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Cryobiological Perspectives on the Cold Adaptation of Polar Organisms
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Abstract : The survival strategies of polar organisms at permanently or extremely cold temperatures and
their application to cryobiology were reviewed here. In addition, ongoing studies on psychrophiles also
were described. Psychrophiles are extremophiles that can grow and reproduce in cold temperatures,
typically at —10 to 20°C. These organisms developed various mechanisms of adaptation to extremely cold
environments. Polar organisms cope with these extreme physicochemical conditions using strategies such as
avoidance, protection and partnership with other organisms. Understanding on the strategies adopted by
polar organisms may provide insight on the physiological process that cells can go through during freezing.
Cryopreservation may be able to take advantage of the findings described above. Currently, genomes of
many cold-loving organisms have been sequenced and comparative genomics has revealed, at a molecular
level, the characteristics of these organisms. The investigation of microorganisms on the polar glaciers may
expand our understanding on the origin of life on Earth and other planets.
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Fig. 1. Geographical location of Antarctic and Arctic,
and Korean stations on both poles. Antarctic
includes Antarctic continent and Southern Ocean
(60°S), while Arctic is surrounded by North
America above 62°N and the Eurasian conti-
nent. King Sejong station is located in the South
Shetland Islands (62°13'S, 58°47'W), and Arctic
Dasan station is in the Svalbard Islands (78°55'N,
11°56'W).
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Fig. 2. Cold-adaptation strategies of polar organisms. (A)
Avoidance strategy-Pyramimonas gelidicola iso-
lated from Antarctic make has 4 flagellas which
facilitate the movement. (B) Protection strategy-
unidentified cyanophyta forms a resting spore to
survive under severe environment. (C) Symbiosis
strategy-Lichen is a holobiont composed of asco-
mycete and Nostoc/Trebouxia (Kappen 1993).
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A4S Sl WA= gtk AWZEtH(Tang ef al. 1997,
Vincent 2000).

A HAE v ZRFE AR She Al E7]Ho)
s =, HEE T3 2542 AEFH 7HiA|
© 284, 31514, AEHE] REYAE 9T F e
Fa3t AE Feho|th(Fig. 2A)(Wiedner and Nixdorf
1998). A= 8 vlAzRe] ol5e] F8 oA,
ARFe] A8 FxiFe A EFH JAEH S 0|5t
nnHge Fl olEdte AeE LEHHTH(Van Liere
and Walsby 1982). 522l AEF7]= SAA=9 ®
OE 339 detoma A st #-8str] 2l
FHdE, A, A SAR AR T = flell A2
= oF 10099F2] =A] & ZF(snow algae)?] E-3H5 2]
AEF715 o2 9 (Ling and Seppelt 1998), &= Z=/FE
< 1% 7|17 1 FRH O Eeeted] g Al B
22 AlE 718 BslE S T EE 45 H A,
o|F 3l ARt WA AE 2He] 729} 7)F
o] eF4s} ETH(Crowe ef al. 1984).

AZ Well &5 TN Az Ao AEds
Al frelst & 4 vk= ZAo|tk(Bruni and Leopold
1991). o] & A|xE 2] F4AZ(Cryopreservation) 7|
2k AR o] 712k Fake] Al E A8 4Eo] ok
SAl A E fall g shehe, Asketa] whg-Eo] AlH
oz AE7 BEL  UAl Dk(Sun and Leopold
1994a, 1994b).
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o ) AWk kil A (Antifreeze Protein, AFP)

¢ d - EHlet Ao ol=HE W
FoEMA A9 olM AFH R dobds 4 W
231 ATHChen ef al. 1997a, 1997b). FAME Z )3
T2 oA H Gt 250 =EH= AS 9T gl
AR ol MAete SAPESS THARNE Bos)
= Ao R IA tdFH 22 79 A5 WE B

SEAS T - RDY: 1| BASRE, 208,
29, 2. 9 AR A4 B, 3 AR T,

E}8]E (Carbohydrates)

FA FHFF=, A, o7, vAER, drhd g
i & o A 718 verskEe] A HEkE
2} oA 498 A3 (Montiel 2000) & 7H8-Ad &
SHer v A2 BhE AR #Ado] g UL
B3 g ANHE AIFE(-2°C~10°C)ell BIsl] AE Al
B(-30°C~0°C) A £ B 2712 BTt Ao Ry
A 272 A$, Z82(Polyol)e] F& &F3HE 1A
EZol o, At = o7/ A X5, AT,
HF ol F& A BRI F] dF EYTEL
(trehalose)= #A&Hel 53 B FHFF=4 Ao/
AFe] F8 weskE 74 220l tHFig. 3A,B,0). E
YR AL FA AR Y5 Hadge vz &%
o g4 Aol AA 98-S st o= AzEn
(Montiel 2000). @5 Avle 232 E(Poikilohydric
cryptogams)©] $d3h= BslE-2 ASH o= ARl
2 A8t B3 Agddle A SSAE 283t
(Montiel 2000). & ALS Y= FAF5EC] =AY
= 7HA westEe A B9t TR STkt M2

W FEdel dadshs AaE weral oA,

Ay He gt
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Fig. 3. Structures of natural cryoprotectants and mech-
anism of antifreeze proteins. Chemical structures
of (A) Glucose, (B) Fructose, (C) Trehalose. (D)
Antifreeze proteins bind to ice through hydrogen
bonds with ice crystals, inhibiting the growth of
ice. Curvature of ice front is formed due to the
interactions (Knight and DeVries 1994).
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g2 FF Yy P E(Ice Nucleating Proteins, TNPs)
M7} Y 72HE (supercooled) AEfolA &0 7 F74
o] dojubA| =W AHESF ZEHETE mobA Az 4
745t 45 & 7 AUk oS A& FAR AT S
slete o g o A F29 204 I A8 S
Pgske ol ok o] 23 A& A 7 F
FTEES AR 54 &3 Fabr] 8] o5l Al
INPsE 53l 9= 24 o] APE =gt olE2 5
AA-2loll INPsE R]8l] Yi-ollAvt 45 ZA78o] A4
HEg s7|= vk AEAY AA7) obd 58§
v A5 ARAsE dojde g A W 54 g o
Zgol A3 ot QEHsHAl EAlS] 7 TS 60%
ol &Y 4 A FH(Wharton and Block 1997).
Worland er al. (1996) €& 2R3 27], Y4&5% 5
o] A 2R3} A mAle FFE FFse]
3 @5 FxA|oh Hl MAske= 19719 AL SAES
tdoz Ene52 W (droplet-freezing method)yS ©]
|3t] ZAEIAT o] vl A A} R QF{ > o7 F>
3P E 02 257,0005-E 16,220 nuclei/gram =2
A5 ARSI dojds Wt olAH g A3
sho} A5 2 FHL SXEY Fash S A

9] Zlo]tk(Storey and Storey 1992).
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FHiz] o) F(Antifreeze Proteins, AFPs)
AL Aol =EH SANEY ME W 95 243}

= Age] 27] Y43t Bo] Y whw, FAYE A
& ALEH AW EAFP)S e A3

AFPs= AIE Wol|A] “d# |23/ (thermal hysteresis)”
& 55 259 IS FA ZAN of=H1E WA 3
AdE Sl FA =] A2 A IR oL AE
AA 3h= EZo|tH(Griffith and Ewart 1995). T}
HEAL & x4 1 7158 L3 eted Bls,
AFPs= @2 oA = d&o AAAsIE AT &
Ath= 5AHS 7K At AFPse 43 #Hd 44
IS S5l st 4o 24 A4S oAsk=, tE
FARZA H3) 5008 7H7ke] AR Ao dHA
tH(Fletcher et al. 1999). AFPs= @A Sx]2] n|AYE, 1]
A 25, 25, 2%, olF oA g 2As o +
Zof| w2t A 55FZ U ti(Table 1)(Fletcher ef al.
1999). SAETE ofu2} 55k Ago] e 20 E 39
T Aol AM2et= A EAE AFPs7F EAl sk oF
3059 4 A& TAE Folol ti =3} ol AFPs
7F EolA FRIEFE dobas o dor 97 FH
A AFEOR ol&EH= 3, A, B, AR, #AL T2 T
M= AA A Wl U] EHE AFPs7F EA)d = AL
o] A A Jrh(Fletcher ef al. 1999). Z WA geha =
(Antifreeze glycoproteins, AFGPsy> =2 Wo,
F, 7HAH] SollA REAE I tH(Fletcher er al. 1999). ‘3=
o] F Notothenioidei 52 H=312 8 oAFTOE
ol Y AFGPs 2822 o]=73o] —0.7~-1.0°CE o}
M FA 9 A 3|l TR AobdS F A
23}E ATHChen ef al. 1997a, 1997b). = o]F2
AFGPs 5 A2HE 50091~15009F @ Aol o] EfA
AozHE HsEHJArhr Aztetal Atk(Chen et al
1997; Chen and Chen 1999).
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= 54 A8 A A=
AFPs F&ol|A] g9 o= o] &% WslE Yozl Ao FoaAF 22 A2d A= SA8=
Table 1. Characteristics and types of antifreeze proteins (Fletcher et al. 1999).
Characteristics AFGP AFP Type 1 AFP Type 11 AFP Type 111 AFP Type IV
Molecular weight 2,600-33,000 3,300-4,500 11,000-24,000 6,500 12,229
(Daltons)
Primary structure (Ala-Ala-Thr)n Ala-rich multiple of Cys-rich general 17% Gln, no
disaccharide eleven aa repeats S-S linked S-S bridges, general
Glycosylation modified unmodified unmodified unmodified unmodified
Secondary structure expanded alpha helical beta sheet beta sandwich ~ amphipathic alpha
amphiphilic helical
Biosynthesis multiprotein prepro AFP prepro AFP pro AFP no post-translational
modifications
Known proteins 8 7 2-6 12 1
Copy number unknown 80-100 15 30-150 unknown
Resources Antarctic notothenioids flounders sculpins sea raven smelt ocean pout Longhorn sculpin
Northern cods (shorthorn) herring wolffish




Cold Adaptation Strategies of Polar Organisms 267

o] Fash AEAFE F shiet & 4 Aok A S
A 7P A FABAE AR A=A A9 HF
o|th(Fig. 2C). A o|F+= Ad7e} A2/ A2 34
shHA] EE]3 B, AR - B drE R 45 o5
< AFeEA st o] gkth. SA9 At Ao F{
(Ascomycetous lichens)ol| A= HZ vAIZF= A
o AL SAAEAY M Fash da ikttt
(Kappen 1993). 739 71x3t o =H e BSRE7] 9
3 7ok FA st vM R AEA S FH] oA
DAEE 7P A2 AE A=gE T sty ¢

% ek,
3. A& A2 AEHH 3%

FARES] A A A - A g 7]
2S Ea R T4 &4 Sk BE Age F
2 3¥ Tx 52 Aol o]d AEAY A7E F3)
AW A X B= 7]He] A0 FA 2 2E 20}
AJE] A s} 5ol tigt ol E =Y 4 S Flo|th(Elster
and Benson 2004). # &, 4 - =}, A A 22, wjjo}
7 58 W BHESI o3, AW FIF o= o]
3= Alert Eds] = Qo) ek AEF o
AL FAB] Y8 AE FARE thdlk BAlo] wox]
A FAEEC] A2 FIF A oJBA 253t
= AR AEeE B HA AE25)0l gk B2 A+
7} o] FofR 3Lt} 53] FAE Y WA o] = FA
If AAF] AE MRS wele d B At 11
3 glom, 0|5 F3) ANES 83517 A A4
&% A7 FaE L JTH(Fuller ef al. 2004). =44
o] A5 A - AAA sl gk Wo] Al AlxEe]
A EAY v st S Hol A, Alx, 27,
e 2ARCE YT uf A SYSRHE A
A Badlor & A o Z ols|E = AdS Aol
HNEES ZA(HA AL, -196°C) AEfoll A o+ 31A
WEHES] e e Ax W 4324 IS vsi
fre] Sh(vitrification)& &7] 913 &2 o] & thilel A=
ol A5 0] glojok Sitk(Fuller ef al. 2004). 24 A7
3 BEAEo] AA FHARE oJ9A FLEY e A
71&et ot Atk AlE SAA TASYORRE B
5317] 9EA] 2ol BE 2 52 HEA| (Cryoprotectants,
CPAs)E}aL Sh=dl], IA| IARAZE FAE AE By 5
AREA G} ARAZ FHE AE AFY FHAREAR
s 4 Utk(Table 2). A% H3d £94 S2REA
(colligative cryoprotectantsy= A3 W] 5474 IS
A e 28-S StH(Fuller ef al. 2004). A% AEH &
AREA = Axpe}l G A TS AES 5 Jde AEA

Table 2. Examples of commonly used cryoprotectants
(De Antoni 1989; Rudolph and Crowe 1995).

Chemical name Molecular

(Chemical formula) weight Permeability
Methanol (CH;0H) 32 o
Ethanol (C,HsOH) 46
Ethylene glycol (C,H4(0H),) 62 o
1-2 Isopropanediol (CsHe(0H),) 76 o
Dimethylsulfoxide ((CH3)SO) 78 o
Glycerol (C3Hs(OH)s3) 92 (0]
Trehalose (C1,H»,011-2H,0) 3423 (@)
Polyvinyl pyrrolidone 40,000 X
Hydroxyethyl Starch 97,000 X

[¢]

(Chang et al. 2000; Dumet et al. 2000), Tz E T2
9} 2} (sucrose)y> A FAHIZAZ FH 95t &85
3 AT EFERAE AR wje AE AlEY 23S
YE5HES7] 98] 2222 A A tHBhandal ef dl.
1985). EFSFE 208 54 ¥ 24 (20~40% w/v trehalose)
2 AREHS e 50% WA 75%9] AlE eSS B
At Tt EY PR AE 5 uEH ok WERES 9
3 SHAREAE AR O] ghet EFEEL 03M v
2 ARESt Al EE -60°Co] HAS o Al BEE
o] 714 =UthDe Antoni 1989). &|&a} A4 &3 &
ool A T AR WEHE WS AdEs] Fa3 9y
£ At} Kravchenko2} Sampson(1998)= 0.25 M A1,
1%(w/v) bovine serum albumin(BSA), A1 21& &Aiks}t
A silibor 5 FAREAR o83l 0°ColA 2447F &
QF Fe] 7 FAE HE]AAL dlE - s oR A
AT, S AREE W 7P 245 BREEATA
2730t} Rudolph®} Crowe(1995)= EY T E 29l X &
H(proline)S &3 THREAE A4S W FE2
Alzeto]l o Z REFSCH o= ST EZ Me,SO%
e FAREAE ARES of Bt €4 ¢ K E Al
¥ BE 5SS RoFEre AS S8

T oA AFE HE Fed] ARdde o &
8917} Table 33} ZFo] oheFeh], A AHQ] o FEF
E A FEoF 317] "o tdEgez d7)7F JER
9 olF, B, AFE, A EokellA AN HA] T o]
8 A77F &e] z8) Foll Ath(Fletcher ef al. 1999).

AFPs= H7Fshe s&ol wet A2 We BESH Al
EYs 5 7RITA A Utk W FRolA=

- R o0&

=

o
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Table 3. Application of antifreeze proteins.

Cryopreservation Examples

Supplements for improving frozen food
texture

Extension of expiration of frozen food

Food

Long-term storage of organ and tissue

Animal reproductive cells

Cell, tissue and Cryopreservation of stem cells

organ etc.
8 Prolonged storage of blood and umbilical
cord blood
Animal and plant ~ Improving cold resistance by gene transfer
Cryosurgery  Increased necrosis of malignant tumor
LA LS AAlsks 2WHAARA ATE oA
% 5% FE2 A8A 200 A58 o 4o 8
A 2 slo] MEE B)A)

= [e]

= 98 itk AFPsE %%ﬁt«l 220 g2k A}83
Y 2A7|ole AFPsY] T/ oW BHE 389 =
Aoz A7FEITh. 1ev} Ekins er al(1996)S # 2]
< BES] 98] @ 5(0.2 mg/m/)e] AFP 1
I AFP 1S ARESLS o WasRE
HZAIA T, =& F5(1 mg/ml)e] AFPs ALE-Aldl= 45
Aoz st A5 Aol o & wEofA 7 =
g gt 285 ke As A A ol F
T35S o] gshH Ao &8 5 ded We

TEE 23t NEE AASE 9T T ? A
W FES B8l s AATE F Hl
TS 488k s zﬂﬂﬂ T Atk
3 3 deka 2aE v QUTH(EL-Sakhs e al.
1998). Pham er a/.(1999)£ AR A7 HE GAES
AFPsZ ©] 83t A2r&2 3] AAT 5 Avke A
< HAFAT=E AFP 12 54 el 10 mg/[E AF ¥
5 QbM| Lol FoJte] uE A FHE WEAIZ] A
AE7F BEHA] 5l 23818 Weua o AAE -
AATH AHS- Fxo wet dedg ] 27 Helehe
AFPs9] gAAdS & olal| gttt AFPse= WE s A
27es A% AVHE 2838 F e TS EHo
2 Zo|th(Pham et al. 1999). ZFlAx FZ3F AFPs9)
735 SR A5 AAAsEE WAshs 7SR o} F
A9 Hlié%bﬂ dolle A f5s WAEk 7E
= X350l ukKnight er al 1995; Ramlov et al.
1996) ol9} 712 715 7F AFPsE A 23S WF
E317] S8l 95 ALABET] A4S £ S Aol
E}. Qoksl, 58 AHLAESH Aol FA|AE AFPs
£ AdsA &8317] Slsixe o159 HEF/AR 7158
A o} WEa)s F1ES] olsfalof & otk H2
ANEAE, F=}, S71AE, A 2F, 713 5o dFE

go] lzo].x] 74£

S

tlo y & ml
rlo mﬁ

e £
T
o o b

Ox
N

gul

ol thek =87t S7rehaA 717, sk, 8820
m, A §OR o]5S WY + Y WP

o] X3 Foll =Hl o1& fl8] HAe] AFPsE 285l
+ 9771 183 tkBlock 2002; Fuller et al. 2004;
Kang and Raymond 2004).

4. FA) ALAEE) AT F3

et = A X8 FolAY AS EX U=
A A2 ES] A7 WIS A4S 2, Whke
(Cold-response), A &8 Astrobiology) 5l thall =

3t} sk}

A Ao d B AL A mal g B nv)
AT Gao] AL HEE e 71&touy HF U Fel
oA 7} ohjzh BEEQ 20 sA ol EolAu R,

2 Bt} AL 2 ASpel ok Aolrk gz A
o WAL Yk A B 7 Wol T} U= &

/\E}\-] 23 /\éoﬂ 01}\-]L‘ ol ¥ Fo E/\E‘-/] o]—L]—O]
ribulose-1 5-blsphosphate carboxylase/oxygenase(RUBISCO)
9 A= 92 59, 3A A ZF2] RUBISCOE =
=4 mAE EE} Fe S 885 HolA, *ﬂﬁﬂ
RUBISCO®] A& T4 ZRET S7HA @

22888 AT WA el ol AR S‘L:_«]
A4S 717 9 5}1,}3} £ 5 UTH(Devos er al.
1998). ARk 02 A2AE Ghe 724 fdidel =7
wel We b9, e B 01%4 we 714 fa
A, B 2xolAe] =2 B E(HIEEE) 52 54
S 7HAZL At Gerday et al. 2000). A4-5 G429 o]
2 B4 &), F3AYESl A Bt opjg} whEe]
-61_4. &UH pzl-/ﬂo]] EH Oﬂ?-oﬂ _37?1' zZJo] Q—/ 01
t}(Siddiqui and Cavicchioli 2006). ©]2]3F A48 a4

E AE7IE A0 8 7 e T 4EE =
tar & 5 Stk o & 1, AlAl, 21E 2k, Y 3ekE
) /‘@}\]' 51.7:] QA& AYITEA AT 5 1 8 HY
7t wi$- WOkl Sl tHGerday et al. 2000).

A 22] g l|A A A o] AXHALE fAsliA = A=t
o] 7]so] & BEHojof g}, 1A H o] AWt A
et Al EZeke] f54d AErF A . webs B3] A
W] S7Y, Wat aLeldele] A 9 BokE st Ak
(polyunsaturated fatty acids, PUFAs)?] 57} 5 A<
oM A 355 FAGed a3 g5 3t
(Russell 1997). = oA Eajd ¥4 afelg]olo)
A M ZL &9 polyketide synthase?} A = E=H)
(Metz et al. 2001), ©] &= A2oA 2 2gslar
PUFAs®] AgHAell & 2@ fﬂ 'a9 Aoz dEHY
PUFAsE A2 A& Ao st EZo)A|gt, 317
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53]

fresolv T 4 ES
171% &}, siAMA] xRl A9 A
Aol g2 25, o FxA 2 Agkd A T
M E G829 o] o]Fojd 4 JESE gt
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