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Abstract The potential of 324 bacteria isolated fran different habitats i polar o-
ceans to produce a variety of extracellular enzym atic activities at low tamperature was
nvestigated By plate assay lipase protease anylase gelatinase agarase chitr
nase or cellulase were detected L ipases were generally present by bacteria living n
polar oceans Protease-producing bacteria held the second highest proportion n cuk
turable isolates Strains producing anylase kept a relative stable proportion of around
30 i different polarmarine habitats A 1150 A rctic sea-ice bacteria producing pro-
teases were cold-adapted strang however only 2000 were psychrophilic 98% of
then could grow at 3% NaCl and 560 could grow without NaCl On the other
hand 98% of these sea-ice bacteria produced extracellular proteases w ith optinum
tanperature at or higher than 35C, well above the upper tanperature lin it of cell
growth Extracellular enzymes ncliding anylase agarase cellilase and lipase re-
leased by bacteria fran seaw ater or sedment n polar oceans most expressed maxr
mum activities bew een 25 and 35°C. Among extracellular enzym es released by bacte-
rial stram BSw20308 protease expressed maxmum activity at 40C, higher than
35C of polysaccharide hydwlases and 25C of lipase
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1 Introduction

Teanperature is one mportant environrmental factor for life as it nfluences the basic
canponents of a cell and most biochen ical reactions of an organign. O rganisns usually
grow beween 0 and 100C, with the greatest diversity being observed betw een 15 and 45C
( Cumm ings and B lack 1999). H owever more than 7000 of the Earth § surface is occupied
by cold ecosystans ncliding the ocean depths polar and alpine regions with a tenpera-
ture usually below 5°C (Feller and G erday 2003). In A rctic and A ntarcticm arine hab itats
tem perature of seaw ater and sedinents is near — 1'C, sea ice even low to — 35C mnw inter-
tme (M argesin and Schinner 1994 Dean ing 2002). Despite the severe environmental con-
ditions nvestigations on m icrobial canmunities i polar oceans have shown that num erous

m icroorganign s prokaryotic and eukaryotic with their own strategies for cold adaptation
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have successfully colonized in these pem anently cold habitats fran surface sea ice and wa-
ter to deep-sea sedment (Helmke and W eyland 1995 Priddle et al 1996 Thanas and
Dieckmann 2002 Purdy et al 2003 Rugeret al 2000).

Cold-adapted m icroorganians includ ng heterotrophic bacteria yeast and cyanobacte-
rig play a significant role m the cycling of catbon nitrogen and other elan ents and materr
als n polarmarme ecosystans and the n-situ biodegradation and bioranediation (R wkin
and Legendre 200, Huston and Den ing 2002 Cunm ings and B lack 1999 Den ng 2002
M argesin and Schinner 200L; N ichols 2003). They are essential canponents of the polar
pelagicmarme food webs Inmarmne environments a portion of non-living organic matter is
consum ed directly by grazers The rest is subject to degradation by heterotrophic bacteria
M ost of the organicmatter in aquatic environments is too large for direct uptake by bacteria
(Thuman 1985 Chrost 1991), hence degradation by extracellular enzymes is necessary
first (Rogers 1961 Billen 1984). Extracellular enzyme activity has been regarded as the
rate-lin iting step n m icrobial degradation of high molecular weight organic matter n the
marme environment (Hoppe 1991 M eyerReil 1991).

In addition to their mportant roles in polarm arine environm ents m icrobial extracellu-
lar enzym esw ith optm al activity at low temperature provide opportunities to study the adap-
tation of life to cold and the potential for biotechnological exploitation ( Cavicchioli et al
2002 Gerday et al 200Q N icholsetal 1999). Bacteria that produce cold-active heat-
labile enzymes are recognized as attractive candidates for the applications such aswaste dr
gestion and cleaning agents in cold enviroorments food processing and preservation molec-
ular biology and ndustrial processing that benefits fran rapid mactivation of enzym atic reac-
tions

Cold-adapted m icroorganism s are one mportant exploitable source for cold— active en-
zymes In recent years a large numbers of cold-adapted m icroorganism s have been isolated
and purified fran different habitats in A rctic and Antarctic oceans and a series of siudies
on screening for cold-active enzyme products have been conducted ( Dan ng 2002 Cavic-
chioliet al 2002).

It is the objective of this study to mvestigate the potential of hundreds culturable cold-
adapted bacteria isolated fran polar oceans to produce various enzym es at low temperatures
A large number of isolates fran A rctic and A ntarctic oceans were found to have capacity of
producing a variely of enzymes ncluding protease cellulase lipase agarase gelatnase
chitinase or anylase Parts of enzym es were characterized by detem ining the effect of tem-
perature on enzym atic activities

2 M aterials and m ethods

Sample collection bacterium isolation and cultivating conditions

Sea ice sanples were collected fran Canada Basin and Greenland Sea n 2002 sedr
ment sanples obtaned fran Chukchi and Bering Sea m 1999 and seaw ater sanpled fran
A ntarctic Prydz Bay beween 1999 and 2002 Seaw ater sanples were spread directly on pre
— cooled ZoBell 2216E agar plates and incubated at4— 6°C for 40 days Sea ice sanples
firstly weremelt in sterile seaw ater at 4C i the dark then were processed by spread plate
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method for bacterum isolation A fter suspension and dilution w ith sterile seaw atey marmne
sediment sanples were processed using the sane isolation method as seawater sanple Zo-
Bell agar plate was prepared as described by Truong et al (2001) with the follow ngmod
fied canposition 1 liter n-situ seaw ater containing 5 g peptong 1 g yeast extract Q 1 g
FePO, and 15 g agar A total of 324 marme bacterial isolates were collected

Screening for enzym atic activities
Using smilar plate-screening techniques on marine bacteria amylase cellulase

chitnase proteasg gelatmase and lipase activities were tested on Zobell 2216 E agar
plates supplamented w ith starch carboxymethylcellulose colloidal chitin casem gelatin
( each canpound Q %, wt/vol) and trbutyrm (Q %, vol/vol) as substrate respec-
tively A fier 5-20 days at 5-10C, a positive reaction was noticed when clear zone around
the colony was directly visible or detected after precipitation or coloration of the undegraded
substrate (Castro et al 1993 Teather andW ood 1982). In the case of agarase activity a

positive reaction w as noticed when colonies sunken occurred on Zobell 2216E agar plate

G row th tenperature range
Suspensions ofm icrobial cells ( pre-grovn in ZoBell 2216E media at 6C) were nocu-
lated onto ZoBell 2216E agar plates Agar plates then were ncubated at § 20 35 and

42°C, respectively Growth wasmonitored up to an ncubation tine of 7 days

G row th salt concentration range

A ccording to a ratio of 1© 100 ( vol* vol), microbial cells grow ng n ZoBell 2216E
mediawere mnoculated nto Luria-Bertanim edia ( Sanbrook et al 1989) contammngQ 3 5
and 100o (wt/vol) NaCl respectively Bacteria grew at 10C for 2 days Cell grow th was
monitored by the mcrease m optical density at 600mm (ODgy ).

Characterization of enzym e activities

Cellswere grown mn Zobell 2216E medum, and harvested by centrifugation at 4000
mm, 4C for 10m n  Supematantwas used as crude enzyme preparation To test the effect
of temperature on enzym atic activity enzym e-substrate m xture was incubated at 5-55C for
30min respectively

Protease

I m | of crude enzym e preparation was added to 1. Smlof50mmol [ ! phosphate buffer
(pH7 0) contaning 1% (wt/vol) casein A fter mcubating at 35°C for 30m n  the reac-
tion was stopped by adding2 5m1ofQ 4mol ' trichloroacetic acid (TCA). M iturewas
filtered and the filtrate was used to estmate the lberated proteolytic peptides by themeth-
od of Folmn phenol regent (Lowry et al 1951). Absoibance at 680 nm wasm easured w ith
a spectrophotan eter One unit of protease activity was defmed as the anount of the enzyme
releasing 1 Hg of tyrosine per I m in at 35°C.
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L ipase

Lipase activity was detem ined by titrmetry according to Deerl and Akpmnar ( 2002)
with littlemodification L ipase assay was perfomed w ith an olive oil substrate consisting of 4
mlof 23% (vol/vol) olwe oil anulsion and Sm 1 of 25mmol ! phosphate buffer (pH7 5).
O lwe oil contaming 2% (wt/vol) polyvinyl alcoholwas first enulsified 1m 1 of crude en-
zyme solution was added to olive oil substrate solution The enzym e-substrate m Xture w as
ncubated at 35C for ISmmn and the reaction was tem mated by adding 15 m1 of 9%
(vol/vol) alcohol A fter adding 3 drops of phenolphthalem ndicatoy the liberated fatty
acids were titrated w ith 50mmol T ' N&OH till them xture wumed into pink color One unit
of activity was defned as the quantity of enzym e necessary to liberate the equivalent of 1 K
mole of acid (H" ) fran olive oil perm in for perm 1 under the conditions of the assay

Cellulase

Cellulase activity was assayed by analyzing reducing sugars released as a result of en-
zyme reaction w ith substrate of (MC. 1 m | of crude enzym e preparation were added to 1. 5
m1of 50 mmol ' phosphate buffer (pH7 0) contammng Q % (wt/vol) CMC A fter m-
cubation at 35°C for 30m in  the reaction was stopped by adding 2 Sm | of 3 5-dnitrosalr
cylic acd (DNS) solution and was mncubated n boiled water for 6m in The reductive sug-
ars released fran the reaction were detem ned using the DNSmethod (M iller 1959), w ith
glicose as standard The absorbance at 530 nm wasmeasured One unit of cellulase activr

ty was defined as the anount of enzyme releasing 1 Hg of glicose per 1 m in at 35°C.

Amylase

Amylase activity was measured by ncubating 1 m1 of crude enzyme solution with 1L 5
mlofQ 3% (wt/vol) soluble starch m S0 mmol I phosphate buffer (pH7 0) at35C for
30m m The release of reducing sugars was exan med using the DNS method One unit of
anylase activity was defined as the anount of enzyme releasing 1 Hg of glicose perm n un-
der the assay conditions

3 Results and discussior
3 1 Screening for enzymatic actwities

Plate assay showed that a large number of bacteria isolated fran various habitats n po-
lar oceans mcliding A rctic sea ice and marine sedment Antarctic seawater produced a
variety of extracellular enzymes at low temperature (Table 1, 2 and 3). Lipaseswere gen-
erally present by bacteria lving in polar oceans enzyme— producing strans holding the
highest proportion i isolates fran 7% i A rctic sea ice ncreasing to 9% n A rcticma-
rine sedment [t ndicates that marine bacteria n polar oceans are mportant potential
source for novel cold-active lipases

Though less than lipase-producing straing protease-producing bacteria was also can-
mon in polar oceans with a proportion betveen 37 and 650 . Itwasmentioned that in A rc-
tic sea ice the proportion wasmuch higher than that n A rcticmarmne sedinent or Antarctic
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surface w ater
Canparing w ith bacteria producing lipase or protease strains producing anylase kept a
relative stable proportion of around 30% m different polarm arme habitats

Table 1. Potential of 162 bacterial strams ( = 1000 ) isolated fran A retic sea ice to produce enzymes at 5°C

Enzym atic activity L ipase Protease Gelatinase Amylase  Chitinase A garase
BacteriaNa 117 106 95 50 13 0
(1007 = 162) % 72 2 63 4 58 6 309 8 0

Table 2 Potential of 88 bacterial strans ( = 1000 ) isolated fran Antarctic surface seaw ater to produce en-

nmes at 10C

Enzym atic activity L ipase Protease Amy lase Cellulase A garase
BacteriaNo 71 33 28 10 6
(10000 = 88) % 80 7 375 3L 8 11 4 69

Table3  Potential of 74 bacterial strams ( = 100% ) isolated fran A rcticmarmne sediment to produce enzym es

at5C
Enzym atic activity L ipase Protease Amy lase Cellulase A garase
BacteriaNa 70 31 18 9 0
(100% = 74) % 94 6 419 24 3 12 2 0

A concept has been accepted that hydrolytic enzymes in aquatic environments are in-
duced by the presence of polymeric substrates ( Chrost 1991, Vetter and Dean mg 1999).
M ostm icroorganian cells have the ability to alter theirmeanbrane fatty acid canposition as
tem perature changes in order to keep theirm enbrane at nearly the sane fluidity and peme-
ability ( Russell 1990). Besies the mncreasing of lipid content n cell (M argesin and
Schinner 1994), the unsaturated to saturated fatty aci ratio n cell menbrane mncreased
when tenperature dropped fran 20 to 5 degrees C (Erdal et al 2003 Zsiros et al
2000). People have begun to consider the bacterial roles for the mput of PUFA ( polyunsat
urated fatty acid) tomarme food webs and regard that the PUFA -producing bacteria m ay
play an mportant role i the food web of global polarm arine ecosystans (N ichols 2003).
The majority of PUFA -producers are characterized as being psychrophilic and halophilic
(Russell and N ichols 1999 Kato and Nogi 2001, Kato 1999). These physiological traits
have nfluenced the ecological distribution of PUFA -producing bacteria n the marine envr
rooment A high proportion of lipase-producing strains in culturable isolates fran polar o-
ceans may reflect a fact of lipid material ncluding PUFA w idely existing in polar cold ma-
rine ecosystem s

Extracellular proteases play an mportant role n influencing the nitrogen content of or-
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ganic matter regardless of bemg m cold or tanperate marme envirooments and the danr
nance of protease activity over other extracellular enzym atic activity has been docum ented
(Christian and Karl 1995 1998 Hoppe et al 1998 Huston and Dan ng 2002 Sm ith et
al 1992). The observation that a high proportion of protease-producing bacteria occurred
in isolates fran polar oceans indicates the mportance of proteases and enzym e-producing

bacteria n polarmarine ecosystan s
3 2 Effect of environmental factors on cell graw th of sea-ice bacteria

Sea ice provides a unique habitat for bacteria and m icroscopic plants and anmals that
are encased n an ice matrx (Thanas and D ieckmann 2002 Staley and Gosink 1999).
Teanperature and salinity are tvo mportant environm ent factors mfluencing bacterial survival
and activities (A ckley and Sullivan 1994). 50 bacteria isolated fran A rctic sea ice show ing
strong extracellnlar protease activity were chosen for mvestigating the effect of environm ent
factors on bacterial grow th

No sea-ice bacteria grev when temperatures higher than 42°C (Table 4), suggesting
all bacteria were cold-adapted strams Only 2000 of then with an upper growth lm it at
20C were psychrophilic organisn. Research showed that even in pem anently cold environ-
ments at least 50% of the bacteria were not psychrophilic ( Delille and Perret 1989).
H owever the proportion of psychrophiles in A rctic sea-ice bacteria was much lower than
that n Antarctic sea ice for 43% of the isolated strans are psychrophilic ( Bowman et al

1997).

Table 4  Effect of tanperature on cell grow th of 50 A retic sea-ice bacteria

Tanperature( C) 6 20 35 42

Percentage of grow ng strams(% ) 100 80 24 0

Sea-ice bacteria usually originate fran bacterioplankton n seawater ( Thanas and
D ieckmann 2002 Staley and Gosink 1999). In canparison w ith the Antarctic w ith an iso-
lated geography characteristic the A rctic not only has higher annual mean temperatures
but also ismore mfluenced by surrounding continents At the sane tme the A rctic ocean
experiences frequently exchanging of material and energy between A rctic cold waters and
wam waters inflow ng fran the Pacific and the A tlantic These factors may contribute to a
low proportion of psychrophilic bacteria n A rctic seawater then result the proportion of
psychrophilic bacteria n A rctic sea ice lower than that n Antarctic sea ice

O8% of these sea-ice isolates grew at 3% NaCl (Table 5), which was equal to the
mean seaw ater salinity On the other hand 56% of than could grow m mediaw ithout any
sodim chloride suggesting a possibility that these bacteria originated fran A rctic terrestrr
al habitats The A rctic is actually an ocean surrounded by contmnents and every year in-
flow ing freshw ater can bring rich terrestrial organicm atter nutrition and m icroorganisns in-
to the ocean A terrestrial nfluence on A rctic pack ice canmunity was suggested by the

presence of Imnic phylotypes ( Brinkmeyer et al 2003).
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E ffects of tamperature and salt concentration on sea-ice bacterial grow th reflected the
result of environm ental selective pressures on m icroorganisns existing in polar oceans

Table & Effect of salt concentration on cell grow th of 50 A retic sea-ice bacteria

Salt concentration( N aC 1% ) 0 3 5 10

Percentage of grow ing strains(% ) 56 98 71 2

3 3 Tanperature profile of extracellular proteases of sea-ice bacteria

In general cold-active enzymes have maxmal catalytic activity at tanperature below
40C (N ichols et al 1999). However among extracellular proteases produced by these 50
A rctic sea-ice bacteria 98% had highest activity at 35°C or higher (Table 6), 62 even
at 45°C or higher n which conditions no sea-ice bacteria could grow (Table 4).

Table @ Teanperature profile of extracellular proteases produced by 50 A rctic sea-ice bacteria

Optmun tenperature( C) 25 35 45 55

Percentage of total bacteria (% ) 2 36 46 16

The less cold-optm ized proteasesm easured n A rctic sea— ice bacteriaw ere consistent
w ith previous studies indicating that psychrophilic and psychrotrophic bacteria release en-
zymes w ith activity optina beween 25 and 45°C, well above the upper grow th lin it of en-
zym e-producing organisns (M cdDonald et al 1963 Helmke and W eyland 1991, Schinner
et al 1992 Huston etal 2000). It ndicates that n contrast to bacterial grow th extracel
lular proteases of bacteria fran polar oceans are less well adapted to cold tamperatures
(Reichardt 1987). It suggests that the evolution progress of enzymemolecule for cold adap-
tation is not consistent w ith that of bacterial physiology orm etabo lian.

H owever extracellular protease may not express maxmal activity at a lower tanpera-
ture optmum for bacterial grow th itmay be sufficient to support cell growth n cold envr
ronm ent ( Brenchley 1996).

3 4 Tanperature profile of extracellular enzymes of bacteria fran seaw ater or sedin ent

A's for extracellular enzymes ncluding anylase agarase cellulase and lipase released
by bacteria fran seaw ater or sedinent in polar oceans most expressed maxmum activities
between 25 and 35C, lower than that of proteases by A rctic sea-ice bacteria (Table 7 and
8).

Table 7 Tanperature profiles of extracellular anylases produced by 18 A retic sedin ent bacteria

Optmun tenperature( C) 25 35 45

Percentage of total bacteria(% ) 33 3 44 5 22 2
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In the extracellular enzym es released by bacterial stram BSw20308 protease expressed
maxmum activity at 40C higher than 35C of polysaccharide hydrolases and 25°C of lipase
(Table 8). Analysis by 16S RNA sequencing ( Genbank access number AY 646431) m-
dicated that stram BSw20308 belonged to the genus P seudoalteran onas ( data not shown).

Table 8 Teanperature characteristics of enzymes produced by bacteria fran seaw ater or sedinent n polar oceans

Strain Environm ent Enzyme Optmum Tenperature ( C)

BSw20308 A retic seaw ater Protease 40
L ipase 25

Amylase 35

Cellulase 35

A garase 35

BSw 10009 Antarctic seaw ater Cellulase 35
BSw 10011 Antarctic seaw ater Cellulase 35
BSs20022 A retic sediment L ipase 25
BSs20039 A retic sedin ent L ipase 25

Does there exist any relationship betv een optmum tenperature and the category of ex-
tracellular enzymes in polarmarine bacteri@ And is it a canm on phenam enon that the tem-
perature at which proteases of polar marine bacteria express maxmal activities is higher
than that for polysaccharide hydrolases and lipase€ The difference of tanperature charac-
teristic of extracellular enzym esm aybe has connection w ith the origin of bacterim and envr

ronm ental selective pressures mclud ng temperature and nutrition cond itions
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