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SUMMARY

I. Title of research

Development of cryopreservation technique for pedigree-preservation of algae

II. The object and need of research

Recently, not only various materials for food but also the functions of anticancer
and antitumor, antiinflamatory, antiviral and antimicrobial etc., medical effectiveness
for bioactive substances, immune active material, nerve cell active material, biosensor
material including cell selection, histochemistry, examination of immunity, etc., high
technology material including super conductor ceramic fabrics, material for live stock,
fish, shellfish, and fertilizers including disease resistant, increase of activity for useful
microorganism, cosmetics for beauty culture and health, foul breath resistant
material, marine fragrance and algotherapy, which have been known recently. The
recognition for seawater clarifier and CO2 reduction i.e. bioremeditation material also
has been spread worldwidely. Acquisition related to the intellectual rights of
algae-related affairs has been increased rapidly as well. The base of marine ranching
shall be algae and also the base to the blue revolution shall be seaweeds as well.

The algae are valuable for the recyclable natural resource including renewable
marine crop resources, marine biochemical resources, marine fuel resources, and for
helping in the carbon circulation in the earth since in the processes of photosynthesis
and respiration they absorb carbon and evolve oxygen different from fish and shellfish.

Different from the other industries, taking advantage of recyclable and continuously
available resource, it shall be necessary for developing the product of high production,
high quality, and high wvalue addition, and the low input-high output sustainable
industry in order to increase the availability of the seaweeds. Therefore, it is natural
that the researches shall be focused on the static preservation and supply of good
seeds and seedlings. Especially, since the plant industries including seaweeds are of
fundamentally life-supporting industry, which are different from the animal industries
such as fish and shellfish, it has a good prospect in the seaweed -cultivation if
various parts of efforts will be focused on the improvement of the seaweed industry.

This study is the first in korea in the field to develop a cryopreservation method and to

compare traits between pre— and post—cryopreservations of some red, brown and green algae.
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IM. Scope and contents of research and development

1. Optimization of cooling and thawing conditions

1) Collection and maintenance of local varieties of useful red, brown and green algae.
2) Experiment of prefreezing and thawing, and viability estimation.

2. Comparative experiments between pre- and post-cryopreservations

1) Culture experiment.

2) Biological examination.

3. Study on thermal property in the process of cooling and thawing of algae
1) Measurement of freezing point and freezing latent heat.

2) Analysis of freezing kinetics

3) Measurement of three dimensional distribution of ice crystallization and algae.

4) Study on thermal property in thawed algae.

IV. Results

1. Optimization of cooling and thawing conditions

Using Porphyra tenera, P. yezoensis, P. dentata, P. seriata, P. Pseudolinearis,
P.haitanensis, Undaria pinnatifida, Laminaria japonica, Sargassum fulvelum, Hizikia
fusiforme, Enteromorpha prolifera and codium fragile, the results of a kind of optimal

cryoprotectants, its concentration, cooling and thawing conditions were obtained.

2. Comparative experiments between pre- and post-cryopreservations
By culture of pre- and post-cryopreservation plants, morphological, physiological
and molecular biological and ultrastructural examinations were performed. There was

little difference between the two from the results.

3. Study on thermal property in the process of cooling and thawing of algae
The two-step cooling method have been mostly used for the preservation of algae,
and cryprotectants are used as freezing medium. However, in order to get the higher
survival rate of algae, effect of ice crystal must be reduced in process of first-step
freezing. As size and distibution of ice crystal may be depanded on cooling rate and

recrystallization of ice crystal decreas the survival rate, optimal conditions in



first-step freezing of cryopreservation are must be established. In this study, optimal
cooling rate and final freezing temperature of Porphyra seriata, Undaria pinnatifida,
Sargassum fulvellum were investigated. The mixed suspension of 10 % DMSO and
05 M sorbitol in 50 % seawater used as cryoprotecant. Exothermic temperature,
freezing time, latent heat of freezing, temperature range of freezing process were
measured by differential scanning calorimetry. These results suggest that optimal
cooling rate and final freezing temperature were Porphyra seriata (1.25C/min, -34.3
C), Undaria pinnatifida (1.0C/min, -35.6C). Sargassum fulvellum (1.0C/min, -33.27C),

respectively.

V. Application plan of results

o Algae production of Jeollanamdo was about 90% of national production, so the
stable cryopreservation and supply system of algae is established by founding the
seed bank.

o0 The cryopreservation and supply system by the seed bank can lead to a
preventive of water pollution due to the function of algae for conservation and
restoration of coastal ecosystems.

o The system is useful for development of diversity, conservation and restoration
biology.

o C(Clarifying the characteristics relating to ecological, physiological, biochemical,
genetical and molecular characters of economic algae is useful to effective breeding
and cultivation.

0 The system is useful for acquisition of intellectual property right, transference of
this technology to industrial circles, commercialization, policy planning and education

for fishermen, etc.
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Table 1. Cryopreservation methods of marine algae in liquid nitrogen

Species Cryoprotective solution cooling Viabhility References
CHLOROPHYTA
Ulvophyceae
-40°C(2°C/mi LN Vi Vieer
Ulva lactuca 50% S.W.+1.5 M DMSO /m_m) -~ 36-100% an der
(rapid) et al. (1934)
-40C(<1C/mi LN A
Enteromorpha intestinalis 100% S.W. +10% DMSO +5% proline (<1C/min) = 7196~ Kono et al
(rapid) (1997)
HETEROKONTOPHYTA
Phaeophyceae
FEisenia bicyclis; -40C(<1C/mi LN .
pena pIeyeis 100% S.W. +10% ethlene glycol + 10% proline (<1C/min) = o7-g196 oo el dl
gametophyte (rapid) (1998)
. . . o . Sakanishi and
La diabolica; -40TC(1T — LN
rrndria diaboted 100% S.W. +10% DMSO +05 M sorbitol (<1C/min) 53% Saga
gametophyte (rapid)
(1994)
Laminaria j ca, -40°C(<1°C/min) LN A
rminaria japotea 1009 S.W. +10% ethylene glycol +10% proline /min) = a0 Luawano et dl
gametophyte (rapid) (2004)
Laminaria [ [ssima, -40C(<1C/mi LN & A
minaria fongissima 100% S.W +10% ethylene glycol + 109 proline /r,nm) -~ 67% Kuwano et dl
gametophyte (rapid) (2004)
Kjell ell ifolia; -40C(<1C/min) — LN A
Jellmaniella:crassifolia’ o ¢ w100 ethylene glycol + 1026 proline (<1C/min) Top  Tuwano et dl
gametophyte (rapid) (2004)
-40°C(5C/mi LN al
Ecklonia stolonifera 100%6 S.W. +10% ethylene glycol +10% proline /m_m) -~ 73% Kuw?no et
(rapid) (2004)
-40°C(5C/mi LN & A
Ecklonia kurome 100% S.W. + 5% ethylene glycol + 10% proline (6 C/min) = soog  fwano el dl
(rapid) (2004)
-40C(5C/min) — LN Renard et dl.
Undaria pinnatifida; 100% S.W. + 5-30%  glycerol (rapid) survived (1992)
gametophyte 10096 S.W. + 10% glycerol + 10% proline -40C(<1C/min) — LN 73% Kuwano et al.
(rapid) (2004)
(contd.)

_13_



Table 1.(continue)

Species Cryoprotective solution cooling Viability References
RHODOPHYTA
Rhodophyceae
Porphyra; hyt ~40T(<1T IN
OTPIVIG: SPOTOPAVEE - 500 S W, + 10% DMSO + 05 M sorbitol (<1'C/min) 44-78% Saga
(5 species) (rapid)
(199)
. o Sakai and
Porph ; -10°C(sl IN
orpiy Ia i eiO”S’S 1002 S.W. (1(;)22;) _; 100%  Sugawara
gametopnyte i (1978)
~40C(<1°C/min) — LN
sporophyte 5006 SW. + 10% DMSO + 05 M sorbitol ( / n;l)“ 61%  Jo et d (2008)
rapi
Porphyra t ~40°C(<1°C/mi IN
orbrvra fenerd 50% S.W. + 109% DMSO + 05 M sorbitol (<1 C/min) = 55%  Jo et dl (0B
sporophyte (rapid)
Porph jat ~40°C(<1°7C/mi IN
orpivra seridtd 5006 SW. + 10% DMSO + 05 M sorbitol /min) — 64%  Jo et dl (2008)
sporophyte (rapid)
Porphyra dentat ~407C(<1°C/min) — LN
orpiyra dentata 509% SW. + 102 DMSO + 05 M sorbitol /min) = 1%  Jo et al (208
sporophyte (rapid)
Prorphyra 40C(<1C/min) — LN
- min) —
psendolinearis 50% S.W. + 10% DMSO + 0.5 M sorbitol 58% Jo et al (2003)

sporophyte

Porphyra,;
gametophyte
(2 species)

Gracilaria (2 speces)

Palmaria palmata

Devaleraea
ramentacea

Chomdrus crispus

100% S.W. + 102 DMSO + 5% dextran

50% S.W. + 1.5 M DMSO

0% S.W. + 1.5 M DMSO

0% S.W. + 1.5 M DMSO

0% S.W. + 1.5 M DMSO

(rapid)

-40C(<1C/min) — LN
(rapid)

-40C(2C/min) — LN
(rapid)

-40C(2C/min) — LN
(rapid)

-40C(2°C/min) — LN
(rapid)

-40C(2°C/min) — LN
(rapid)

>9%6%

36-100%

100%

100%

70-86%

Kuwano and
Saga
(1996)

Van der Meer

and

Simpson(1984)

Van der Meer

and

Simpson(1984)

Van der Meer

and

Simpson(1984)

Van der Meer

and

Simpson(1984)
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H 2 g UL 7lse g

A& 7Y AVHA sAEE dsto] HZo] A4 A Ak L& (1989,
1992)2 WAMEY ol APAIE 85T HEFE AL Aldstd e, ol 10.7%
DMSO, 86% ZF322 9 10.7% ZgodaZ8FS M71e 52 ujzjode] i 53

= d& AstE WASH] s FaEol A HUtE e 9

Y
o

& Fdart da, AEE 06T/&olA s4F Fo] 24T/EAM 43 d5Et A
&o] Eon, e FHARE Fol A3 AstalAvt 4909 Foll = 13%9] AlE7}
AEsthe A 58 ®Bagta vk i 5(1993a. b)) WA 7] APGAE 29
SHAP(YD v s4ste] 1 F @.iiléli%grz}x] v& FAske Wl o A
AeLoA A HE dete] Alfe Ay 33% dlgrol 1.5M DMSO<F 0.5~0.75M &
HES ©1713s 52 izl A7 718 saido]adrt =9ko RS AsE WA 6]
et s Ae] b= 0CAdA s AT dart da, s dS 05~1.0C/ 79

LollA —40~-50C7HA XA 7= Aol Adeitts 55 Halskal v
N A LS o] &3 FHAREYNL Be AR oA 204 FAWo] o] & gt}
=
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RGeS A 2Rt B rofaqion, B2 R o] d AA A7
of Bateo] vt SAIRF 2 wige e B d¥E H9 = stdon, o= Qld Y
A A5 F7I8HA whE FAde] HAT o] A ASAAL(N)IE ol &3 FHRE
He 7P A ArAEmeR AE ™y yor AU|E kHsA A, BEE
T U WHE A FAqd. 1A ES A 2/E 23 B A A3k s
TARTO] AFH SR o]FojA il 9 th(Bajaj & Reinert 1977: Leeson et al 1934; Rall
& Fahy 1985 : Mazur et al). 12y o} s|lxFe T24HE &3 Axe= v5sk A

Aolth(van der Meer & Simpson 1984 : Renard et al. 1992 : Kuwano et al 1993,
1994, 1996 : Sakanishi & Saga 1994).

A% (Porphyra)2 & Z2 %% (Rhodophyta)2] 4] & %7 (Bangiophyceae), X Ztd%&
(Bangiales), ®.2}¥ 7} (Bangiaceae)oll <:3Fa, A Aldl+= ¢F 45%F (Kraft 1981)0] <& A
g T2 AuEn JE T2 Sy oAM= FH(P tenera) R WANFE (P
yezoensis) s°| T&& olFi Jor, stooA = 53 EFYH EH(P. seriata)©] %ol
e ar Qo o= ool Frbske] P. haitanensis 7V At

A Aol Aol = FE2 AFol A A AR AFAFTI A APGAEA B
SHl g HojA oL, I AFgomA FHT B e Wo] Fo] ©E e, HEHAIL
UTHCE - =K 1994). BE T v Ao Fristes Aol A oy v
o F& 7IE WY FEABAR st AEHoR BE HYete AL EistHA L
ojn] Ao meativtar & = 3l

Laminariales AAM A &0, st X HollA 7174 &3 2752 stvtoltt. XAA =
A% FTHS A Tt ofFek FHEFEEY T2 AYAE A AA,
Al A 19 APAeE F8&F AEEo] AMAsta Atk oRAETE FEste] A&
F50 AR, HE, yFFRo|=9 A2 AL HY.  Undaria®t Laminaria= 3=, o

Voo, g Aol A A A o w2 A8l E A A (Lobban and Harrison, 1994), @& vj-$-A &

rlo

Ao X% = Laminariales Wl-$-A 2] o] 7SS w4 AH 7|ee B

Enteromorpha(Ulvales, chlorophyta)oll = @4 o2 Aujsts 2 7HA] Fo] 3l
o]59 A= olF Aoz P wgA e} ETAAZ FAE ] dom o F A
S BYors FESE dEH wEA Enteromorpha®l Sk AAA= G S
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G M SAR FABY WA G5 MEAE A2 Bese] st 4% Hg
A

ARZE] #e B HA] Table 13 #Zo] FHZ F7tete FAolth. 13y
ol FxfFeo FARIZAN # Are AFI AAHo|th(van der Meer & Simpson
1984: Renard et al. 1992: Kuwano et al. 1993, 1994, 1996: Sakanishi & Saga 1994).
Rednard et al.(1992)= U. pinnatifida®] AR E] #&] AFsid oy, AE FAHAAE
AHEHA] e AHA ASHALE o] &3 FARTNAMY AE ANE LESIATH
Sakanishi and Saga(1994)= L. diabolica ®¥]-%-Ae] A& FAHX 9 g &Eo] AFEo| sk
ATAdE LTxPct Eo, s #SAE o] &3¢ Laminariales $ARE AFolA A
S4ola fo)d vkt Ayt R EHAJAHKono et al 1998). 18] Kuwano et
al. (1992, 1993)¢} Jo et al(2003)= < (Porphyra) Zol W3k Fajtolxe =1S 4
Efflom 20 sARENS o] &3 A4 sAxd g A7AAE Bk vk
9ok o], H 5o TR W AT vl AEE A AL jlon, oA kA &
HE A ko, dAAq7tA e AdTZ23= & F A%
5

2]
ol AlxfF Tl W saolA FFe Aol HEH= AS & 5 UM

Els 53‘:4131, aAA 7AZo o|Fo] XA e AE=A ol HE 7= A Fasitlu
Azt o]l A

kA, B AT oA MA] AT E A 2 mulol MAdts 78 Tx, dx, FxF
8t Program freezerZ ©]-&3 294 54 3 =z

AFsgom, AF F ALl 92 AL 29 A7

i
filo
o,
oo
ol
ol
9
N
o
offt
%
ol
2 o
2
lo,
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4 32 1% 270 ¥ HES 9% 54 2 A5z 43

2,
o
N

1. A 2 %Y

7F AR

2 ATl M s, depdEsidutol a7l T BEAT A A w et 3l
= EZRFEIGHE)ANA FZH(P. tenera), WAPFHZ(P.  yezoensis), SlBFUEZ(P.
dentata), 55357 (P. seriata), 1A= 7(P. pseudolinearis), P. haitanensis®] &AM
A o] &t ez HEE F2 EFYEN(P. sericta)S &3t ZE &
AREA AT sl Fell= 20T, 14413 H71(60u Em s 5 MAG35) - 10417F
718kl Al PESHIA] (Probasoli 1968)& AF&38lo] nj<tslar, AFE Ao 7148 A= A
w3kt

Y. 53 oA
2 AFoA = AF7A ZF AEe] FARE dofA FIWAARE AL Y+
DMSO, Glycerol(CsHgOs), Ethylene glycol(HOCH>CH>OH), Glycerol, Proline, Betaine -
HCI, Skimmed milk, Sucrose, Glucose(CsH20s), Sorbitol(CsH1406), 2 Mannitol(CgH140s)
of thate] FaWAARZA Y THE AESIAT

o ZE A o T2 H 3F

&) 9=(32.0~33.5%) = 0~ 100%-4 Heo A oAe] 71+ == 3435+ Sucrose, Glucose,
Sorbitol, &< Mannitol & 0~0.1M H7}gt AL 7|2 AN o2 3 tH0.01M HEPESE #
7VellAl pH 8022 7). o] 7]EH 0.75 meol °F 1 mg(AF=H) ] APFAE 4], &3 2
el FAREEL vialdl Yo, ice bathol Wil WAL 7|2 Ao HFFrme] 2n0)Ho
sl Al st HEE Alxste] vE WHYAA F2 2 vizhd 075 mE 15l
AA MA] AGA FErelol]l H7EgE § 45EZE FAAI I

APEA dgd 15 mE ¥ 4 BHEE vo]ldS ¢FHE AAY npo]d e 7]
¢ Yo, 40 T T+ -80 C Programmed Freezer(samwon)ollA SZAA 7t} 54 =
ol ApAHAl dEralo] 2wl 7] EA(KALOO Kowics)oll ol&) =43t WEx= 5

/3 o)3td . Deep-Freezerdl Al %72 BE3 & 40C water-bathol] ¥ 73}
S0l APGA dEAE FetAl dlEAIA, dFol $4dd] =H7] vtE He nlojds
ice-bath® &#ATh s F AMGA dgds &7 14 me] 98 JHdAo=E &7, 4
TR A 52 30 ool AA TR s sta 300xg= St AR 3 F SlE
= AAsta, g 3 et 4jo], s Al E Al A

1
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2. 204 54 2 dF

1Bz obgf el o] Atk 50% dMG(16.0~16.8%)°1 0.5M Sorbitole H7He AL
712H o g & tH0.0IM HEPESE H7Fste] pH 8022 x4). o 7|24 0.75 mlol °f
I mg(AFH)S AAAS AGAA, &4 2 me] FZAREE Hlo|do] Y ofo]inAS
ol-§& WWAA, 71Ede] HFTFEe 207 DMSOE FFshAl Az sAmNAS
el WA A FJrt o] FAuNY 075 mE 158 2A A ARRA e
HA7FeE F 45RZF kAA G APA dgds 9e Fd BES vlo] ¢S Progammed
Freezer(Samwon)S Abg3te] Ik 1 C/Bo® 40 CT7HA | ZAsta, 1 & oAx2
2ol gzt AAA2YIT HollM sF T BEI F 40 Co FFF FolA npo)

Ao AA EEUA AGA dEA S
o]g ice-bath® AT dle F AMIAl d8tds &3 14 mo ¥y IdHo=
A YARAE S5 308 ol AH THiE

F Qe A, thA @Y 5ol Aol FaltelAE AA

0 ARE 27

Mol AL FELHE Aoz AAS A TH(Saga et al., 1989). AdA] AEA
of FEHHE dAFTEN01%)S B2 F B, 2087 A 94 & A dleR
s|A st AAAE AASHATE ZH2He] wpol ol diat™ 30070 o]/de] AREAl Aol A
ALS Estdun| oz AT AEES THARES Y] A APEA AZe gk A
A2 ZASAT EE A5l o Y AYg 3MFe] g At FdAE I

2 HES APFAE 20 C, 1443 H71(60 p Em?s';, @A sg
E)~10A17J k719l FF71stel Al PESHIAI S o] &&te] wj st :
MR Mdste], Zxaids FASHA e APHAl 2ARE sty EEske], 20 TP
haitanensis 25 C), 107\]7J H71(60 p Em*s'; WA 35) 1447 2

vt ZxAGs A APFAE 15 C(P. haitanensis 25 C), 10A13F ¥ 7]1(60 p Em

5L A g T)skal 1443 7] stell A F 71 wikstol s WEAIAT

AR

—~
O
-
=2
X
Al
jus)
-

a4
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Material suspension Cryoprotectant Prefreezing at -40 C Rapid cooling in LN
addition (Slow coling at -40 C)

Cenfrifugal seperation of Dilntion for Thawing at 40 C Storage in LN
supematant and materials cryopectant removal

Fig. 1. Schematic diagram of two-step cooling method and thawing method.
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EXTRACELLULAR FREEZING O O
FREEZE DEHYDRATION

Y
v Rapid dooling @

CELL DEHYDRATING

CELL DEATH

INTRA-/ EXTRACELLULAR EXTRACELLULAR FREEZING
FREEZING INTRAELLULAR VITRIFYING

CELL DEATH CELL LIVING

Fig. 2. Schematic diagram of cell fate by cooling methods. Snowflakes, ice crystals.
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e CELL LIVING

>
DZ 6&
Rapid fthawing

g
| 4
QO

CELL DEATH

INTRA- / EXTRA-CELLULAR
2, RECRYSTALIZING

i,

o™

EXTRACELLULAR FREEZING
INTRA CELLULAR YITRIFYING

Fig. 3. Schematic diagram of cell fate by thawing methods. Snowflakes, ice crystals.

_25_



2. 2 %

7h. FEOAY HE

204 FA o3 AAALEENA FARES 3 B, AEE AT sagoA
= Ao wa, -30~-40 Co $2<5 Au Wof & 2
I Qe BEYEA(P seriata)®] AHFAE o]
T Eet AN 2N HESAT

WA, AsAEd mAEFe] sARE M dY AFEE I 9l DMSOE ©]-§-3f

Fig. 4% 100% al<¢ =+ 50% dl5ol 0, 5, 10, 15%9] F=2 DMSOZ Y& 799
AE&S YERth DMSOE #7hshA &3 5242 212 A=) 10% ol sttt

50% @<=l DMSOE 5% #7F, AE&L 654%7F HAA T, DMSOSEE 15%7HA)
EorE LS Ao wEtslx ekt FH, 100%3 5ol DMSOE ¥ A$oe A&
&8 DMSOE 94 @3 543 ARt e3g yvolx, DMSO &3 o
FEEo S Wi Aol Wahe HrH100% dl<Fel 30% DMSOE weow Hxol A
w&-oll, 100% d=ell 15% DMSOE & A9 Age a4« ¢kskth. g A of
Fol s=2 XA ol 5% DMSOE 2ol sl4 =2 9o vt AE
ot 1 A3, DMSOE 94 &2 Afos AEES
Yo Ao AELS AA WEleld, dasry 4
FEE B0%AM e AEES Aoyt Ha, o1 o)A
Al srolx th(Fig. 5).

g o+ 3

1

o

T 10%°] st R A 7 DMSOE
we AEEL EolXn, 3

2 A5EErt mobdw gEae o

2 |

o
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——50%S W +DMSO
8 |  —0—100%SW+DMSO

Survival rate (%)

Q

0 5 10 15
DMSO concentration (%)

Fig. 4. Effect of the concentration of DMSO on survival rate of the conchocelis of
Porphyra seriata. Conchocelis cells were frozen at -40C for one day. As the
addition of 30% DMSO to 100% seawater brought about precipitation, the

effect of 15% DMSO in 100% seawater was not examined. Values are

means*SD (n=3).

100 r
—O—SW.

80 r —0— S W +5%DMSO
®
L 60 F
o
g wr
&
@

20 r

0 O

0 25 50 75 100
Seawater concentration (%)

Fig. b. Effect of the concentration of seawater on survival rate of the conchocelis
of Porphyra seriata. Conchocelis cells were frozen at -40C for one day in

various concentrations of seawater. Values are means tSD (n=3).
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DMSOel2ldll 7 & APGAl FaT FaEoAA7E A=AE A A s2ARE
of A= AFEE 1 9l+= Glycerol, Ethylene glycol, Proline, Betaine - HCl, Skim milk,
Sucrose, Glucose, Sorbitol % Mannitololl thsle] W AA EHE ZF7Eo] -40 TColA
s ¢ sAAA HESIAY. d¥ T d3zEdd diEiA e, 540 dua Az e=R
, = oFA e HFEte] FotA == 747 1L.0M=
50% el bk 1 o] 99 Ao thefA =, HA0l ol s ol &It A A
s st7] 98 HUbesRE vlad A ekl ZH7f 5%E 50%38 ol 7M. Table

20] YEbE AAA DMSOo] 9ol % Sucrose®?t Prolinedl Al Eafuo] &7} vhebyE=] wk

A7bsEs vy A skl

ARG el dl oAt DMSOS &3E 48 dthAu DMSOS 558 ang 2
AL g

Table 2. Survival rates(mean+SD) of the conchocelis of Porphyra seriata in various

cryoprotectant
Cryoprotectant Survival rates (%)
Control (50% seawater) 21 + 21
5% DMSO 65.4 + 4.8
5% Ethylene glycol 3.2 £ 3.1
5% Glycerol 6.8 + 4.2
5% Proline 183 + 46
5% Betaine + HCIl 9.7 + 24
5% Skimmed milk 1.8 + 1.3
1M Glucose 46 + 3.2
1M Sucrose 431 + 49
1M Sorbitol 35+ 26
1M Mannitol 16 + 14

* Conchocelis were frozen at -40°C for one day in each cryoprotectant dissolved in 50% seawater.
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—O—sorbitol
—I—sucrose
80 F —8— sorbitol+5%DMSO
—&—sucrose+5%DMSO
® —
0] 60
© —
S ol
= T
S T
(9]
20 [
. o e

o

0.1 0.5 1
Concentration (M)

Fig. 6. Effect of the sorbitol and sucrose concentrations on survival rates of the
conchocelis of Porphyra seriata frozen at -40C for one day.

Cryoprotectants were added in 50% seawater. Values are meanstSD (n=3).

DMSO¢ DMSO Hso® sajto]ayrt 4T Sucroses: EFTFo2HN F3Hof
s =Y F A=A ARE HE&s] &) flal, 5% DMSO% 0.1~1.0M Sucrose=

E3kste], -30 ColA % & AANZ A9 AEES 5% DMSO w 7852
s Bokth EE) Sucrose &3t o)t g¥rt FAu Yol HFEQt *oV\Oﬂ ot A
2ol JRE Wi 7] Yo, dHeEE aYE B F gAY SorbitolE 2 0.1~
LOMe] =2 DMSO¢ Efste] wa HAEJH 2 Z34E (Fig. 6)o dekioh
Sucrosex WH o2 ARESHH 0.1~1.0M9 Rl BEE 40%9] A= sy =
#g B F AT 5% DMSOSH E§shd 0~0.1Me] HelolA =L 664%H =7t &
Ao, Sucroses =7l A5EAuial AELo] AslsleE AS B 4 AddTh Sorbitol
dmow ARgEtH oW FRolMR T Ede B 5 1A, 5% DMSOS &%
s AEES 53~656%7F HRAAT 5% DMSO w59 4o nls| AEL& A5 U
EfLA] 2okt

50% i<l 5% DMSOE %2 FZMMAS AFE3ste], -40 CTolA REF B9 A&
&o] AFA HEES A 34, DMSO$ Sucrose T SorbitolS E3H3to 24
AEgo] AB|AZ Wste] zo]7t HAEER 9 RS Hlw HESFQEH, 1 AdE
Table 37} Zt},

10

R4

ol
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Table 3. Survival rates(mean=SD) of the conchocelis of Porphyra seriata stored at —40

C for different periods of time. Cryoprotectants were added in 509 sea water

Survival rates (%)

Cryoprotectant
1 hous 1 day 7 day 10 day 20 day 40 day 60 day
5% DMSO - 65448  05:05 01:01 - - -
5% DMSO 2518 536+36 142+42 9.3+£3.8 3.2+04 1.5+£0.7 0.4+04
+0.5M sorbitol
5% DMSO - 486469  04+04  0.1+0.1 - - -

+0.1M sucrose

* - ! not examined.

ro

olegt Al 7tA A9} e FAwWIAE ALt AA AMEE -80 TollA HE
49-¢] A3= (Table 4) o Yetith 28 SZAM AN 2L m|$ v 3Y o

Well 190187k & .
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Table 4. Survival rates(meantSD) of the conchocelis of Porphyra seriata frozen at

-80C for different periods of time

Cryoprotectant Survival rates (%)
4hours lday 3day Tday
5% DMSO - 0.2+0.2 - 0.2+0.2
5% DMSO+0.5M sorbitol 1.8+0.7 1.5+0.4 0.4+0.3 0
5% DMSO+0.1M sucrose - 0 - 0
* — 1 not examined

* Cryoprotectants were added in 50% seawater.

ool Aym, REFHEZ AMFAlE 50% el 5% DMSO< 05M Sorbitols %

SAMANAE AFEE R 40T7HA] WAA AL WA @bl w2 nlER A
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U, 2974 2N duFa2xAY HE

50%3f ol DMSO<®} Sorbitols ¥+ A/l A S AREahd, WA A AREA S Al
E5 @Yol —40T/HA WAAAR =2 HER AE A F dus Al
Revw 2@A s2MS =] A& RyHEe ARSSt
Atk

50%3l ol 25~15% DMSO ¢ 05M Sorbitols &3¢ w27/l A& AFEste] AR
A @S WA 1 C/min & $EZ -20~-80 T2 HA o] 7FA] SE=Z oH
sAste], dn] §2 A% ¥ S AZl 9o AEES FepAvkAL, AR $2 o
Ad L2272 FH8AA b7 ¢t BEF e AEsS AW 2 4345 (Fig. 7)
of ettt evled A5 nl2 dlsstH(Fig. 7. A) AFEAl AIES AEEL, DMSO
ol BAgle]l dulsd2r=9 Astet A vrobd AT, DMSO7F EobAlH ou] &2
=9 Astel mE AEE Ask= Ao Atk ©, DMSO 15%9] 4o AEa2 A4
TAZETE 40 Tol/de] MelollAe] =L 7Hd vhokth o]

, S
Hisf onlsd § a2AdS AAEL2E=7A] YAAZ Fg-el= (Fig. 7. B), 1" DMSO
FEAME, 20 ~ -30 T7A dulsd g APA AEe dusd A= g
of LMol =S 20% olstAN, -40 T7HA] dulsd2=E we AdA =
A&l 7HE w3, & dulsZ2Es YFEA AEES A Yokl dhedee

TY wo] APFAAES] HEEL DMSO sx9 10%2 %71 #H3(6 )o] H,
DMSO #%7} o|Ht; 1 EAY drolk A& ojHth o vt
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Fig. 7. Survival rates of the conchocelis of Porphyra seriata cooled to various
temperatures at 1C/min. Conchocelis cells were suspended in
cryoprotective solutions composed of 2.5~15% DMSO and 0.5M sorbitol
in 50% seawater. A, thawed immediately after prefreezing; B, stored for

1 day in LN before thawing. Values are means+SD (n=3).
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Fig. 8. Effect of DMSO concentrations on survival of the conchocelis of Porphyra
seriata. Conchocelis cells were suspended in cryoprotective solutions
composed of 0~20% DMSO and 0.5M sorbitol in 50% seawater, cooled to
-40C at 1C/min and thawed before or after the immersion in LN for a

day. Values are means * SD.

50 %385l 10 % DMSO®} 0.5 M Sorbitols &gt A/ NS AFE3le], ou]s
A QoA Wzt&z el Jgo] s AESAL ARl dEAE 05
-20~-80 T7HA on] FAste], dnlsd AF vtz sEe 4] A
1A 143t BE -9 AMgA

et dnlEd A5 nte e Feols, AEeS WA= Faglel AvEA
=0 Aetel Al ALl mlszetAl A st
SE7HA Yztate] ahF Eol BES AgolE, AEES duTA2E -20~-30 TellA
= oW wa, oHFE A% -40~-50TCA = EobA i, -50~ -60Te]st7} =W uto}
A, 05 C/min ¢ 1 C/min oA F243& w= HA dn] 4 2= 40 Te=dl, 2
C/min ¥ 4 C/min A YAHE W= HA dHled2%== -50 CTolJvhFig. 9. B).

F oA As LEAA

>

i
32
roa
e
Q
O
>
rob
=)
2
=
offt
iin
ol
K3
2
2
N,
™

_33_



Suvival(%)

—o0—0.5C/min
---0--- 1C/min
0 | —e—2C/min
---m-- 4C/min

Survival(%)

20 =40 —-60 -30
Temperature(C)

Fig. 9. Effect of cooling rates on survival of the conchocelis of Porphyra seriata.
Conchocelis cells were cooled to ~20~-80C at 0.1 ~4C/min and thawed before (A)

or after (B) the immersion in LN for a day. Values are means + SD (n=3).

_34_



WAL E R 3F B BEF
2% 40T Aol el Wemel APSAAEZY] AES BAE (Fig. 10)ol] vFEF
ok o] 1ol E (Fig. 9ol Yebd dHolg 9o Wzh&® 0.1
et 2 2tk 0.1 C/min o $E2 ofF A3 WAAAE 05~1 C/min oA »g&
3t Aol wlE AEE] Foe 2ol vEYA ekkth WS EYE 1 C/min & W2
W AAAL T A WhEe] 197 BRES Fo] AELE I ASEHAA YN, HEF
© 4 T/min 74X 9] ¥Z &2 W E F=83 Ass JehdgA gkt oj#d 4

&

ol A, eful AR gl glofA AHg WAL E= 01~1 C/min ofehal A .
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Fig. 10. Effect of cooling rates on survival of the Conchocelis of Porphyra seriata.
Conchocelis cells were cooled to -40C at 0.1 ~ 4C/min and thawed before

or after the immersion in LN for a day. Values are means = SD (n=3).

_35_



SIBIECEEE]

TE B0z APAA

QoA —40T7AA Ak W)
o BEE
o}

-1
5~2TC/min® 745 Ul AESIAT 7 2345 (Fig. 1D YErWlo, 25 y2hs
off ] 40Tl AAA FAAIZFS AEE JFE vA A ek Ao Bt

100 r

80 [
2 6t
(]
=
>
S 40 r
(@p]

20 [

A

O |

100

80 r
E:(i 60 - w
©
Z E— —— —— S i
S5 40 f
(@))]

—— 2°C/min
20 r —e— 1°C/min
—4&— 05C/min
O L |
0 10 20 40 60 B
TIME(min)
Fig. 11. Effect of retention for various periods of time at -40°C on survival of the

conchocelis of Porphyra seriata. Conchocelis cells were cooled to -40C at 0.572

C/min and retained for various periods of time. A, thawed immediately after

prefreezing; B, stored for 1 day in LN before thawing. Values are means+SD

(n=3).
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agitating vials in a water bath at 40C (A), by keeping vials in a water

during thawing. The frozen conchocelis suspensions were thawed by
bath at 0C (B), or by keeping vials in air at 20 (C) or 4C (D).
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Fig. 12. Temperature changes of conchocelis suspensions of Porphyra seriata
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Table 5. Comparison of the survival (mean + S.D.) of conchocelis cells of Porphyra seriata
when conchocelis suspensions were thawed at different warming rates. The frozen
conchocelis suspensions were thawed by agitation vials in a water bath at 407C,

by keeping vials in a water bath at 0C, or by keeping vials in air at 20 or 4T

Survival (%)

Thawing
(-407C) (-40C — LN)

40C (in water) 809 + 46 63.8 £ 3.8

0C (in water) 786 = b4 455 £ 4.2

207C (in air) 774 £ 2.8 251 + 45

4C (in air) 75.6 £ 59 79 £ 3.8

o] A¥2 HY dAALLLA T4 HEI RFEUE7 ARAA g do] glo] A
40T FeFE SolA oL AAl BSo] H4e B sl A TS who)
2ol FekE o

& }ﬁo}o% DMSO #7kzel distel HEFT 50% el 10% DMSO

A Aol ARFAALE A AR G}, VR HE s 2v)
9l 20% DMSOE ¢t s EHlste], o]zl 16w Hw 30wel 2A ARSAl A=
of diste], ARdAl &

o
- T
o & 4OC77W dulEd3 § vz s Wl B AAL L ETA] F o]

= , 5
F B nEW F AEAS Wl AGAATY] JEES vadrh 1 AAE Table 6
o FERIE. 50% @il 109 DMSOE E3-a 4 virjejel Agal AEE 44 @c

=4
A7 Aol ol $4 AF w2 AEAe uu, JARLLEAA FAste] ST

= ARA AES] AEES Wk om(40.1~48.3%), ol & 154 A

& WENS
A DMSOS AM3 H7AL Aol S48 2 YE&E29~79200¢ S F U2
o el 308l 2AH DMSOE o AA3 Aztstdels AEgel fo@ e

w2 9 TH63.8~80.9%).
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Table 6. Comparison of the survival (mean * SD, n=3) of conchocelis cells of Porphyra
seriata when DMSO was added at different time. An equal volume of the basal
solution having 20% DMSO was added gradually over a period of 15 or 30 min

. Survival(%)
DMSO addition®
(min)
-40C -40C—LN
0° 483 + 46 40.1 + 4.3
15 792 £ 4.1 629 £ 59
30 809 £ 2.8 63.8 £ 3.8

? Time required to attain a final concentration of 10%
> Conchocelis cells were centrifuged and suspended immediately in the cryoprotective solution having 10%
DMSO.
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Fig. 13. Effect of equilibration for various periods of time after DMSO addition on

survival of the conchocelis of Porphyra seriata. Values are means = SD
(n=3).
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Table 7. Comparison of the survival (mean * SD n=3) of conchocelis cells of
Porphyra seriata for different dilution rates of the cryoprotective solution.
After thawing, conchocelis suspensions with cryoprotectants were diluted

7-fold with ice—chilled seawater over various periods of time

Dilution time (h)* Survival(%)
Rapid dilution 555 + 54
0.5 63.8 + 3.8

15 581 = 6.2

35 602 £+ 7.8

? Time required to dilute 7-fold with seawater

" Conchocelis suspension with cryoprotectants was diluted 7-fold with a single addition of seawater.
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Aok ol AAF Aol oeto], AHzF APFA didte]l 50% @l DMSO&
10%¢F 0.5M sorbitols #7F3h FafiolAl= A gfsto] Zm1d] Freezer(%Z}ﬁE 1T
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Table 8. Comparison of the survival (mean * SD, n=3) of conchocelis cells of Porphyras
prefrozen to —40°C in a cryoprotective solution of 10% DMSO and 0.5M sorbitol

in 50% seawater by a program freezer prior to immersion in LN

Species Survival(%)
P. tenera 546 £ 5.3
P. yezoensis 61.0 + 25
P. dentata 709 + 3.3
P. seriata 63.8 £ 3.8
P. pseudolinearis 584 £ 7.2
P. haitanensis 65.4 + 2.7
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Fig. 14. Survival of the conchocelis of Porphyra seriata stored in LN for various

periods of time (1h-300 days). Values are means +SD (n=3).
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Table 9. Comparison of the survival (mean * SD, n=3) of conchocelis cells of
Porphyra seriata when conchocelis colonies of different sizes were
cryopreserved in LN. Conchocelis cells were prefrozen to -40C in a
cryoprotective solution of 10% DMSO and 0.5M sorbitol in 50%

seawater by a simple prefreezing system prior to immersion in LN

Colony size (mg) Survival(%)
Short fragment” 645 + 3.6
3 62.3 £ 44
30 68.6 £ 04

a Conchocelis colonies were chopped into short fragments with a Waring blender and 1 mg
(fresh wt.) of the fragments were added to a cryogenic vial

AAELS APFAS Ad 3 F5-2 645%°] We]l 224 a2 52 HEI Fo=
62.3% % 686%ATF. X 15 me FAwWMMAS {3 vlo]d sfrtel 3, 10, 100 mg(AY

T APHA ERYUE Yol F2KRE 3 Agole Table 10, 35 5 AMGAl Al 9]

AEEL 62~64%0°]H, Hlold ahif & ARGA] S 2U e ol 100 mg7hA o] ool A=
o APFA AE] AFE Feel ztols WA edokrh dAA AT HA A
AL A T4 HESY 3Ed F AMA MEE Figure 159 2t wEE HEAdH
& o] AR, B AETE HA dMEo Aol tke

Table 10. Comparison of the survival (mean + SD, n=3) of conchocelis cells of
Porphyra seriata when different amounts of conchocelis colonies were
preserved in cryogenic vial. Conchocelis cells were prefrozen to -40C in
a cryoprotective solution of 10% DMSO and 0.5M sorbitol in 50%

seawater by a simple prefreezing system prior to immersion in LN

Amount (mg) Survival(%)
3 62.3 + 4.4
10 63.7 + 3.3
100 62.2 £ 4.1
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Fig. 15. Conchocelis of Porphyra seriata. A, Live conchocelis treated with neutral

red ; B, Dead conchocelis cells treated with neutral red.
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7F. B Al vlE Laminariales(Phaeophyta) Wl $-A2] 542 - &

2 AT A AFEE BEE A AEES Kono et al(1998)8] A9 mrbA =
s F wjgel A A THTable 11). 547 s HAGoAY AMAEE dllE 4
WA A AR UEuA] S F doernE dA A EE Hrtety] e olFEA
o] gttt

DMSO®} glycerole el F7/H9 AMEA AE 753 FalolAlolar ethylene
glycol Laminariales E. bicyclisol X £& Fajolalz e 93
HAH(Kono et al, 1998). & AFAAME= FIWAAE TdHoz A &3t L
japonica, L.longissima, K.crassifolia, E. kurome, E. stolonifera®l X 7} &S YEW
FalHol A= ethylene glycole] 1t (Table 11). ethylene glycol®] HA &

2ol 7F UATE ol AF3 F JtEdl E kuromes AQ)d U] H$- 10%00 A
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fFalst 292 el w3 10% proline® ethylene glycol®] &£3tHe &% 3 uf
o ] AES F7FA7]= HHA prolined} glycerol H& DMSO9] &3t A= g 37}
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SHAIRE U, pinnatifida®l 7% glycerol®] ethylene glycol®t} 943+ &35 YEFA
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Table 11. Effects of wvarious cryoprotectants on survival (meantSD) of female
gametophytic cells of 5 species of Laminariales. The cells were immersed
in LN after the first slow cooling to -40C. Survival rates were estimated

immediately after thawing and after post-thawing incubation for a week

survival(%)

Cryoprotectant

L.japonica L.longissima K.crassifolia E.stolonifera  E.kurome

Control (scawater) 0.0 + 0.0° 0.0 + 0.0 0.0 + 0.0 02 + 0.2 0.0 + 0.0
- - - 0.0 + 0.0) -
234 + 19 481 + 04 441 + 12 427 + 18 230 + 1.3
0,
5% (v/v) ethylene glycol (240 + 15° (451 £ 39 (451 +31) (417 +24) (75 + 1.9)
496 + 3.7 599 + 14 65.8 = 0.7 545 + 2.2 201 + 1.3
(0}
10% (v/v) ethylene glycol (450 + 34) (554 + 21) (609 + 22) (393 + 35 (7.0 + 2.1)
312 + 12 584+ 16 482 +15 500 + 41 65+ 14
(0}
15% (v/v) ethylene glycol (347 + 07) (557 +17) (18 + 1.7) (315 + 15 (1.0 + 0.7)
10% (v/) glveero] 9.0 + 3.1 208 +20 480 +39 484 +29 115+ 07
0 gy (47 + 40) (151 + 47) (273 +56) (320 £ 21) (1.3 + 0.8)
453 + 13 399+ 23 605 +37 571 +14 55+ 04
0,
10% (v/v) DMSO (250 + 44) (368 £ 28) (502 +29) (281 £ 16) (0.0 + 0.0)
5% (v/v) ethylene glycol - - - - 56.2 + 1.2
+ 10% (w/v) proline - - - - (422 + 34)
10% (v/v) ethylene glycol 639 +31 674 +26 731 +35 733 +19 527 + 24
+ 10% (w/v) proline (537 + 23) (598 + 1.4) (651 + 20) (597 + 33) (359 + 3.0)
. 580 + 26 602 +19 668 + 28 688 + 08 409 + 08
(0}
* 10% (w/v) sorbitol (422 £ 17) (565 £ 25) (667 £ 39) (569 + 15) (272 £ 27)
L 10% (w/v) sucrose 501 + 26 571 +22 658 09 638 +25 383 + 16
° 400 + 40) (530 + 22) (649 + 24) (485 + 06) (241 + 2.1)
+ 5% (w/v) dextran 37 +33 528 +28  58+29 568 +43 193 + 23
° (262 + 19) (489 + 1.6) (82 + 33) (438 = 33) (164 * 2.0)
10% (v/v) glycerol 81 £ 1.0 20.1 £ 40 322 + 35 431 £ 15 16.1 + 3.3
+ 10% (w/v) proline 84 +19) (158 + 20) (260 + 44) (200 = 09) (0.7 + 05)
10% (v/v) DMSO 392 + 18 370 +52 696 + 35 547+ 18 31+ 15
+ 10% (w/v) proline (124 + 35) (237 +39) (487 +23) (281 = 21) (0.2 + 03)

“Survival rate immediately after thawing

"Survival rate after post-thawing incubation for a week.
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Table 12. Effects of various cryoprotectants on survival (meantSD) of female
gametophytic cells of Undaria pinnatifida. The cells were immersed in
LN after the first slow cooling to -40C. Survival rates were estimated

immediately after thawing and after post-thawing incubation for a week

survival (%)

Cryoprotectant
After thawing” Afteil’ngl);;tilgivbving

Control (seawater) 0.0 £ 0.0 -

5% (v/v) glycerol 513 + 3.6 362 + 3.1
10% (v/v) glycerol 641 = 2.7 447 + 2.8
15% (v/v) glycerol 573 £ 0.7 320 £ 29
10% (v/v) ethylene glycol 51.6 + 4.2 44 + 19
10% (v/v) DMSO 129 £ 09 05 + 03
10% (v/v) glycerol + 10% (w/v) proline 731 + 09 60.3 £ 0.5
10% (v/v) glycerol + 10% (w/v) sorbitol 69.0 £ 23 585 = 3.2
10% (v/v) glycerol + 10% (w/v) sucrose 65.0 £ 1.5 54.0 £ 1.2
10% (v/v) glycerol + 5% (w/v) dextran 614 + 05 583 £ 1.3
10% (v/v) ethylene glycol + 10% (w/v) proline 66.0 + 24 51.8 £ 3.3
10% (v/v) DMSO + 10% (w/v) proline 311 £ 23 03 £ 0.2

“Survival rate immediately after thawing

"Survival rate after post-thawing incubation for a week.
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Fig. 16. Changes in the survival of gametophytic cells of 6 species of Laminariales during
post-thawing incubation. Gametophytic cells suspended in the appropriate
cryoprotective solution were immersed in LN after the first slow cooling to —40C.

Values are means + SD.

_50_



Y. EAvH(Sargassum fulvellum)ol 572 - 3%

Aol A AR saEgol Al JheH A WojAlE AFERES FF DMSO, the
° % dextranolA 7HE £ 2IE UE W (Table 13). DMSO9 F3] Wolad= &
Lo o3 FHFHA=d 156% A 15.6%%E s3] Hojayrt 71 =2 o= Hozt
(Table 14). 3ol 40%°] DMSOE =g3dte] e &AQolM= g3 Be a7t 54
8] FFAstel DMSO9 #HEF w%7F 20%%0 AFolAe A3 AiE 48 Fv At
DMSO$% v& &3l oAl Egste] AFEE 73t A o] Alx =82 10% DMSO<}
5% proline & &3k F3to A 21.3% =2 tha =A UERSTE £33 5%9] dextrans &
b FAAME 157%9] AEEZR YA U A YEE e sucrose®t glycerololl A4 A &8
of ttah A YUY ¢ F AAH(Table 15).

S. fulvellum® & -20C< -60CoNA 12 WzF A7) §F A ALTARE GAES
AAA G gz A, e TED AR AEe] HEES 1A W 227}
SolA 4= fAhete AYdE HIT(Fig. 17). 40T olstallA 14 ¥2AI71 25 Al
EAo] fastdom A4 A3 -40TAA 12 Wz Azl § dstdd FARIA] AE
o] AEEC] 206%E M w2 Aoz ey

Table 13. Survival rate(mean+SD) of young fronds of the Sargasumm fulvellum in
various cryoprotectants after thawing. Young fronds were frozen by the
first slow cooling and subsequent rapid cooling steps in each cryoprotectant

dissolved in 100% seawater, and stored for 24h in LN before thawing

Cryoprotectant Survival rate(%)
Control(seawater) 03 0
5% DMSO 128 £ 1.3
5% dextran 114 £ 09
5% proline 6.3 £ 0.7
5% glycerol 75 + 0.3
5% ethylene glycol 59 + 26
5% sorbitol 71 + 0.6
5% glucose 43 £ 0.2
5% sucrose 42 + 04
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Table 14. Effect of concentration of DMSO on the survival rate(mean *SD) of
young tronds Sargasumm fulvellum. Young fronds were frozen by the

two-step cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival rate(%)
Control(seawater) 03 £0
5% DMSO 128 + 1.3
1096 DMSO 137 + 15
15% DMSO 156 + 14

Table 15. Survival rate(mean+SD) of young fronds of the Sargasumm fulvellum in
mixed cryoprotectants. Young fronds were frozen by the two-step

cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival(%)
10% DMSO + 5% proline 213 £ 25
10% DMSO + 5% dextran 157 + 1.8
10% DMSO + 5% glycerol 189 + 1.2
1096 DMSO + 5% ethylene glycol 143 + 1.2
10% DMSO + 5% sorbitol 128 + 0.9
10% DMSO + 5% glucose 19.7 £ 1.2
10%6 DMSO + 5% sucrose 20.7 £ 1.1
15% DMSO + 5% proline 115 + 1.3
15% DMSO + 5% dextran 87 £ 06
15% DMSO + 5% glycerol 69 £ 1.0
15% DMSO + 5% ethylene glycol 82 + 07
15% DMSO + 5% sorbitol 87 + 0.8
15% DMSO + 5% glucose 96 £ 0.9
15% DMSO + 5% sucrose 10.2 £ 1.2
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Fig. 17. Survival of Sargasumm fulvellum prefrozen in a program-mable freezer. The
thalli were suspended in a cryoprotective solution composed of 10% DMSO and
5% proline in seawater. Prefrozen suspensions were thawed without (dotted line)

or after (solid line) immersion in LN. Values are means *SD.

th. % (Hizikia fusiforme)®] &2 - dl%
oAl AR Fa oAl ThEl A oAl S ARR IS 74 DMSOlA 7H
2 FL 295 YeE It (Table 16). DMSO2] &3 Wolads o o8 -5
=l 10% 4 22.3%¢F 15% A 204%= s3] W adrt 7HE =& Aoz YEy
(Table 17). @il 40%<] DMSOE &3tste] e £
8] ZHastel DMSO9 HF wX7F 20%¢% ZB-FolAe A3 Z23s 45 = 1A
DMSO¢ tt& s WolAe] EdHS A3 FARIAA AE AEES 10%
DMSO¢} 5% proline & &&3F F3tol|l A 23.7% =2 tha =7 YElRStH(Table 18).
H. fusiforme? 1S -20C ¢ -60TColA 12 Wz 271 &
AANA &L glAZ DS, C fragilest 2ol AES] AEES 12 W2 271 vopd
T < RYthFig. 18). -40T o]atolA 12 ¥
dastRom A A -40CoA 12 @7 A7l & Hstdih FHAEEA
& =

Fo AOo® UEH
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Table 16. Survival rate(mean+SD) of young fronds of the Hizikia fusiforme in
various cryoprotectants after thawing. Young fronds were frozen by the
first slow cooling and subsequent rapid cooling steps in each cryoprotectant

dissolved in 100% seawater, and stored for 24h in LN before thawing

Cryoprotectant Survival rate(%)
Control(seawater) 03 +0
5% DMSO 172 £ 1.2
5% dextran 57 + 0.7
5% proline 65 £ 1.3
5% glycerol 43 + 0.9
5% ethylene glycol 57 + 2.1
5% sorbitol 6.2 + 2.0
5% glucose 6.0 £ 1.6
5% sucrose 6.4 + 1.8

Table 17. Effect of concentration of DMSO on the survival rate(mean *SD) of
young tronds Hizikia fusiforme. Young fronds were frozen by the

two-step cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival rate(%)
Control(seawater) 0.3 £ 0.0
5% DMSO 172 £ 1.2
10% DMSO 223 + 35
15% DMSO 204 + 2.3
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Table 18. Survival rate(mean+SD) of young fronds of the Hizikia fusiforme in
mixed cryoprotectants. Young fronds were frozen by the two-step

cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival(%)
1096 DMSO + 5% proline 237+ 3.8
10% DMSO + 5% dextran 13.9+ 2.4
10% DMSO + 5% glycerol 172+ 29
10% DMSO + 5% ethylene glycol 9.3+ 34
10% DMSO + 5% sorbitol 154+ 4.2
1096 DMSO + 5% glucose 173+ 2.6
10%6 DMSO + 5% sucrose 19.6+ 3.8
15%6 DMSO + 5% proline 181 + 2.1
15% DMSO + 5% dextran 103 + 1.6
15% DMSO + 5% glycerol 113 £ 1.2
15%6 DMSO + 5% ethylene glycol 9.9 £ 0.6
15% DMSO + 5% sorbitol 125 + 0.8
15% DMSO + 5% glucose 11.1 + 05
15%6 DMSO + 5% sucrose 176 £ 0.6
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Fig. 18. Survival of Hizikia fusiforme prefrozen in a program-mable freezer. The
thalli were suspended in a cryoprotective solution composed of 10% DMSO and
5% proline in seawater. Prefrozen suspensions were thawed without (dotted line)

or after (solid line) immersion in LN. Values are means *SD.
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Fig. 19. The collecting site of plants used in this study.
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Fig. 20. Fronds of FEnteromorpha prolifera stained by erythrosine. Red cells are

dead.
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Table 19. Survival rate(mean+SD) of young fronds of the Enteromorpha prolifera in
various cryoprotectants after thawing. Young fronds were frozen by
the first slow cooling and subsequent rapid cooling steps in each
cryoprotectant dissolved in 100% seawater, and stored for 24h in LN

before thawing

Cryoprotectant Survival rate(%)
Control(100% seawater) 0.7 + 0.0
5% DMSO 228 + 2.1
5% dextran 184 + 2.6
5% proline 147 + 1.8
5% glycerol 121 + 3.0
5% ethylene glycol 104 + 3.8
5% sorbitol 174 + 24
5% glucose 88 = 44
5% sucrose 11.8 £ 3.7

Table 20. Effect of concentration of DMSO on the survival rate(mean *SD) of
young tronds FEnteromorpha prolifera. Young fronds were frozen by

the two-step cooling method and thawed after immersion in LN for

24h
Cryoprotectant Survival rate(%)

Control(100% seawater) 0.7 + 0.0
5% DMSO 228 £ 2.1
1026 DMSO 544 + 4.8
15% DMSO 549 * 3.2
20% DMSO -
40% DMSO -
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Table 21. Survival rate(mean+SD) of young fronds of the Enteromorpha prolifera in
mixed cryoprotectants. Young fronds were frozen by the two-step

cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival(%)
10% DMSO + 5% proline 68.3 + 3.6
109% DMSO + 5% dextran 52.6 = 4.7
10% DMSO + 5% glycerol 624 £ 58
10% DMSO + 5% ethylene glycol 454 + 34
10% DMSO + 5% sorbitol 43.3 £ 3.0
10% DMSO + 5% glucose 424 + 277
1026 DMSO + 5% sucrose 614 + 42
15% DMSO + 5% proline 582 = 5.2
15% DMSO + 5% dextran 49.6 + 3.3
1526 DMSO + 5% glycerol 55.3 £ 4.3
15% DMSO + 5% ethylene glycol 527 £ 35
15% DMSO + 5% sorbitol 43.0 £ 34
15% DMSO + 5% glucose 413 £ 2.7
15% DMSO + 5% sucrose 495 + 4.2
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Fig. 21. Survival of Enteromorpha prolifera prefrozen in a program-mable freezer.
The thalli were suspended in a cryoprotective solution composed of 10% DMSO
and 5% proline in seawater. Prefrozen suspensions were thawed without (dotted

line) or after (solid line) immersion in LN. Values are means =SD.
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Fig. 22. Medullary threads of Codium fragile stained by erythrosine. Red cells
are dead(left).
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Table 22. Survival rate(mean+SD) of medullary threads of Codium fragile in various

cryoprotectants after thawing. The threads were frozen by the first slow

cooling and

subsequent rapid cooling steps in each cryoprotectant

dissolved in 100% seawater, and stored for 24h in LN before thawing

Cryoprotectant

Survival rate(%)

Control(100% seawater)

5%

5%

5%

5%

5%

5%

5%

5%

DMSO

dextran

proline

glycerol

ethylene glycol

sorbitol

glucose

Sucrose

03 + 00

175 + 1.8

6.1 £ 19

93 + 22

54 £ 0.7

69 + 2.0

75 £ 12

71 £ 08

88 = 2.0

Table 23. Effect of concentration of DMSO on the survival rate(mean =SD) of

medullary threads of Codium fragile.

The threads were frozen by the

two-step cooling method and thawed after immersion in LN for 24h

Cryoprotectant Survival rate(%)
Control(100% seawater) 0.3 £ 0.0
5% DMSO 175 + 1.8
10% DMSO 247 £ 3.1
15% DMSO 216 £ 2.7
20% DMSO -
40% DMSO -
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Table 24. Survival rate(mean*SD) of medullary threads of the Codium fragile in

various cryoprotectants.

The threads were frozen by the

cooling method and thawed after immersion in LN for 24h

two-step

Cryoprotectant Survival(%)
10% DMSO + 5% proline 39.7 £ 4.3
10% DMSO + 5% dextran 217 £ 1.3
109 DMSO + 5% glycerol 319 + 29
1096 DMSO + 5% ethylene glycol 232 £ 35
109% DMSO + 5% sorbitol 33.8 £ 20
10% DMSO + 5% glucose 2716 £ 2.7
1026 DMSO + 5% sucrose 426 + 3.6
15% DMSO + 5% proline 11.7 + 0.9
15% DMSO + 5% dextran 10.3 + 0.8
15% DMSO + 5% glycerol 92 £ 1.2
15% DMSO + 5% ethylene glycol 77 £ 1.0
15% DMSO + 5% sorbitol 93 + 06
15% DMSO + 5% glucose 7.8 £ 0.6
15%6 DMSO + 5% sucrose 126 £ 0.7
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Fig. 23. Survival of Codium fragile prefrozen in a program-mable freezer. The thalli
were suspended in a cryoprotective solution composed of 10% DMSO and 5%
proline in seawater. Prefrozen suspensions were thawed without (dotted line) or

after (solid line) immersion in LN. Values are means +SD.
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Fig. 24. The collecting site of materials used in this study.

3] AP o, RAFEORTE F(T), £F

4247 (YSI85)E ol §akel o gelx zAlahect

2
3
rlok
— o
BN
>
>
rir
o
oX,
>,
N
offt
r (%]
=2
e
—_

_69_



30

25

20

15

10

Temperature(C)

12

10

DO(mg/8)
o

38

36

34

32

Salinity(%o)

30

28
Nov Dec. Jan. Feb. Mar. Apr. May
Month

Fig. 25. Measurments of seawater temperature(C), dissolved oxygen(mg/ 2 ),

salinity (%)) by aquafarm and cultivation months.
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Fig. 28. A photograph of indoor culture tanks.
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30. Comparision of blade width of the two groups of Porphyra tenera.
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Table 25. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Porphyra tenera

Levene's

test Ttest
Species Month Trait Mean SD
P t P
Blade  Pre” 4.83 1.88 0.09
0.14 1.70
length o5t 417 1.30 0.10
Nov.
Blade pre— 2.44 1.07
, 0.01 3.28 0.002
width  os¢- 1.68 0.69
Blade  Pre” 492 2.14 0.70
0.06 0.40
length ot~ 472 1.78 0.70
Dec.
Blade  Pre” 2.23 0.86
, 0.96 ~0.509 0.61
width  pog¢- 2.33 0.75
Blade  Pre” 1233 3.02
0.47 14 0.17
length o5t 11.17 3.42
P. tenera Jan.
Blade pre— 7.13 3.63
, 0.85 -0.18 0.85
width  pog¢- 7.30 3.33
Blade  Pre” 1353 3.09
0.79 -1.92 0.05
length o5t 15.10 3.20
Feb.
Blade  Pre” .83 3.69
, 0.81 -0.18 0.85
width  og¢- 9.00 3.45
Blade  Pre” 18.00 6.01
053 0.04 0.96
length o5t~ 17.93 6.33
Mar.
Blade pre— 9.73 3.00
, 0.85 0.28 0.77
width  pog¢- 951 2.87
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Table 26. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Laminaria japonica

Species Month Trait Mean SD
P t P
Blade pre— 142.50 31.57
0.39 0.83 0.38
length post- 149.26 2750
Feb.
Blade pre— 7.3 1.93
, 0.11 -1.77 0.082
width post- 8.1 154
Blade pre— 217.50 42.05
0.87 118 0.24
length post- 205.00 39.80
Mar.
Blade pre— 12.76 2.86
, 0.22 0.398 0.69
width post- 1250 2.30
Blade pre- 252.06 66.83
0.70 -1.85 0.06
length post- 283.60 65.06
L. japonica Apr.
Blade pre— 19.85 498
, 0.23 0.89 0.38
width post- 18.80 411
Blade pre— 227.95 21.05
0.09 0.77 0.45
length post- 223,50 14.89
May
Blade pre— 20.70 3.13
, 0.48 0.95 0.35
width post- 19.75 3.18
Blade pre— 176.1 14.72
0.26 -0.108 0.92
length post- 176,55 11.49
Jun.
Blade pre— 18.25 3.26
, 0.16 -0.70 0.49
width post- 18.85 2.96
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Table 27. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Uudaria pinnatifida

Le‘t’ee;lte S T-test
Species Month Trait Mean SD
P t P
Blade pre- 39.00 16.07
0.008 3.33 0.002
length post— 25.65 7.98
Blade pre— 9.00 4.05
Nov. . 0.38 1.05 0.30
width post- 7.80 3.09
Unper pre— 2.20 1.11
S 111)) 0.17 0.66 0.52
lengﬁl post- 2.00 0.79
Blade pre— 106.65 20.81
0.11 -9.1 0.37
length post- 114.10 30.32
Blade pre— 30.38 14.50
Dec. . 0.89 -0.99 0.33
width post- 34.80 13.87
Upper pre— 24.65 5.31
S 110%l 0.68 -1.79 0.08
lengt post- 27.50 4.73
Blade pre- 87.20 14.19
057 1.43 0.16
length post- 80.50 15.37
Blade pre- 24.25 6.95 073 001 03
ot c 7 . 37
U pdtificc Jan. g post 22.30 6.65
S 1p% 0.72 1.56 0.13
lengt post- 11.50 3.12
Blade pre— 104.15 21.33
0.54 0.45 0.66
length post- 100.95 24.56
Blade pre- 29.15 11.36
Feb. . 0.69 -0.36 0.72
width post— 30.70 15.25
S 11)%1 0.88 1.13 0.27
lengt post- 16.75 6.05
Blade pre- 169.90 35.45
0.05 1.81 0.08
length post— 152.50 24.78
Blade pre- 46.20 12.59
Mar. . 0.87 1.79 0.08
width post— 39.20 12.09
U per pre— 23.00 6.96
S 1peh 0.18 0.51 0.62
lengt post- 22.00 5.48
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Table 28. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Sagarssum fulvellum

Le:::: N T-test
Species Month Trait Mean SD
P t P
Blade pre= 2431 D67
0.58 1.46 0.15
1ength DOSt* 22.40 4.75
Mar.
branch ~ Pre” 590 226
0.74 -1.87 0.07
number gt 7.03 2.43
Blade pre= 4253 ol
0.71 1.39 0.17
1ength DOSt* 40.07 6.15
Apr.
branch ~ Pr¢” 1570 281
0.79 -1.70 0.09
number post- 16.93 274
Blade pre= 5093 6:49
0.44 -0.53 0.60
length pOSt* 51.90 7.55
S fulvellum May
branch ~ Pre” 2097 560
0.12 0.73 0.47
number gt 20.33 3.08
Blade pre= 42.60 o493
0.56 1.26 0.21
1ength DOSt* 40.57 6.54
Jun.
branch ~ Pr¢” 2467 647
0.82 -0.84 0.40
number gt 26.10 6.73
Blade pre= 36.17 532
0.63 0.77 0.44
1ength DOSt* 35.53 3.01
July
branch ~ Pr¢” 16:50 260
0.85 1.59 0.12
number gt 15.47 2.45
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Table 29. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Hizikia fusiforme

Lewt/:;lte S T-test
Species Month Trait Mean SD
P t P
Blade pre— 27.37 7.87
0.07 1.98 0.05
length  post- 23.93 5.30
Mar.
branch pre— 417 1.56
0.29 1.07 0.29
number gt 3.77 1.33
Blade pre— 35.00 5.03
0.11 0.50 0.62
length  post- 34.27 6.20
Apr.
branch pre— 10.80 371
0.03 5.56 0.000
number st 6.30 2.56
Blade pre— 4417 4.84
0.03 -2.07 0.04
length  post- 4657 7.60
H. fusiforme May
branch pre— 13.83 3.50
0.33 0.75 0.46
number s 13.10 4.05
Blade pre— 46.90 5.63
0.86 -1.53 0.13
length  post- 48.97 4.82
Jun.
branch pre— 31.30 8.12
0.05 -0.49 0.62
number s 32.50 10.55
Blade pre— 36.40 410
0.36 0.93 0.36
length  post- 35.33 479
July
branch pre— 31.07 456
0.87 -1.09 0.28
number st 32.40 492
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Fig. 40. Comparision of blade length of the two groups of Enteromorpha
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Fig. 41. Comparision of blade width of the two groups of Enteromorpha prolifera.
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Table 30. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Enteromorpha prolifera

Levene’s T-test
Species Month Trait Mean SD test
P t P
Blade e~ 3.74 0.84
length 0.44 2.07 0.43
(cm) post— 3.26 0.96
Nov.
Blade — pre- 0.75 0.24
width 0.83 -0.57 0.57
(mm) post— 0.79 0.25
Blade pre- 7.49 3.24
0.46 1.01 0.32
length post- 6.66 3.11
Dec.
Blade pre— 0.84 0.36
. 0.64 -0.49 0.63
width  pogt- 0.88 0.38
Blade pre— 18.98 1.25
0.91 1.08 0.29
length  oq¢- 18.62 1.30
E. prolifera Jan.
Blade pre— 1.03 0.32
. 0.12 161 0.11
width post- 0.91 0.24
Blade pre— 22.92 3.06
0.15 -1.19 0.24
length ot 23.93 353
Feb.
Blade pre— 2.14 0.34
. 0.44 142 0.16
width  pogt- 2.01 0.40
Blade pre— 18.19 1.26
0.20 1.37 0.18
length gt 17.80 0.89
Mar
Blade pre— 2.09 0.34
. 0.14 -1.30 0.20
width  pogt- 2.19 0.27
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Fig. 43. Comparision of branch number of the two groups of Codium fragile.
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Table 31. Mean and standard deviation(SD) of pre- and post- cryopreservations

of Codium fragile

Species Month Trait Mean SD
P t P
Blade  pre- 18.13 254
length 0.92 2.13 0.04
(mm) post— 16.70 2.67
Mar.
branch pre— 8.23 2.52
0.21 1.23 0.22
number gt 753 1.81
Blade pre— 53.17 6.61
0.06 2.47 0.02
length  poqt- 4797 9.40
Apr.
branch pre— 30.40 8.28
0.77 1.80 0.08
number  poq¢- 26.57 8.19
Blade  Pre 80.97 17.13
0.36 -1.60 0.11
length  poqt- 86.63 8.99
C. fragile May
branch  Pre” 54.70 10.81
057 1.93 0.06
number  poq¢- 49.50 10.07
Blade  Pre 143.37 16.65
056 2.02 0.05
length ot~ 13570 12.46
Jun.
branch  Pre” 73.93 11.04
0.18 -2.03 0.05
number  poq¢- 79.20 8.97
Blade pre- 126.87 16.94
0.08 -0.12 0.91
length  post- 12730 11.77
July
branch pre— 66.30 14.64
0.63 -0.41 0.68
number  pogt- 67.73 12.26
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L 7b7be) Sl R AEES AT | ice boxol Wl APAR LM b

olgd AAE fste] ofFaol 53], vAE LS A 70% L= 23], DNAFEA]

S AFste ¥ 2 x CTAB buffers 5007 7kstel 60ColA 302 w&3 %
2-mercaptoethanolE 10 37} 60CAA tA] 3023F BESAI 71T} tubeE 7AWo] 9]
¥ E % 23] % Phenol/Chloroform(25:1)S 1 Volum% 7}sFe] 15,000 rpm S 2 =0 A 5
7 9AE Y st thA] Chloroform/Isoamyl alcohol(24:1)2 Volum# 7}ste] 15,000rpm
og A2oA HEIF AAREste] R dEs AAZ F ATl 10M
ammonium acetate 10 09} -20C, 100% EtOHZ 2 Volum# 7}ste] -20Col A 30&7F
WA g 3 15000 rpm e E 4Tl A 57 dAlEelstel DNAE HAAIZ & -20C, 70%
EtOHZ A A  15000rpmoZ 4T 5837 94wt thA] DNAE A3}
25p0 3AEFFTHS EE TE bufferell oA 4T ®ach(Fig. 44).

207HA = ¥ 10-
California)Z ol A 607F4 ¢ primerg ©]-&3to] PCRYF3-S 3hu},

20u02] PCRYFS-M2 Premix-Top(Bioneer)2 AF&3te] 1409 template DNA(3ng/ul),
1p02] primer(5pM/pl) ¢} 3AHE 557 18l H 7Fste] 443t GeneAmp PCR System
9700(Perkin-Elmer Applied Biosystems)E& Ab&3te] 94TColA 5%3%F 13] denature 3
94Tl A 30%%F denature, 34TCeoll A 30%7%F annealing, 72ColA 30%%}F extensions
353 AAsta YA, HF 72T A 53t extensiongtrt,

PCR SEAHE2 1% agarose geloll A 100V, 30%7F #7195 3Fo] ethidium bromide® 9
AE 3 UV transilluminator YolA S<toz &<l 3 667 film Kodak Polaroid 7}H|el=
23 oH(Fig. 45).

mer arbitrary primer, Kits A, B, C (Operon Technologies Inc.,
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Thalli 100 mg
rinse TE buffer (Tris-HCl 10mM, EDTA 1mM, pH

I 8.0)
2 x CTAB buffer

[} 500 wt, 60°C, 30 min.
2-mercaptoethanol

U 10 w, 60°C, 30 min.
Phenol/Chlorofrom (25:1)

U 15,000 rpm, 4°C, 3min. centrifuge
Chloroform/Isoamyl alcohol (24:1)

U 15,000 rpm, 4°C, 3min. centrifuge

0.1 volume 3M Sodium acetate
2 volume 100% EtOH adding

U -20C, 30 min. incubation
DNA precipitation

U 15,000 rpm, 4°C, 15min. centrifuge
Washing (5004 70% EtOH adding)

U 15,000 rpm, 4°C, 5min. centrifuge
Air dry

\/

DNA pellet extraction
(solution:TE buffer)

Fig. 44. The process of DNA extraction from algae.
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PCR

20 ¢ Premix-Top(Bioneer)
U + 1 w0 template DNA(3 ng/ul),
1 w0 primer(5 pM/ul), DDW 18 ul

Denaturation

U 94C, 5 minute, one time
Denaturation

U 94C, 30 seconds
Annealing

U 34, 30 seconds 35cycles
Extension

U 72°C, 30 seconds
Extension

U 72°C, 5 minute, one time
Electrophoresis

U 1% agarose gel
Loading

sample, 6xloading buffer
U (0.25% bromophenol blue, 0.25% xylen cyanol
FF, 30% glycerol in water)

Ethidium bromide
staining

\[? 0.5 ¢/100me

Band confirmation

Fig. 45. The process of RAPD-PCR of algae.
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2. 2
b FAAH AF

SxFEAFYEF)ANA  FHP. tenera), WAFFHZA(P.  yezoensis),

dentata), 2FH =3 (P. seriata)°] Helr] SARE A3} F

Fig. 46. Genome DNA of 4 species of Porphyra.

M : ADNA/HindIl, Ptl : pre-cryopreservation of P. tenera, Pt2 : post-cryopreservation of P. tenera, Pyl :
pre—cryopreservation of P. yezoensis, Py2 : post-cryopreservation of P. yezoensis, Pdl : pre-cryopreservation
of P. dentata, Pd2 : post-cryopreservation of P. dentata, Psl : pre-cryopreservation of P. seriata, Ps2 :

post-cryopreservation of P. seriata.

M Pt Pt: Py Py: Pd: Pd: Ps: Ps:

Fig. 47. RAPD-PCR patterns of 4 species of Porphyra.

M : ADNA/HindIl, Ptl : pre-cryopreservation of P. tenera, Pt2 : post-cryopreservation of P. tenera, Pyl :

pre-cryopreservation of P. yezoensis, Py2 : post-cryopreservation of P. yezoensis, Pdl : pre-cryopreservation

of P. dentata, Pd2 : post-cryopreservation of P. dentata, Psl : pre-cryopreservation of P. seriata, Ps2 :

post-cryopreservation of P. seriata.

U, X xulA F+2FIFE
Z =7(P. seriata)®l

F (A E) AN A ZA(P. tenera), WAHFH (P, yezoensis), B5-5]E

ST
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Hallx sdRE A3 7o 2AE FHAAANA(TAM)S ol83ste] Alxd vA+ xS &

Zska oW (Fig. 48~Fig. 50), AZF/(ThAnk) oAl TrAlvH(L. japonica), V1S (U. pinnatifida)
3} HZ2F(ESHg ) oA ZHA S E(E. prolifera), BZHM. nitidum)ol thalA AlEW wAlZ
= #E5 H(Fig. 51 ~Fig. 56).

2 A7ds BAAF 2Ae FAAAnd Aol s 2o A=A, ¥, vETse
of, Melwol =, AR 53 2 AELslve]l BAHAY. FAAF zA ATz

Apol= (e Aem HRlth

O

‘5‘
T
=
o
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Fig.50. Ultrastructure of pre—(left) and post-(right) cryopreservations of Porphyra
seriata.
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Fig. 52. Ultrastructure of pre—(left) and post-(right) cryopreservations of Undaria pinnatifida.

Fig. 53. Ultrastructure of pre-(left) and post-(right) cryopreservations of Sargassum fulvellum
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Fig. 54. Ultrastructure of pre—(left) and post-(right) cryopreservations of Hizikia
fusiforme.

Fig. 55. Ultrastructure of pre—(left) and post-(right) cryopreservations of Enteromopha prolifera

Fig. 56. Ultrastructure of pre-(left) and post-(right) cryopreservations of Codium
fragile.
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F A7 A - Fo AW RS Fig. 579 vk #F7-E Moisture

stifo]l FAAANME 744%, 52T+ 737%=2 YESEI, Protein, Ash, Lipide] =22

FAA - 5o fglotuate] A4S Figure 589 #o] YEHTE AR 100g o %
st 7 frElotweAbe] S AWEW F2AdI F EFolX Taurine, Alanine,
Glutamic acid, Ammonia 2.2 T+ = EF & AEE Ru 24 UgIdSS ¢ &
Atk FESE Axoa R whke} o]l TaurineolA 2016 mg/100g¥ 190.7 mg/100g,
Alanine®l A 2004 mg/100g¥} 193.6 mg/100g 2.2 10.9 mg/100g3} 6.8 mg/100g =Fol= <F7he]
Aol & Bl o, oAt yEbuRl gk

TA ol A2 A S Taurine, Glycine, Valine, Alanine £0.8 243 A ZoA BF 72+
o] 4 =A YebHtH(Fig. 59). Taurine¥ Glycineol A Z+z} 2146.6 mg/100g™ 2159.7 mg
/100g, 17955 mg/100g3 1778.6 mg/100go-= 13.1 mg/100g¥} 169 mg/100g = YEFSEO ™, O
ol Aol A oAbzt vEbuAl ek

webA o Ado| A et ol AR AT AujFel tiete] dWbAEEA A e -

FAokmliate] 24e] gl 2 AolFol gl Ao 7oAtk
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100

80

60

40

Unit(g/100g)

20

250

150

100

Unit(mg/100g)

3000

2500

2000

g/100g)

1500

1000

Unit(m

500

O pre—cryopreservations
B post-cryopreservations

Moisture protein Lipid Ash
Composition

Fig. 57. Contents of Proximate components of Porphyra tenera.

O pre—cryopreservations
W post—cryopreservations

Taur Asp Thr Ser Asn Glu Sac Pro Gy Ala aaba Val Cys Met cysth lle Leu Ty b-ala Phe Amm Hyys Lys Arg
Armino Acids

Fig. 58. Contents of free amino acids of Porphyra tenera.

O pre—cryopreservations
L B post-cryopreservations

Asp Thr Ser Glu pro Gly Ala Met lle Leu Tyr Phe His Lys Amm Arg

Amino Acids

Fig. 59. Contents of total amino acids of Porphyra tenera.
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B Ao AR gk sAH - Fo] AR ES Fig. 603 2o vAvbe
Moisture 3t#o] FAHANAE 736%, AF = 733%= 79 #A ekl Protein,
Ash, Lipid®] 77 2% & o2 eyt

A - 5 Feopr] = Sk AR 100g Tl X
st 7 frElotv|eAbe] 2AS AEEA T2 F EFolA] Alanine, Taurine,
Glutamic acid, Ammonia £22 F 273 2% g2 AEE B2t 54 Jegugses & &
Aot w3 Ao A HE npel o] Alaninedl A 1936 mg/100g¥ 1935 mg/100g, Taurine
o 4] 190.6 mg/100g¥} 190.4 mg/100g2-= 0.1 mg/100g2 0.2 mg/100go.= AL 72 o %=
e BT

TAobn| A2 A S Glutamic acid, Alanine, Lysinesc 0. & SZAHMS A goA E5F 7o)
tha =4 e th(Fig. 62).  Glutamic acid® Alanineol Al Z+2; 2326.4 mg/100g3 25105
mg/100g, 2569.7 mg/100g¥} 2333.7 mg/100g -2 184.1 mg/100g¥} 236mg/100ge] <Fzte]l F-2=f
& Hrh

upeba, B Adpo| A et ol A FAFY AulFel theto] ARPAYEEA I FEot
nrke] A E FYAE HolA kot dobu] ke Z
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Unit(g/100g)

Unit(mg/100g)

Unit(mg/100g)

100 r O pre—cryopreservations
M post-cryopreservations
80 r
60
40
20
0
Moisture protein Crude fat Ash
Composition
Fig. 60. Contents of Proximate components of Laminaria japonica.
250 r O pre—cryopreservations
B post-cryopreservations
200
150
100
50
0
Taur Asp Thr Ser Asn Glu Sarc Pro Gly Ala aaba Val Cys Met cysth lle Leu Tyr b-ala Phe Amm Hylys Lys
Amino Acids
Fig. 61. Contents of free amino acids of Laminaria japonica.
3500 O pre—cryopreservations
3000 - B post-cryopreservations
2500
2000
1500
1000
500
0
Asp Thr Ser Glu pro Gly Ala Val Met lle Leu Tyr Phe His Lys  Amm Arg
Amino Acids

Fig. 62. Contents of total amino acids of Laminaria japonica.
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AP AREgE e FAH - Fo] NS Fig. 637 Zth v 92 Moisture
stefo] HAMNAME 73.9%, FAZT = 740%E A9 A yErskal, Protein, Ash, Lipid
o] TRt B 22 Fow e

FAH - To fylotu=ale] %A S Figure 649 #o] e A E 100g Tl ¥
st 2 frElotu st S A¥EW FAAY T BEFolA  Alanine, Taurine,

Glutamic acid, Ammonia 0% ¥ %7 X% 02 AHEE wro 4 Jedss & &
At ESE Ade|a B owkel o] Alanineoll A 204.7 mg/100g= 186.3 mg/100g,
Taurine?l A 200.9 mg/100g¥} 194.3 mg/100g .= 184 mg/lOOgiﬂr 6.6 mg/100g®] #Fol& }E}
Hom, Alanineol A ¢zt frolatE ®Belou, e AEEdAMe FA7E YR
o ket

TA ol Ak Z A S Ammonia, Alanine, Arginine, Lycine 0.8 HZ24A3% A5 EF
2ol tha =A Yeltth(Fig. 65). Ammonia®t Alanineol A Z}z: 1644.3 mg/100g3} 1687.1
mg/100g, 1383.2 mg/100g3} 1442.7 mg/100g2-= 42.8 mg/100g¥ 59.5 mg/100ge] =FolE H o
Fro)abs vEbA gkt

uweba 2 Aol A el o] AP FAFY Aol thete] frElotn] =4k Alanine
oAl ekzke] ZpolE HS W giRE AWM EEAY frE - FAo ke A6 9

of & Aolel gl Ao vehdt

83
_Q
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Unit(g/100g)

Unit(mg/100g)

(mg/100g) .

Unit

100 - O pre—cryopreservations
a0 | B post-cryopreservations
60
40
20
MMM
0
Moisture protein Crude fat Ash
Composition
Fig. 63. Contents of Proximate components of Undaria pinnatifida.
250 .
O pre—cryopreservations
500 B post-cryopreservations
150
100
50
0
Taur Asp Thr Ser Asn Glu Sarc Pro Gly Ala aaba Val Cys Met cysth lle Leu Tyr b-ala Phe Amm Hylys Omn Lys
Amino Acids
Fig. 64. Contents of free amino acids of Undaria pinnatifida.
3000 r )
Opre—-cryopreservations
2500 | BMpost-cryopreservations
2000 r
1500
1000 r
500
0

Asp Thr Ser Glu pro Gly Ala Met lle Leu Tyr Phe His Lys Amm Arg

Amino Acids

Fig. 65. Contents of total amino acids of Undaria pinnatifida.
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rlo

B AP AR BRI A - 5o ANk Fig. 663 2tk EAgt
Moisture $t&Fo] SAHANME 748%, sAF o= 744%= A A YeREil, Protein,
Ash, Lipid®] F73F 2% 22 ¢o2 YEepyth

A - 5 Feopr] = AR 100g SOl &3
st 4 fgotvegte] 2AS AHEYE FAAI} & EFoA] Alanine, Taurine,
Glutamic acid, Ammonia 2.2 F Zd 25 U& AEE vt 54 yHEHeS &
Atk ESE Aijoa] ®HE dkel o] Alaninedl A 260.2 mg/100g¥ 260.2 mg/100g,
Taurinel A 200.8 mg/100g=} 2015 mg/100g .2 f-gofr|w=Ake] ZAlo] Qo] A Fxt

g o} 2

2
Lo
BN
oX
rlo
)
0Q

o

=
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D
Q
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iy
o,
T
o
30

T A

TAobn| A2 A S Alanine, Glutamic acid, Lysine £ 0.2 SAHS A FoA BT 7o)
A =7 YEStH(Fig. 68).  Alanine, Glutamic acidoll 4] ZF2F 2085.6 mg/100g3 2212.8 mg
/100g, 2083.8 mg/100g¥} 2054.2 mg/100gl % 127.2 mg/100g¥} 29.6 mg/100g = YEFES
AlanineEs A &g giF-F9] oA e fFox7t YEbA] etk

upeba, B Aato A et ol AR sAF] AujFel thete] AWMAHEEA I fre -
T/dotrmAke] A Qlo] & AbolFlo] gle AoR *37#3017&“7}.
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100

Unit(g/100g)

Unit(mg/100g)

Unit(mg/100g)

80

60

40

20

Fig. 66. Contents of Proximate components of Sargassum fulvellum.

250

200

150

100

50

3000
2500
2000
1500
1000

500

O pre—cryopreservations

B post—-cryopreservations

Moisture protein Crude fat Ash
Composition

O pre—cryopreservations
M post-cryopreservations

Taur Asp Thr Ser Asn Glu Sarc Pro Gly Ala aaba Val Cys Met cysth lle Leu Tyr b-ala Phe Amm Hylys Lys

Amino Acids

Fig. 67. Contents of free amino acids of Sargassum fulvellum.

Asp Thr Ser Glu pro Gly Ala Val Met lle Leu Tyr Phe His Lys

Amino Acids

Fig. 68. Contents of total amino acids of Sargassum fulvellum.
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oG o A ALESE Eo] A - T dukAE-S Fig. 693 #tl B2 Moisture §%F

=
1.1%, A% = 798%= A9 #A YErSLaL, Protein, Ash, Lipid®] +

A7 - 39 fFElotv sk A4S Figure 709F 2] YEelWT A& 100g o &X
ste 24 fEetreatel S AWEW FZMA F REFA Taurine, Alanine,
Glutamic acid, Ammonia =02 F 27 EF & ARE vy =/ Uegss & +
Aok w3 AylolA HE ule} Zo]  Taurinedl A 257.0 mg/100g¥ 263.6 mg/100g,
Alanine°l 4] 261.0 mg/100g¥} 2599 mg/100gl.%= 6.6 mg/100g¥ 1.1 mg/100g =Fo]= <F7He]
2AolE BA o, folA7F YRl 3ttt

TAobn| Ak Z A S Arginine, Valine, Aspartic acid, Glycine 0% SZAA3Z A F oA
BE o] tAh #=A yERETHFig. 71).  Arginine¥ Valineol A ZHzF 980.6 mg/100g}
892.2 mg/100g, 809.8 mg/100gx} 713.1 mg/100gS-= 884 mg/100g 96.7 mg/100g = <F1He]
Apo]7F UrERRk T

ueba] Ao A el o] AR sAF] AujFe] tiste] dur r
Ak A= & Aol oy, Aot =AY 2o lo ‘iFﬂg] Apo] A7

o Aol7t EEige &+ Ak
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Unit(mg/100g)

Unit(mg/100g)
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3000

2500

2000

1500

1000

500

O pre—cryopreservations
W post-cryopreservations

i .

Moisture protein Crude fat Ash
Composition

Fig. 69. Contents of Proximate components of Hizikia fusiforme.

O pre—cryopreservations
M B post-cryopreservations

Taur Asp Hypro Thr Ser Asn Glu  Sarc Pro Ala Val Met cysth lle Leu Tyr b-ala Phe gaba Ethan Amm

Amino Acids

Fig. 70. Contents of free amino acids of Hizikia fusiforme.

O pre—cryopreservations
r M post-cryopreservations

Asp Thr Ser Glu pro Gly Ala Val Met lle Leu Tyr Phe His Lys Amm Arg

Amino Acids

Fig. 71. Contents of total amino acids of Hizikia fusiforme.
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T Aol ARES THAIE Y] FAA - 5o AWM RS Fig. 723 2t JHA g e
Moisture $t#Fo] B4 Ho| M= 735%, 545 o+= 73.8% % WENE I, Protein, Lipid, Ash®]
skeFo] zbzy 239, 1.1, 1,3% o2 YEsTh

A - 5o fFEoln| b2 Figure 739 Zo] YENTE AR 100 g Tl +3E3}
= 2t frelotustke] 2AES AV HEYA sAAI} & EFo|A Taurine, Alanine, Glutamic
acid, Ammonia 02 F A EF U2 AEES ¥t =4 eSS 4 5 Jduh =
Sk Ao A K= vke} o] Taurineol A 262.3 mg/100g¥ 273.8 mg/100g, Alanine®l 4]
262.8 mg/100g 2} 244.4 mg/100g .= 11.5 mg/100g 10.6 mg/100g =Fol= oFFte] ApolE& R
o, & AEENAE FARE e sk

TAobn| Ak 24 S Glutamic acid, Alanine, Lysine, Ammonia =0.& 2 A3 A F o A
R o] thA E=A e tHFig. 74).  Glutamic acid, Lysineoll A Z+ZF 2567.8 mg/100g 3}
2651.2 mg/100g, 2167.4 ng/lOOgiﬂr 2288.0 mg/100g 2= 83.4 mg/100g¥} 120.6 mg/100g o= oF
] ApolE Hlow, e A e FolA7F YA Sttt

upeba], B Aato A et ol AR sAF] AujFel thete] AWMAHEEA Y fre -
TAgobn| =Ake] Aol qlo] & AelR ol gle Ao® AztE o)zt
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100 ¢ Opre—-cryopreservations
80 | W post—cryopreservations
o
S 60 r
=)
= 40
-
1 _.
0

Moisture Protein Lipid Ash
Composition
Fig. 72. Contents of Proximate components of Enteromopha prolifera.

300 r )
Opre—cryopreservations
. 250 B post-cryopreservations
200

150

mg/100g)

100

Unit(

50

$ & o ) 3 N & X N @ N & @ & &
& \;?Q &P ¥ IR o Q€ o I @fsjb RIS o\ RN 0/,;2' o qugb v@@ Q\*\A )

Amino Acids

Fig. 73. Contents of free amino acids of Enteromopha prolifera.

O pre—cryopreservations
o500 - B post-cryopreservations

9/100g)

1500

Unit(m

Asp Thr Ser Glu pro Gly Ala Val Met lle Leu Tyr Phe His Lys Amm Arg

Amino Acids
Fig. 74. Contents of total amino acids of Enteromopha prolifera.
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2o A ARRSE HZbe] A - 3o AW E-S Fig. b 2ok A7 Moisture

staro] FAANAM = 795%, sAT o= 79.2%% YEFYIL Protein, Lipid, Ashe] 3SFako]
7}7} 155, 14, 36% =o =2 et
A - 3o fFElotv| =4k A2 Figure 763 #Zo] YENTH AR 100 gooll BES=

T 4,

b frejobr| ko] 2SS A EH A & BFo)A Taurine, Alanine, Glutamic acid
To® F XA BT UE AEE BY =4 UEues & 5 vk E=3H AddA Be
npe} o] Taurineol A 129.2 mg/100g¥} 1339 mg/100g, Alanine®l*] 924 mg/100g3} 91.6
mg/100g o2 61.2 mg/100g7} 65.4 mg/100g *fo] = <kzte] AfolE H o, tE AgiEolA
= FoA7E e ek ek

TAobn| A2 A S Arginine, Valine, Glycine, Glutamic acid, Aspartic acid =2 & %
AE AlFmA A BF o] tha =4 YeEbtH(Fig. 77). Glycine, Glutamic acid, Aspartic
acidoll Al Z+7} 532.4 mg/100g} 566.8 mg/100g, 531.6 mg/100g¥ 569.8 mg/100g, 524.0 mg/100g
7} 569.1 mg/100g2-= 34.4 mg/100g, 38.2 mg/100g, 45.1 mg/100go. = °F7ke] fo]& H G o
], o] Aol s FoA7 YEhbA] Skt

upebA, & Ao Aot o] A 5736«1 A gl diste] AR EEA I Fe -
TAdobn| Akl Aol glo] 2 AolA ol gl Aom AZbE oIt
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Unit(g/100g)

Unit(mg/100g)

Unit(mg/100g)

100

80

60

40

20

[ Opre—-cryopreservations
B post—cryopreservations

I _—

Moisture Protein Lipid Ash
Composition

Fig. 75. Contents of Proximate components of Codium fragile.

180

100

1500

1000

O pre—cryopreservations
W post-cryopreservations

Taur Asp Hypro Thr Ser Asn Glu Sac Pro Gy Ala Val lle Leu Ty b-ala Phe gaba Amm His Arg

. Amino Acids . .
Fig. 76. Contents of free amino acids of Codium fragile.

O pre—cryopreservations
W post—cryopreservations

Asp Thr Ser Glu pro Gly Ala Val Met lle Leu Tyr Phe His Lys Amm Arg

Amino Acids
Fig. 77. Contents of total amino acids of Codium fragile.
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(1) (2) (3)
(4) (5) (6)

Fig. 79. Ice structure of Porphyra seriata in cryoprotectant from upper(1) to buttom(6).

B (20C, unfrozen) B (0C, unfrozen) B (-10TC, unfrozen)

B (-1887T, frozen) B (-30TC, frozen) B (-40TC, frozen)

Fig. 80. Freezing process of Porphyra seriata in sea water at freezing rate 2°C/min.
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B (20C, unfrozen) B (0C, unfrozen) B (-207C, unfrozen)

B (-28.3TC, frozen) B (-307C, frozen) B (40T, frozen)

Fig. 81. Freezing process of Porphyra seriata in cryoprotectant  at freezing rate —1.0°C/min.

B (20C, unfrozen) B (0C, unfrozen) B (-10T, unfrozen)

B (-20C, unfrozen) B (30T, frozen) B (40T, frozen)

Fig. 82. Freezing process of Porphyra seriata in cryoprotectant at freezing rate ~0.5C/min.
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Table 32. DSC endothermic Characteristics of Porphyra seriata in sea water

Cooling  Rate (C/min)
Material Kinds Average
0.1 05 1.0 2.0

Freezing

temperature(C) ~6.67 -840 ~8.88 -9.22 -8.29

Sea water Freezing cease
+ g ceas -17.27 ~19.88 20,66 24,69 %.,
. temperature(C)
P. seriata
Latent heat of -279.6 9887 9912 9934 9882
freezing (J/g)
Freezing ~7.30 -7.89 -8.80 ~9.22 -8.83
temperature(C)
Water Freezing cease -15.53 -1750 -18.64 -24.34 -19.00
temperature(C)
Latent heat of 3321 3452 3118 3473 3373

freezing (J/g)

Table 33. DSC endothermic Characteristics of Porphyra seriata in cryoprotectant

Cooling Rate (C/min)
Material Kinds Average
0.1 05 1.0 2.0

Freezing

— — — — o)
temperature(T) 1757 18.40 20.76 21.82 %.,

Cryoprotectant Freezing cease
+ 5 -26.15 ~26.40 -26.36 -34.63 %.,

. temperature(C)

P. seriata
Latent heat of -165.0 -170.3 -156.7 -167.6 -164.90
freezing (J/g)

Freezing -7.30 ~7.89 -8.80 -9.22 -8.83

temperature(C)
Water Freezing cease -1553 ~17.50 -18.64 -94.34 ~19.00

temperature(C)
Latent heat of -332.1 ~345.2 -311.8 -347.3 -337.3

freezing (J/g)
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Fig. 83. Exothermic temperature of Porphyra seriata.
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Fig. 84. Exothermic temperature of Undaria pinnatifida.
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Fig. 85. Exohtermic temperature of Sargassum fulvellum.
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Fig. 86. Freezing time and exothermic temperature of Porphyra seriata
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Fig. 87. Freezing time and exothermic temperature of Undaria pinnatifida.
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Fig. 88. Freezing time and exohtermic temperature of Sargassum fulvellum
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Table 34. Kinetic constant of Porphyra seriata in process of freezing

Cooling rate ( C/sec )

Material

0.1 0.2 0.5 0.75 1.0 1.25 1.5 1.75 2.0
3.155 43.236 16.697 21944 37978 427456 782274 1071537 1088.236
1.466 19.539 67.949 98996 106995 183967 338323 426.030  470.666
0.810 10.699 37.090  56.107 95.141 109.398 178467  236.770  268.307
0.505 7.063 22137 33.878  59.593 66.744  107.136  144.988 156.070

P. seriata 0.295 4.728 14135  21.335 35.265 40.860 64.303 86.866 90.925
0.225 3.120 9.514 12.882 22.532 26.793 39.536 55.401 56.219

0.151 1.796 5.277 7573 12.752 16.055 22.911 33.640 32.557

0.094 0.923 2.920 4.059 7.444 9.344 12.497 16.462 17.701

0.041 0.404 1.083 2.012 3.686 3.084 4935 8.154 6.991

Table 35. Kinetic constant of Undaria pinnatifida in process of freezing
Cooling rate ( C/sec )
Material

0.1 0.2 0.5 0.75 1.0 1.25 1.5 1.75 2.0

10.030 39.351 111657 265948 416038 542106 1072774  1091.048  1320.396

3.835 16935 47459  113.757 173962 237640 446.239  455.856  550.495

2.191 8.179 26.298 63.781 99.608 127462  226.788  250.813  300.086

1.430 5.155 16.443 37.892 61.756 74.767 139.444 144.618 178.982

U. pinnatifida 0.971 3.226 10.712 23.430 39.563 44.459 87.570 88.278 118.479
0.533 1.448 6.199 13.548 25.851 25.479 55.854 54.280 72.154

0.323 0.968 3.625 8.164 14.232 15.158 36.125 31.396 45.939

0.136 0.526 1.927 3.993 8.791 7.427 18.731 17.073 25.575

0.044 0.311 0.634 1.579 3.726 3.667 6.908 6.766 9.468

- 130 -



Table 36. Kinetic constant of Sargassum fulvellum seaweed in process of freezing

Cooling rate ( C/sec )

Material
0.1 0.5 1.0 2.0

14.103 298.925 798.062 2013.775
6.348 126.033 344.908 849.952
3.652 70.950 192.707 501.364
2.303 44.886 119.555 311.169

S. fulvellum 1.574 28.791 78.362 200.808
1.278 18.634 51.134 126.637
0.544 11.071 30.454 80.772
0.312 5.707 17.684 45.027
0.154 2.800 7.714 22.266

(th) &3t oA
st U A(Ea)= T2FNA 4o gk5¥= T2 FEEAIY 7 &
o] X&qxu7] QA BQo=E = HAo E7F
o = F (In ko=
1AAeziy 7&r7lE A4S
9S 7FRa Qe P, seriata 3971649 J/g - mole~247601.2 J/g - mole, U.
pinnatifida 4644011 J/g - mole~264935 J/g - mole, S. fulvellum 4096360 J/g - mole~
2351595 J/g - mole®] & HEATE T3 sAELTE E55 A4S AT €435

A o] gho] #ropAl= A e B AtHTable 37~Table 39).

Ho

B it
r
o
b
=X
®
>,
=
Lo
ofr
ol
2
)

v

- 131 -



Table 37. Activation energy of Porphyra seriata in process of freezing
(x107)

Cooling rate ( C/min )

Material
0.1 0.2 0.5 0.75 1.0 1.25 15 1.75 2.0

P. seriata 3971649 2480806 1155301 7283681 5312615 515792 3228718 3262693  247601.2

Table 38. Activation energy of Uudaria pinnatifida in process of freezing
(x107)

Cooling rate ( C/min )

Material
0.1 0.2 05 0.75 1.0 1.25 15 1.75 2.0

U pinmatifida 4644011 1725497 9551523 6950674 6368254 5550983  439838.3 264935  368604.8

Table 39. Activation energy of Sargassum fulvellum in process of freezin

(x107)
Cooling rate ( C/min )
Material
0.1 05 1.0 2.0
S fulvellum 4096360 956867.9 518707.6 235159.5
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Fig. 90. Relations of entrophy and cooling rate in freezing process.

5e+6
—@— Porphyra seriata

~ 4e+6 - —l— Undaria pinnatifida
% —A— Sargassum fulvellum
£
~~
S 3e+6 o
T
>
%_ 2e+6 -
<
-
c
w le+6 -

0 T T T T T T T T T T

00 02 04 06 08 10 12 14 16 18 20 22

Cooling rate, V; ( C/min)
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Fig. 94. Relations of free energy and temperature of Sargassum fulvellum.
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Fig. 96. Thawing process of Porphyra seriata in sea water at thawing rate 5C/min.
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Temperature ( C)

Fig. 97. Endothermic temperature of Porphyra seriata.
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98. Endothermic temperature of Uudaria pinnatifida.
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99. Endothermic temperature of Sargassum fulvellum.
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Fig. 100. Thawing time and endothermic temperature of Porphyra seriata.
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Fig. 101. Thawing time and endothermic temperature of Undaria pinnatifida.
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Fig. 102. Thawing time and endothermic temperature of Sargassum fulvellum.
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e HLEde Fig. 103014 ®e= wiel o] U. pinnatifida 12837 J/g, P. seriata
11853 J/g, S. fulvellum 94.42 J/g9 & UelUdon, sA7dLe] A LA
U. pinnatifida®) 7V3 2 3%, P. seriata, S. fulvellum® <22 & 35 yeElyAdet
(Fig. 103).

200 1 B Thawing
o
= 128.37
2 118.53
§1OO N 94.42
c
Q
S

0

U. pinnatifida  P. seriata S. fulvellum

Fig. 103. Latent heat of thawing.

(6) 3= Kinetics 34

Ob A% HE 45

ARG s Aol e S E A=A e E R Abole] FanbSol A

of g WE MSEEENTE TAAAHAAYG FAIFA (DA 9t T3 A
., FdwtsaAY FErere AEEFELEY S SHA0R 10588 5
B3t 7t 2% Fe A 74 dl5HDd(A)F Heat flux(dH/dt), 3l & &= (Ve

4] TEENT(ko)E TEAT
gz et gdole siEe] 714 wmEA AP s S=HAE 44T + 9
o P. seriata, U. pinnatifida, S. fulvellum-o% desHgdolNE w2342 &
o &} z71e slERe SRS #hol =4 JEva o) sl 274 A}

=2 Ao 2 dAdEtH(Table 40~ Table 42).
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Table 40. Kinetic constant of Porphyra seriata in process of thawing

(x10°)

Cooling rate ( C/sec )

Material
0.1 0.2 0.5 0.75 1.0 1.25 15 1.75 2.0

577766  59.657 193224 307989 661947 520368 1319597 3328831 7071.627

38506  47.716 60.386 184793 353.038 340308  639.728 1109612 1296.389

26568 38174 45090 144370 282430 256145 555560 693507 975319

18995 27677 34.102 115496 207.139 237303 456466 624156 718324

P. seriata 15.001 24721 28489 96959 187678 195866 398950 < 536312  650.784

12552 17.851 27229 87497 170925 186080  366.721 474107 578526

10.930  19.223 27078 79652 156776 173792 342431 447424  334.594

7.436 12.049 22530 71347 122006  84.808 155557  287.278 90.99

0.619 1.297 29232 10847  14.342 8.698 27.988 44.622 10.740

Table 41. Kinetic constant of Undaria pinnatifida in process of thawing
(x107)

Cooling rate ( C/sec )

Material
0.1 0.2 0.5 0.75 1.0 1.25 1.5 1.75 2.0

28261 45606 175927 740015 543.006 1664.046 2210.224 3574.362 1377.369

16957 36481 81179 224260 203.666 693426  573.021 1042521 918163

10.766 38507 54467 157875 157194 453831  420.995  774.444  584.308

8695 32832 47115 120929 146.775  361.768  342.670 595726  479.977

U. pinnatifida  7.022 27360  41.295 95490 120186  283.794  314.343  527.858  413.198

5861 25677 37331 86.015 103441 260639 296981 494232  391.683

5578 23904  35.028 78.730 97687 345193  283.628 463335  365.762

4226 15846  29.536 60.286  90.150 225813  169.674  144.419 99.498

0.813 2.820 7.123 11.608 22.839 57.581 29.005 23.231 13.156
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Table 42. Kinetic constant of Sargassum fulvellum seaweed in process of thawing

(x107)
Cooling rate ( C/sec )
Material
0.1 0.5 1.0 2.0
596.675 851.203 3489.471 20022.224
136.738 709.335 2093.683 7508.342
78.728 378.312 1284.125 4692.713
62.153 246.400 866.351 3488.724
S.fulvellum 52.035 224.623 710.818 2919.911
43.813 182.400 599.321 2626.681
39.500 178.057 549.162 2442.472
20.164 165.958 119.639 1384.938
1.894 135.030 12.727 255.385

(b A st dA

st YA (Ea)= sl sA 22 EolA sledme Atold ZF koA e] sfwo] %
Fu7] g 2or s HAe dFgorAM eHENdFY] WFEZaH (nk)S y&
o goz #a sFe] AANE 74 exe AWLeEE d5(/TRE o] xFO2 3
2 Estgh 132 SR EE V&7 E olsto] A4k A= Table
43~Table 459 Zt}. slsHA A o] A st dAE P. seriata -175062 J/g - mole~
-70639.9 J/g - mole, U. pinnatifida -120729 J/g - mole~-62624 J/g - mole, S.
fulvellum -174502 J/g - mole~ -80786 J/g - mole 9] #& YElYUTE T3 52434
N = st A ] HEe] 1/5~1/109 Hl &= 22 gS 7HABRE sZEuds s
o] Ao P. seriata, U. pinnatifida, S. fulvellumol] W3+ Jdko] wj-g =k

N
i

e
o
ot
o
fr
=X
S
1>
=

™

o
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Table 43. Activation energy of Porphyra seriata in process of thawing

Cooling rate ( C/min )

Material
0.1 0.2 0.5 0.75 1.0 1.25 15 1.75 2.0

P.seriata -175062.4 -147119.19 -29807.582 -96563.901 -117099.94 -96897.355 -81057.81 -70699.899 -134720.56

Table 44. Activation energy of Undaria pinnatifida in process of thawing

Cooling rate ( C/min )

Material
0.1 0.2 0.5 0.75 1.0 1.25 1.5 1.75 2.0
. U.. -120729.17 71297667 -108771.69 -117687.2 -67431.061 -62624.429 -759777.067 -85874.086 -85554.273
pinnatifida

Table 45. Activation energy of Sargassum fulvellum in process of thawing

Cooling rate ( C/min )

Material
0.1 0.5 1.0 2.0

Sfulvellum ~167932.87 ~49246.628 ~174502.57 ~80786.69
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Fig. 104. Relations of enthalpy and thawing rate.
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Fig. 105. Relations of entrophy and thawing rate.
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Fig. 106. Relations of free energy and thawing rate.
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Appendix

Cryvogenic vial

Icebath

Photo 1. Aliquot of 1.5 m¢ material suspension into 2.0 m{ cryogenic vials.

Crvoprotectants of twofold
final concentration

Photo 2. Gradual addition of twofold cryoprotectants of equal volume of

material suspension.
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Photo 3. A programmable freezer for prefreezing. Slow cooling to -40C at

a speed of 1 C /min.

Photo 4. Rapid cooling in LN. Immersing rapidly a holder with vials into LN.
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Photo 5. Small(left) and large(right) storage tanks for cryopreservation.

Photo 6. Thawing in a water bath at 40T (left) and put into an ice
bath(right).
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Photo 7. Cryoprotectants removal. The suspension was transferred into a
tube(A and B) and it was gradually diluted by ice-chilled
seawater(C). and the centrifugal seperation was performed for

supernatant removal(D).
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