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A new approach for enrichment culture was applied to obtain cold-active protease-producing bacteria for
marine and terrestrial samples from Svalbard, Norway. The method was developed for the enrichment of
bacteria by long-term incubation at low temperatures in semi-solid agar medium containing meat pieces as
the main source of carbon and energy. ZoBell and 0.1 X nutrient broth were added for marine and terrestrial
microorganisms, respectively, to supply basal elements for growth. One to three types of colonies were
observed from each enrichment culture, indicating that specific bacterial species were enriched during the
experimental conditions. Among 89 bacterial isolates, protease activity was observed from 48 isolates in the
screening media containing skim milk. Good growth was observed at 4°C and 10°C while none of the isolates
could grow at 37°C. At low temperatures, enzyme activity was equal to or higher than activity at higher
temperatures. Bacterial isolates were included in the genera Pseudoalteromonas (33 isolates), Arthrobacter (24
isolates), Pseudomonas (16 isolates), Psychrobacter (6 isolates), Sphingobacterium (6 isolates), Flavobacterium
(2 isolates), Sporosarcina (1 isolate), and Stenotrophomonas (1 isolate). Protease activity was observed from
Pseudoalteromonas (33 isolates), Pseudomonas (10 isolates), Arthrobacter (4 isolates), and Flavobacterium (1

isolate).
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Cold environments represent a large proportion of Earth’s
area, including the Arctic, the Antarctic, oceans, and mountain
areas (Cowan et al., 2007). Numerous organisms, particularly
bacteria, yeasts, microalgae, and fungi, have successfully
colonized these environments. These organisms survive and
grow well due to unique molecular and physiological adaptations
despite the strong negative effect of low temperatures on
biochemical reactions. These adaptations include increased
structural flexibility of enzymes, unique lipid constituents of
cell membranes, and rapid synthesis of cryoprotectants and
cold-shock proteins (Gerday et al., 2000; Cowan et al., 2007).
In polar environments, where the concentration of small and
easily metabolizable molecules is very low because of the
absence of woody plants and limited residence time of higher
animals, extracellular enzymes secreted by cold-adapted
microorganisms play crucial ecological roles in the cycling of

organic matter (Staley and Herwig, 1993; Vazquez et al., 2004).

Cold-active enzymes secreted by these microorganisms exhibit
high catalytic efficiency at low and moderate temperatures,
and are easily inactivated by a moderate increase in temperature
(Gerday et al., 2000).

In addition to their ecological role in the natural
environment, cold-adapted enzymes have applications in the
agricultural, energy, food, medical, structural material, and
textile industries. For example, cold-adapted cellulase can be
used for biopolishing and stone-washing processes in the
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textile industry. B-Galactosidase is used at low temperatures
in the milk industry to reduce the amount of lactose, which is
responsible for severe induced intolerances in two thirds of
the world’s population (Gerday et al., 2000). Cold-adapted
enzymes have a high specific activity at low and moderate
temperatures and this property is economically beneficial due
to energy savings. Cold-adapted enzymes accommodate a high
level of stereo-specificity and minimize undesirable chemical
reactions that can occur at higher temperatures. They are
inactivated easily by a moderate increase in temperature.
These enzymes are both innovative and invaluable (Russell,
1998; Gerday et al., 2000) and can be extremely useful in
various applications. Among various kinds of industrial
enzymes, proteases have the largest part of enzyme market;
occupying approximately 60% (Dastager et al., 2008). They
also have a diverse field of utility in detergent preparations,
food industries, and meat and leather industries as well as in
human and animal digestive aids (Gerday et al., 2000;
Cavicchioli et al., 2002; Huston, 2008).

Protease-producing microbial strains have been obtained by
the wide application of direct screening by clear zone
formation on agar medium containing skim milk or casein
(Sookkheo et al., 2000; Zeng et al., 2003; Lee et al., 2005;
Zhou et al., 2005; Olivera et al., 2007; Dastager et al., 2008).
Enrichment by subculturing in liquid medium was also applied
for isolation of protease-producing bacteria (Dube et al.,
2001). In this study, a new approach to enrich cold-active
protease producing bacteria was devised and used as an



application for marine and terrestrial samples from Svalbard,
Norway. Analyses were also conducted on the physiological
characteristics and diversity of enriched bacteria.

Materials and Methods

Enrichment of cold-active protease-producing bacteria
Enrichment media were prepared by adding 3-4 pieces of 5 mm cubic
dimensions of pork in 20 ml aliquots of semi-solid ZoBell media (0.5 g
peptone, 0.1 g yeast extract, 0.01 FePO,, 6 g agar, 750 ml sea water,
250 ml DDW) for marine samples or 0.1xX NA media [0.8 g nutrient
broth (Difco), 6 g agar, 1,000 ml DDW] for terrestrial samples. The
media were then sterilized by autoclave in 50 ml transparent plastic
bottles (Figs. 1A and B). Twenty four terrestrial samples including soil,
snow, ice, fresh water, plant debris, animal excrement, and lichens,
and twenty two marine samples including biofilm, marine animals, sea
water, and sediments were taken from Ny-Alesund, Svalbard.
Inoculation of approximately 0.1 g of solid samples and 100 pl of
liquid samples in the enrichment media was completed at the
sampling site. Samples were then brought to the laboratory and
incubated at 4°C for 6 months.

Isolation of enriched bacteria

From the enrichment culture, inoculums were spread on the ZoBell
or 0.1xX NA media supplemented with 1% skim milk for marine or
terrestrial samples, respectively, and incubated at 15°C. Selections of
morphologically distinct colonies with or without hydrolytic zones
were made and further purified by repeated streaking on the same
medium. The pure cultures of bacterial isolates were preserved in
20% glycerol at -80°C.

Examination of temperature effects on growth and enzyme
activity
Revival of bacterial strains from glycerol stock was achieved by
inoculation on ZoBell or NA media and incubation at 15°C. Bacterial
cells were suspended in saline solution (0.85% NaCl) and dispensed
in 96-well microplate for replica plating. The cells were inoculated on
ZoBell or NA media and incubated at 4, 10, 15, 20, 25, 30, and 37°C
for three days to examine temperature effects on growth. The amount
of growth was scored as a ‘4’ when a dense colony was formed with the
colony diameter >8 mm, a ‘3’ when a dense colony was formed with
the colony diameter between 4 and 8§ mm, a ‘2’ when a loose colony
was formed with the colony diameter >4 mm or a dense colony was
formed with the colony diameter <4 mm, a ‘1’ when a loose colony
was formed with the colony diameter <4 mm, and a ‘0’ when no
growth was observed.

The cells were inoculated on ZoBell or 0.1xX NA supplemented
with 1% skim milk and incubated at 4°C, 10°C, and 20°C for a week
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Fig. 1. (A), (B) Enrichment media incubated for 6 months after
sample inoculation. (C) The formation of hydrolytic zones on the
ZoBell agar plate supplemented with 1% skim milk after incubation
at 4°C for 7 days.
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(Fig. 1C) to examine temperature effects on protease production and
activity. Protease activity was scored as a ‘4’ when the width of clear
zone is bigger than colony diameter, a ‘3’ when the width of clear zone
was between colony radius and diameter, a 2’ when clear zone is
evident but width of clear zone was smaller than colony radius, a ‘1’
when faint clear zone was formed, and a ‘0’ when no clear zone was
formed.

Identification of bacteria

The 16S rRNA gene was amplified from a single colony with 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)
and Lee ef al. (2006). PCR products were purified using LaboPass™
PCR Purification kit (COSMO, Korea) and directly sequenced using
primers described by Lane (1991). Initially, an almost full length
sequence of the 16S rRNA gene was compared with the sequences of
type strains available in EzTaxon database (Chun et al., 2007) to
determine taxonomic affiliation. Identity of bacterial isolates was
determined based on the sequence similarity and phylogenetic
relationships reconstructed by a neighbor-joining analysis (Saitou and
Nei, 1987) based on a distance matrix calculated by Kimura’s 2-
parameter evolutionary model (Kimura, 1980). This analysis included
sequences of type strains of closely related species.

Results

Isolation of enriched colonies

In most cases, one to three types of colonies were observed
when the enriched semi-solid agar was spread on the solid
media. This indicated that specific bacterial species were
enriched during the experimental conditions. In total, forty
two bacterial colonies were isolated from twenty two marine
samples and forty seven colonies were isolated from twenty
four terrestrial samples. As shown in Table 1, out of all the
samples, thirty seven marine colonies and fourteen terrestrial
colonies formed clear zones on the screening media.

Temperature for growth and enzyme activity

Most of the bacterial isolates could grow at 4°C while none of
the strains could grow at 37°C. Maximum temperature for
growth was 20°C for twelve isolates, 25°C for twenty one
isolates, and 30°C for fifty six isolates. Optimum growth
temperature could not be clearly defined with the scoring
method used in this study for the colony diameter and density
on the agar media. However, in most cases, fairly good growth
was observed at 4°C and 10°C (data not shown).

Protease activity was observed at 4°C, 10°C, and 20°C from
forty five isolates, 10°C and 20°C from one isolate, 10°C from
one isolate, and 20°C from one isolate. Enzyme activity scores
at low temperatures were equal to or higher than high
temperature in most cases, which was revealed by a higher
average of enzyme activity scores (Figs. 2-4).

Diversity of bacterial isolates

It was revealed that eighty nine bacterial isolates were
included in eight genera from the similarity search and
phylogenetic analyses of 16S rDNA sequences with type
strains of each genus (Table 1). The biggest number of isolates
were included in the genus Pseudoalteromonas (33 isolates),
followed by Arthrobacter (24 isolates), Pseudomonas (16
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Fig. 2. Phylogeny of Pseudoalteromonas species reconstructed by neighbor-joining method. Branches supported by higher than 70% bootstrap
values are represented by thick lines. Protease-producing isolates are indicated in bold. Scores for protease activity at 4, 10, and 20°C and sources
for the isolates were represented in parentheses, where Ter and Mar indicate terrestrial and marine samples, respectively.
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Fig. 3. Phylogeny of Arthrobacter species reconstructed by neighbor-joining

film)

method. Branches supported by higher than 70% bootstrap values

are represented by thick lines. Protease-producing isolates are indicated in bold. Scores for protease activity at 4, 10, and 20°C and sources for
the isolates are represented in parentheses, where Ter and Mar indicate terrestrial and marine samples, respectively.

isolates), Psychrobacter (6 isolates), Sphingobacterium (6
isolates), Flavobacterium (2 isolates), Sporosarcina (1 isolate),
and Stenotrophomonas (1 isolate). Most of the Pseudo-
alteromonas isolates were from marine samples (Table 1). It
was determined from the phylogenetic analysis that the
isolates were phylogenetically very diverse and protease was
produced by all of them on the screening media and, in most
cases, with higher activity at low temperatures (Fig. 2). Most
of the Arthrobacter isolates were isolated from terrestrial

samples (Table 1). Among the twenty four isolates, protease
activity was detected from four isolates, which are related to
Arthrobacter sulfureus and Arthrobacter gangotriensis. Protease
activity was not detected from seventeen isolates related to
Arthrobacter stackebrandtii and Arthrobacter psychrolactophilus,
two isolates related to A. sulfureus, and one isolate related to
A. gangotriensis (Fig. 3). All of the Pseudomonas strains were
isolated from terrestrial samples (Table 1). Distribution of ten
protease-producing isolates occurred in five phylogenetic



430 Kim et al.

Xanthomonas cucurbitae LMG 690T

1
Pseudomonas meridiana CMS 38T

Pseudomonas veronii CIP 104663T
KOPRI 25429 (4-4-4, Ter, soil)

KOPRI 25439 (0-2-1, Ter, fresh water)
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KOPRI 25489 (4-3-4, Ter, animal excrement)
KOPRI 25440 (3-3-3, Ter, animal excrement)
Pseudomonas lundensis ATCC 49968T
KOPRI 25401 (Ter, fresh water)
KOPRI 25402 (Ter, ice)

KOPRI 25400 (1-4-4, Ter, fresh water)
KOPRI 25414 (3-3-4, Ter, fresh water)
KOPRI 25416 (2-2-2, Ter, fresh water)

KOPRI 25424 (2-1-1, Ter, animal)
Pseudomonas psychrophila E-3T

KOPRI 25397 (Ter, animal excrement)
KOPRI 25418 (Ter, animal)

KOPRI 25508 (0-0-1, Ter, plant debris)
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0.01

Fig. 4. Phylogeny of Pseudomonas species reconstructed by neighbor-joining method. Branches supported by higher than 70% bootstrap values

are represented by thick lines. Protease-producing isolates are indicated in bold. Scores for protease activity at 4, 10, and 20°C and sources for
the isolates are represented in parentheses, where Ter and Mar indicate terrestrial and marine samples, respectively.

lineages. The relationship between protease-producing ability
and phylogenetics was not evident as closely related isolates
showed different protease activity (Fig. 4). Six isolates from
marine biofilm and animal samples of the genus Psychrobacter
were related to Psychrobacter cryohalolentis and Psychrobacter
cibarius. Protease activity was not detected from either of
these isolates (data not shown). Six isolates of Sphingo-
bacterium were divided into two monophyletic lineages and
each of the lineages contained three isolates from terrestrial
soil and fresh water, respectively. The lineage of fresh water
isolates was related to Sphingobacterium faecium. A sister
relationship with a group composed of Sphingobacterium
anhuiense, Sphigobacterium kitahiroshimense, S. faecium, and
fresh water isolates was formed with the lineage of terrestrial
soil samples. Protease activity was not detected from these
isolates (data not shown). High protease activity was detected
in one of the two Flavobacterium isolates from terrestrial soil,
which is related to Flavobacterium hydatis. No protease
activity was detected in the other Flavobacterium isolate from

the soil sample, which is related to Flavobacterium pectinovorum.

Protease activity was not detected from the isolate of Sporo-
sarcina. The isolate was related to Sporosarcina psychrophila
(data not shown). An isolate of the genus Stenotrohomonas
from the terrestrial soil sample also did not exhibit protease
activity. The isolate was related to Stenotrophomonas humi,
Stenotrophomonas  nitritireducens, Stenotrophomonas terrae,

and Pseudomonas pictorum.
Discussion

A new approach to enrich cold-active protease-producing
microorganisms was tested with terrestrial and marine samples
from the Arctic in this study. Formulation of this method was
based on the assumption that microorganisms producing cold-
active protease will survive at low temperatures after long
time incubation when protein was supplied as a main source
of energy and carbon. ZoBell and 0.1X nutrient broth were
added for marine and terrestrial microorganisms, respectively,
to supply basal elements for growth. Semi-solid agar medium
was used by adding 0.6% agar to the medium to suppress
growth of microorganisms dependent on hydrolyzed nutrients
by protease-producing microorganisms by reducing diffusion
rate of hydrolyzed protein. Results of bacterial enrichment, in
which only one to three types of bacterial colonies were
recovered from each enrichment culture, imply that finite
species of bacteria were enriched by the process tested in this
study. In addition, the implications of very good growth and
high protease activity at low temperatures are that enrichment
was carried out to enhance bacterial populations that are well
adapted to the test condition, which is characterized by low
temperatures and protein as a main nutrient.

Although the bacterial isolates from the enrichment culture



Table 1. Bacterial isolates from Arctic marine and terrestrial samples

Number of
Number
Genus Samples of P rotea.se—
isolates s‘ecretmg
isolates

Arthrobacter Marine 2 1
(Actinobacteria) Biofilm 1 0
Sea water 1 1
Terrestrial 22 3
Animal 2 1
oerement 20
Fresh water 5 0
Ice 1 0
Lichen 1 0
Moss 2 0
Plant debris 4 0
Snow 2 0
Soil 3 2
Flavobacterium Terrestrial 2 1
(Bacteroidetes) Soil 2 1
Pseudoalteromonas Marine 33 33
(Gammaproteobacteria) Animal 4 4
Biofilm 20 20
Sea water 6 6
Sediment 3 3
Pseudomonas Terrestrial 16 10
(Gammaproteobacteria) Animal 3 2
il s
Fresh water 5 4
Ice 1 0
Plant debris 2 1
Soil 2 1
Psychrobacter Marine 6 0
(Gammaproteobacteria) Animal 1 0
Biofilm 5 0
Sphingobacterium Terrestrial 6 0
(Bacteroidetes) Fresh water 3 0
Soil 3 0
Sporosarcina Marine 1 0
(Firmicus) Sea water 1 0
Stenotrophomonas Terrestrial 1 0
(Gammaproteobacteria) Soil 1 0
Total 89 48

were classified into eight genera, most of the protease-
producing isolates were included, with high phylogenetic
diversity, in Pseudoalteromonas and Pseudomonas. 55% of
total isolates and 90% of protease-producing isolates were
accounted for by the two genera. The two genera have been
reported as main sources of protease-producing bacteria from
the marine environment (Chen et al., 2003; Zeng et al., 2003;
Lee et al., 2005; Zhou et al., 2005; Olivera et al., 2007).
Including the two genera mentioned above, Psychrobacter and
Stenotrophomonas, Gammaproteobacteria recovered in this
study have been reported as a major bacterial group from cold
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environments including sea ice, glacier, and marine sediments
(Groudieva et al., 2004; Olivera et al., 2007; Salwan et al.,
2010). It was revealed that many of the bacterial isolates from
cold environments had higher or equivalent hydrolytic enzyme
activities at low temperatures than at high temperatures in
these studies (protease scores in Figs. 2-4). Arthrobacter and
Flavobacterium included some of the protease-producing
isolates. These protease-producing isolates have been isolated
from various environments including soil, sediment, biofilm,
volcanic rocks, glacier, and sea water (Zhu et al., 2003; Chen et
al., 2005; Heyman et al., 2005; Kageyama et al., 2008; Ding et
al., 2009; Fu et al., 2010; Yoon et al., 2010). There were twenty
four isolates of Arthrobacter obtained in this study and isolated
from various marine and terrestrial samples including biofilm,
sea water, ice, soil, fresh water, and several kinds of biological
materials (Table 1). It is suggested that diverse Arthrobacter
species are distributed in many different natural environments
from these results and previous studies.

No protease activity was detected from the isolates included
in Psychrobacter, Sphingobacterium, Sporosarcina, and Steno-
trophomonas. Activity was only detected from several isolates
of Arthrobacter. These were unexpected results as they were
isolated from enrichment culture with protein as major carbon
and energy sources. No protease activity detection from
enriched bacterial isolates could be explained by failure of
protease activity detection on the screening media because
only skim milk was tested as a protease substrate. Otherwise,
it can be explained by bacterial growth dependent on the
hydrolyzed nutrient by other microorganisms. Further studies
using various substrates to detect protease activity, co-
cultivation experiments, or cultivation of pure culture with
meat as sole carbon and energy sources are required for
clarification.

Providing protein as main sources of energy and nutrients
in the semi-solid agar medium, enrichment of cold-active
protease-producing bacteria was quite successful by long-term
incubation at low temperatures in this study. This strategy can
be applied to the isolation of bacteria with lipase, chitinase,
cellulase, hemicellulase or other hydrolyzing enzyme activities
by modification of substrates and incubation temperature.
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