°C was observed only with 
34 strains. Eighty nine isolates showed good growth (scores 3) 
at 4°C and the number of isolates of good growth increased 
gradually up 20°C and then decreased to 37°C: 10°C-96; 
15°C-106; 20°C-121; 25°C-96; 30°C-67; 37°C-18.
  The distribution of maximum growth temperature showed 
similar patterns among samples from sites with different de-
grees of human impact except for one sample from a site 
with weak human impact (Fig. 1). The frequency of bacterial 
isolates increased with increasing temperature, peaked at 30°C 
and dropped at 37°C. However, differences among samples 
were also observed when the data were carefully examined. 
The frequency of bacterial isolates that could grow only below 
20°C was 8% and 5% in samples from sites with no or weak 
human impact, compared to 0% and 1% in samples from 
sites with strong or very strong human impact, respectively. 
In contrast, the frequency of bacterial isolates that could grow 
at temperatures as high as 37°C was higher in samples from 
strongly impacted sites: 19% and 13% in samples from sites 
with strong or very strong human impact, compared to 13% 
and 5% in samples from sites with no or weak human impact, 
respectively.

  Among the 247 isolates, protease activity was observed for 
206 isolates at 10°C and for 197 isolates at 20°C. Thirty four 
and 37 isolates showed high protease activity (scores 3) at 
10°C and 20°C, respectively. Lipase activity was observed for 
215 isolates at 10°C and for 207 isolates at 20°C. Seventeen 
and 19 isolates showed high lipase activity (scores 3) at 10°C 
and 20°C, respectively. Isolates with no protease activity were 
frequent in samples from sites with no or weak human impact 
and were rare in a sample from a site with very strong human 
impact (Fig. 2). Isolates with no lipase activity were very rare 
in samples from highly impacted sites, but the differences 
among samples were not as high as for protease activity. 
Scores of enzyme activity at 10°C and 20°C were compared 
for each isolate. In most cases, protease activity at the two 
temperatures seemed similar, but isolates with higher protease 
activity at 10°C than at 20°C were frequent from sites where 
human impact was strong (Fig. 3). In contrast, a correlation 
of lipase activity with human impact was not evident.

The taxonomic affiliation of isolates was determined by a sim-
ilarity search and phylogenetic analysis of 16S rDNA sequences 
with type strains of closely related species. Bacterial isolates 
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Neighbor-joining tree of cryoconite isolates with closely related reference species based on the 16S rRNA gene sequences. Representative 
isolates for each phylotype are represented by bold letters. Branches supported by high bootstrap values (>70%) are represented by think 
lines.
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 Bacterial isolates from cryoconite samples and their physiology

Species name
Number of isolates Physiological characteristics

HIa 0 HI 1 HI 2 HI 3 Max. growth 
temp.b (°C)

Proteased Lipased

Cr4 Cr6 Cr7 Cr9 Cr5 Cr3 10°C 20°C 10°C 20°C
Actinobacteria

  Arthrobacter sulfonivorans 1 NDc

  Arthrobacter sp. [A] 1 30
  Arthrobacter sp. [B] 3 /30
  Arthrobacter sp. [C] 1 1 25
  Arthrobacter sp. [D] 3 20/25/30
  Arthrobacter sp. [E] 9 15/ /30
  Arthrobacter sp. [F] 1 25
  Rhodococcus qingshengii 1 30
Bacteroidetes

  Flavobacterium xinjiangense 1 5 1 ND
  Mucilaginibacter sp. [A] 1 37
  Mucilaginibacter sp. [B] 1 1 ND
  Olleya sp. [A] 4 9 1 8 1 20/ /30/37
  Pedobacter cryoconitis 1 20
Firmicutes

  Bacillus amyloliquefaciens 1 ND
  Carnobacterium maltaromaticum 1 37
Alphaproteobacteria

  Pseudorhodobacter sp. [A] 1 25
  Sphingomonas sp. [A] 2 1 20/25/30
  Sphingomonas sp. [B] 1 ND
Betaproteobacteria

  Janthinobacterium lividium 6 1 7 5 19 25/ /37
  Oxalobacteraceae [A] 1 30
Gammaproteobacteria

  Enterobacteriaceae [A] 2 30
  Enterobacteriaceae [B] 1 1 37
  Enterobacteriaceae [C] 3 /37
  Pseudomonas antarctica 2 25/30
  Pseudomonas brenneri 3 6 /37
  Pseudomonas fluorescens 9 6 2 23 /37
  Pseudomonas fragi 1 30
  Pseudomonas frederiksbergensis 7 1 1 /37
  Pseudomonas orientalis 1 1 1 30/37
  Pseudomonas psychrotolerans 1 30
  Pseudomonas trivialis 1 30
  Pseudomonas sp. [A] 2 30/37
  Pseudomonas veronii 16 14 6 2 4 29 /37
a HI, human impact classified according to the frequency of human visits.
b Mode of maximum growth temperature for each phylotype is represented by boldface font. When the number of bacterial isolates is same for each temperature, 
the mode value was not presented.
c ND, not determined
d The frequency of bacterial isolates with enzyme activity is shown by symbols: (<20%),  (20-80%), (>80%).

were included in Actinobacteria, Bacteroidetes, Firmicutes,
Alphaproteobacteria, Betaproteobacteria, and Gammaproteo-

bacteria (Fig. 4 and Table 2). Seven phylotypes of Arthrobacter

of the phylum Actinobacteria were isolated from pristine cry-
oconite sites with no human impact. In contrast, one isolate 
of Rhodococcus qingshengii in the same phylum was isolated 
from a site with high human impact. Flavobacterium xinjian-

gense of the phylum Bacteroidetes was usually isolated from 
sites with no human impact. Two phylotypes of Mucilaginibacter

were isolated from sites with no or weak human impact. A 
phylotype of Olleya was isolated from sites with no or weak 
human impact. One isolate of Pedobacter cryoconitis was iso-
lated from a site with very strong human impact. One isolate 
of Bacillus amyloliquefaciens of the phylum Firmicutes was iso-
lated from a sample taken at a pristine site. A phylotype of 
Carnobacterium of the same phylum was also isolated from 
a sample taken at a site with no human impact. One isolate 
of Pseudorhorobacter of the class Alphaproteobacteria was iso-
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lated from a pristine site and two phylotypes of Sphingomonas

were isolated from sites with weak or very strong human 
impact. Janthinobacterium lividum of the Betaproteobacteria

was one of the most frequently isolated species. It was iso-
lated from sites with no, weak and very strong human impact. 
One isolate labeled as Oxalobacteraceae [A], which was iso-
lated from a site with very high human impact, was related 
to Janthinobacterium and Duganella. Three phylotypes included 
in the Enterobacteraceae of Gammaproteobacteria were iso-
lated from samples with strong or very strong human impact. 
Ten phylotypes of Pseudomonas in the Gammaproteobacteria

were isolated from both pristine and human impacted sites. 
Among them Pseudomonas veronii was the most frequently 
isolated species.

Ellis et al. (2003) suggested that the culturable portion of the 
bacterial community appeared to be more affected by heavy 
metal contamination than the community as a whole and that 
difference makes a culture-dependent approach useful for de-
termining the impact of anthropogenic activity, which is pri-
marily responsible for such contamination. In this study, five 
kinds of media with different nutrient compositions and two 
different incubation temperatures, 10°C and 20°C, were used 
to increase the recovery of a diverse collection of microbial 
species from samples taken at sites with different levels of 
human impact. Two hundred and forty seven bacterial isolates 
were affiliated with Actinobacteria (9%), Bacteroidetes (14%),
Firmicutes (0.8%), Alphaproteobacteria (2%), Betaproteobacteria

(16%), and Gammaproteobacteria (59%). The dominance of 
Proteobacteria in the samples is consistent with a previous report 
(Bai et al., 2006), which showed that isolates related to the 
alpha, beta and gamma subdivisions of Proteobacteria were 
the typical and dominant group isolated from cold environ-
ments by cultivation methods.
  Maximum growth temperature of each isolate was inves-
tigated based on the hypothesis that higher levels of human 
activity may increase the opportunity to introduce bacterial 
species of human origin with higher maximum growth tempe-
ratures. Although the influence of human activities on the 
maximum growth temperature was not evident from the gen-
eral distribution patterns (Fig. 1), the frequency of bacterial 
isolates that could grow only below 20°C was low, while the 
frequency of bacterial isolates that could grow as high as 37°C 
was high in samples from strongly impacted sites, which sup-
ports this idea. Ikner et al. (2007) mentioned animals and 
plants as a source of organic matter. Inputs from warm-blooded 
animals are another possible source of microorganisms with 
high growth temperature in cryoconites; however we did not 
detect any sign of animal activity around the cryoconite holes.
  Two isolates that grow only below 15°C were included in 
Arthrobacter and nine isolates that grow only below 20°C were 
included in Arthrobacter, Flavobacterium, Olleya, Pedobacter,
and Sphingomonas (Table 2). Most of them were isolated 
from cryoconite samples taken at pristine sites. They were 
classified in Actinobacteria (6 isolates), Bacteroidetes (4 iso-
lates), and Alphaproteobacteria (1 isolate). Thirty one isolates 
that could grow at 37°C were included in Carnobacterium,
Enterobacteriaceae, Janthinobacterium, Olleya, and Pseudomonas

(Table 2). Of these, seventeen isolates were cultured from 
cryoconite sites with no or weak human impact, whereas four-
teen isolates were obtained from sites with strong or very 
strong human impact. They were classified in Bacteroidetes

(2 isolates), Firmicutes (1 isolate), Betaproteobacteria (3 iso-
lates), Gammaproteobacteria (25 isolates). From these results, 
it appears that bacterial species with low maximum growth 
temperatures tend to occur at sites with low human impact 
and are usually included in Actinobacteria and Bacteroidetes,
whereas those with a high maximum growth temperature 
show no correlation with the level of human impact and are 
usually included in Gammaproteobacteria.
  The relationship between human impact and maximum 
growth temperature among isolates of the same phylotypes 
was examined for Janthinobacterium lividium, Pseudomonas 

fluorescens, and Pseudomonas veronii, which were frequently 
isolated from sites with different levels of human impact. 
Isolates that could grow at 37°C were obtained from sites 
with both low and high human impact. Moreover, isolates 
having different maximum growth temperatures were observed 
at similar frequency in all of the samples (data not shown). 
These results indicate that the relationship between human 
impact and maximum growth temperature cannot be ex-
plained by ecotypic variation of phylotypes.
  Hydrolytic enzyme activities were investigated based on the 
assumption that human activities may increase exogeneous 
proteins and lipids in the cryoconite holes, and microorganisms 
adapted to the increased level of macromolecules would be 
more frequently detected at sites with stronger human impact. 
In this study, most of the bacteria isolated from a highly im-
pacted site showed protease and lipase activities (Fig. 2). 
However, the relationship between enzyme activities and human 
impact could not be generalized for all of the samples. The 
loose relationship may partly be explained by the small number 
of sites sampled for each level of human impact and the uneven 
number of bacterial isolates from each sample. On the other 
hand, the variation may partly be explained by different bacte-
rial communities among sites with a similar level of human 
impact. As an example, among three samples from sites with 
no human impact, the Cr6 sample had many isolates included 
in Actinobacteria as compared to the other samples (Table 2). 
As bacterial isolates included in Actinobacteria, Bacteroidetes,
and Alphaproteobacteria showed a low frequency of enzyme 
activities as compared to those included in Firmicutes, Beta-

proteobacteria, and Gammaproteobacteria, frequent isolation 
of Arthrobacter spp. from the Cr6 sample might have affected 
the frequency of enzyme activities in samples from sites with 
no human impact. The very low frequency of protease activity 
in Cr9, a sample from a site with weak human impact, can 
be explained by frequent isolation of Olleya sp. The high fre-
quency of protease activity in Cr3, a sample from a site with 
very strong human impact, can be explained by frequent iso-
lation of J. lividum and Pseudomonas spp.
  Previous studies on the correlation between the composi-
tion of a microbial community and human impact reported 
that anthropogenic impacts may influence the composition of 
microbial communities (Saul et al., 2005; Webster and Negri, 
2006; Ikner et al., 2007; Labbé et al., 2007). In a study on 
the impact of tourism on culturable microbial diversity in a 
limestone cave, it was reported that diversity decreased as 
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human impact increased and the abundance of phyla differed 
according to the degree of human impact. Proteobacteria were 
most abundant in the high impact areas, while Firmicutes pre-
dominated in the low and medium impact areas (Ikner et al., 
2007). Saul et al. (2005) reported that the composition of bac-
terial cultures obtained from around Scott Base, Antarctica, 
differed according to the hydrocarbon concentration. Actino-

bacteria (39%), Cytophaga/Flavobacterium/Bacteroidetes (CFB)
(18%), Proteobacteria (22%), and Low G+C Gram-positive 
bacteria (12%) predominated in the control samples, whereas 
isolates affiliated with Actinobacteria (26%) and Proteobacteria 

(65%) dominated in hydrocarbon-contaminated soil. Although 
the correlation was not clear, a predominace of Proteobacteria 

in samples from the more impacted areas was observed in 
the current study: 66% from sites with no human impact, 48% 
from the site with weak human impact, 100% for the site 
with strong, and 98% for the site with very strong human 
impact. In contrast, the proportion of Actinobacteria de-
creased; 16%, 0%, 6%, and 0% for no to very high degree 
of human impact. Webster and Negri (2006) reported that 
microbial diversity and abundance in biofilms established on 
artificial surfaces was affected by the degree of human impact 
and the dominance of bacterial groups across three differ-
entially contaminated Antarctic sites was as follows: Alpha-

proteobacteria, Gammaproteobacteria and CFB at the least im-
pacted site, green sulfur and sulfate reducing bacteria near 
the semi-impacted site and Planctomycetales and sulfate re-
ducing bacteria near the highly impacted site. Although studies 
of cultured microbial diversity may not reflect in situ microbial 
communities directly, the current study found that Actinobac-

teria and Bacteroidetes were enriched in cryoconite holes with 
no or weak human impact and some taxonomic groups in 
Gammaproteobacteria were enriched in samples from strongly 
impacted sites.
  The different isolation frequency of each taxonomic group 
seems to explain different physiological characteristics such 
as maximum growth temperature and enzyme secretion. These 
results can be explained partly by increased introduction of 
bacterial species with high growth temperature due to frequent 
human visits and partly by adaptation of bacterial species with 
various physiological characteristics to various environmental 
conditions resulting from human activities. 
  Culture-dependent approaches were applied to determine 
and compare the physiological characteristics of isolates. 
Although culture-dependent approaches for microbial com-
munity analysis are often criticized for their selectivity and 
inherent ‘culturability’ problems (Ellis et al., 2003), diversity 
and physiological characterization of microbial communities 
in cryoconites based on culture-based methods does provide 
basic information on how microbial diversity in an alpine glacier 
is affected by human activities.. Further studies on the physi-
ology of microorganisms and investigation of environmental 
conditions combined with culture-independent microbial di-
versity studies may provide a better understanding of the an-
thropogenic environmental changes and concomitant micro-
bial adaptations in cryoconite holes.
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