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Alkaline Phosphatase Activity and Utilization of Dissolved Organic Phos-
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Skeletonema costatum, Chaetoceros didymus, Alexandrium tamorense “18) 3l Heterosigma akashiwo2} Q1 A|3te] w}
£ g 3719 (dissolved organic phosphorus; DOP)Y] ©}8-433} alkaline phosphatase(APase)?] BA-S w7
3] AUNAEE ANEIATE. S costatum, C. didymus, A. tamarense 1811 H. akashiwo= ¢ TFHO2H £
B §71Q](dissolved inorganic phosphorus; DIP) ¢]2]ol| phosphomonoester$} nucleotide & o|-&3lo] 432
AR 4= ASIT}. 8. costatum, C. didymus, A. tamarense 1831 H. akashiwo?] APase /3L vljokdhle] DIP7}
Zzt 030 uM, 0.33 uM, 2.04 pMF} 0.63 pMAA 2T 4L wooH, HNEAEL 22 0.01 pmol cell’ hr
L, 0.11 pmeol cell'' hr', 1.63 pmol cell hr’B]— 0 19 pmol cell! hr'$it}h. APase 8792 o) w2} t}2 A LJebdA
o] AgkE A AL ZE DOPE 7EHIEI A A
< Ax FHIEL AR ofet FNEANE 7|8 AL
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Utilization of dissolved organic phosphorus (DOP) and alkaline phosphatase (APase) activity by Skelefonema
costatum, Chaetoceros didymus, Alexandrium tamarense and Heterosigma akashiwo under the phosphorus defi-
cient condition were examined in the laboratory. 8. costatum, C. didymus, A. tamarense and H. akashiwo could
make use of phosphomonoester and nucleotide compounds for the growth of them as a phosphorus source.
APase activity of S. costarum, C. didymus, A. tamarense and H. akashiwo began to be activated at dissolved
inorganic phosphorus (DIP) concentrations less than 0.30 uM, 0.33 pM, 2.04 uM and 0.63 pM respectively,
and their maximum APase activity were 0.01 pmol cell” hr'', 0.11 pmol cell” hr, 1.63 pmol cell' hr” and 0.19
pmol cell' hr', respectively. Although each phytoplankton species displayed different APase activity for DOP
utilization, their maximum APase activities were higher than maximum phosphorus uptake rates, inferring that
these species might be able to keep growing under DIP-limited conditions throught utilizing effectively the
hydrolized product of DOP. This result also implies that utilization of DOP might contribute to not only the
growth of red tide forming phytoplankton but also the interspecific competition among phytoplankton species

in coastal environments.
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AEAY oF 2~4% FE2 HEE EATI(Karl 2000). 345
Foll 4 3k Q& A 22 F71¥) <l (dissolved inorganic
phosphorus; DIP)Z 7] 8l ) (dissolved inorganic phosphorus;
DOP)2.E 5o qlt}. o] & DOPE miMZEFY dhejglols]
ARl 913t HlE (excretion), TS B TEY] A218E-(Pomeroy
et al., 1963; Kuenzler, 1970; Sharp, 1997) & &40 28 I3



el

(Beusekom and Brockmann, 1998) 59 42& 7 s|¥22 &
oleH, I AL vi¢ H33eka vhokstth(Shan er al, 1994;
Monaghan and Ruttenberg, 1999).

she AEZHIEL DIPYL AlgHE $A A DOPE o882
2R A& A8 2o® ¢EA Itk (Cembella ef al., 1984;
Yamaguchi and Itakura, 1999; Oh et al., 2002; Yamaguchi et al.,
2004a, 2004b). DOPE ©]-83l7] e 7Esl aavt g
3l orthophosphate(Ortho-PYE -FE|A1A /33l o] &3HRO-
PO;H, + H,0O ROH + H;PO; ; Kuenzler and Perras, 1965). ©|2{% 7}
SR8 Eae QiSEA Y SRl wEh thksEAIEL, B ester
AEE 7HE Q) 3FES VI Rslske £4F phosphatase?t
-2t} Phosphatasei= 2ZEAolA 34 BYEZ 7] alkaline
phosphatase(APase)$} 4HollA HAHBHYEE 7MAE acid
phosphatase®. LA THCembella ez of. 1984; Hemandez et al. 1994).
o] % APaser= sugar phosphate, nucleotide phosphate, phospholipid
(glycerophosphate)?} 7+ phosphomonoesterd] 7}=E3]o] 71
3} (Price and Morel, 1990), A EZHTES] AX o] E2HY
ot AU A Ao AE] &3t AEAAY AR
7 2 8 Zgo) o) FHseRE EElE7]E drhKuenzler
and Perras, 1965; Cembella er al. 1984; Wetzel, 1991). APases
HFAE % ke Flo] DIPY Fhel wet o) Ft
sh= 202 dEA] 9o AT AT AEEEIES] v AN
Ql Agke] AR7 f-83hA o455 Slrk(Kobori and Taga 1979;
Hirayama ef al., 1989; Ammerman 1991; Nausch, 1998; Yamaguchi
et al., 2004b).

227} RINE] gojihs aid S tifio] FPUsrt D=
Qe dHEer guA AT GF FHelA DIN: DIP H]&o]
Redfield ratio(16:1).0}F o} Q1 A% @] vehtar gitke]
2], 2000; 7, 2001; ©] £, 2004; = 2], 2006; Lee and Kim, 2007).
ol2i3t |2 T4 DIP7} AlFE o] Q&A= DOPS FE7}
DIP F59 FABIAY, 2 FEE SABPIE dthKetchum
et al., 1955; Suzumura ef al., 1998; Yamaguchi ef al., 2004b; Lee
and Kim; 2007). WA DOPY o]8AL A EEHIE] F 3
A9 54 T st 9dstA B3 7ol ATHOh e
al. 2002; Yamaguchi et al. 2004a; Oh ef al. 2005). £ A7+ oj
d Yy AelA e 9HE FE 45 JHERR
Alexandrium tamarense, 3 EZF Heterosigma akashiwo ~1%]
3 fepuet dlelr AF 88 HER Skeletonema costatum
I} Chaetoceros didymus®} €1 Agte] W& APase BAE Awln
, S5 {7109 o-8Ae Brkehedl 1 B2o] gich

k

M= H

AHETRO| Fe|o} HiRt

B AT AY F9) S costatum?] AFEE 20079 78 kgt
A% ARK(35°6'9.43N, 128°47'24.93E) 12|31 C. didymusSt A.
tamarense] MEE 20083 82 8l AT UZF < (34°15
009N, 128°35'120E)lIM ARE BZ W4-E5E pasteur pippet(ca.
¢ 50~100 pm)yS ©]83le] Belsigior, H dkashiwo= 3=7)
MZF-28(Korea Marine Microalgae Culture Center; D-075)1

S Agtedolx] Eeldh AEZ5E0] alkaline phosphatase 9= S #71Q1) o4& 17

A g BEg FE o] 23eint. £ulE AEE o#8(0.22 um
pore size, Millipore GSWP)?l| 4~53] A& ¥ v FF2.(TB-2800,
KIZAJ, Japan)ell ©]4J3l5i0H, Ag4 wixl= 3 845 &<
9] FFE vl e g $ £2-Si(Guillard and Ryther, 1962)¥1%E
selenium(H;Se0:)8] HF5E7F 0.001 pMo] =A F7Feksich
(Doblin et al,, 1999). Bk 259} Q8 2702 A &7 4
of] A2-8H= F7(20°C, 30 psuyS 910, FHE oF 300 pmol
m? s'(12L: 12D; cool-white fluorescent fampye 3tk 28k S
costatum, C. didymus, A. tamarense, H. akashiwo> AM9(Provasoil
et al, 1959) 2 I3 AlFHoz B siglon], 22k &
AL vy Yslo] RS AL clean benchollAd £3&IT) A8
717 IFE (202 kpa, 20 min) T AZXEF85°C, 1 hyst
o} A&

AZZZ3E2| alkaline phosphatase activity
QAT T Fhol WE A EZFHAEY APase B B
Elgsl7] SsiA] A uiK(batch culture)S AASISITE Bk
AK Q1F3TE v} 2 3t L1 sfX(Keller et al., 1987; Guillard
and Hargraves, 1993)% ©|-83}o] th$52)7](log-phase) F71<]
AEE 2 L wiokg7lel #F AXUErt <F 100 cells mL7o]
HA AEsIeH, QA 2rless oF 5 pMe] HA sl
joF 29} G- 2 20°C2F B 30 psu, FHE <F 300 pmol
m? s'(12L: 12D; cool-white fluorescent lamp)ell ¥ A3}t
olgol A vk F URE FHaM AELUE, M a8
APase BAEE £743191 0w, XU T SR (TE2000-S,
Nikon)atell Al AlG=31511, Q1418 SURE T H A G (@A
B 2005)00 Wl v Astgdth. APase A EE disodium
phenylphosphateZ 7|22 o]43to] Bl4 A3t &, AlF9
HAFEE7}F 200 pMRA 71AGAT 0.6 M2 Tris(hydroxymethyl)
amino methane-HCI solution(pH 9y& 713143 20 °CellA] 24413
kg A8 3 2 mM2] aminoantipyrine 3 5 mM2) ferricyanide
& 71313 disodium phenylphosphate®] 7152312 4% phenol
F%Z spectrophotometer(DU-730, Beckman Coulter)5 ©]-8-3}
3 510 nmollA] BB T, B44e] S9E pmol cell! hr!
2 B71svH(Yamaguehi et al., 2004a, 2004b). 18]1 ¢ ©
2 F APaseZ B71sl7] fl3iA A4 AR Zolg dvFe
2 &4slo] FEsigion, A8 4 amarense$t H. akashiwot=
EFIE (Ellipsoid) 2.5, S. costatum™} C. didymust 971%(Cylinder)
o= 7Pgsta Antsigict.

AZEYTES| EH| /71 0I8Y

& f7)Rle] WE AEEFIE AFEEE VB E o
3 A3 7ol ohd, in vivo chlorophyll B35k} AxES=2] #
A BrsAn) o) FFBTAo AR S0 ypse vk
FEE ol g3plel AEEES EE A5 sjRmae] A=t ¢
of 7] v A% X T 5 oY, Ui BES AlS
3] AT F e 8-S 71 Brand ef of., 1981).

28] NZE @ 23 Gl 4483k £71(20°C, 30 psu)
o7 FES oF 300 umol m?s'(12L: 12D; cool-white fluorescent
lamp)olA ti552717F 2 wi7bR] wjFet £ 557 sile §
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Fig. 1. Relationship between cell density and in vivo chlorophyll fluorescence of Skeletonema costatum, Chaetoceros didymus, Alexandrium
tamarense and Heterosigma akashiwo isolated from Korean coastal waters.

) o7 MEUEST 240 3 8995 A (Model 10-AU-005,  Table 1. Phosphorus compounds used in the this study

Turner Designs, USA)E in vivo chlorophyll 833L& 5743130  Phosphorus sources Abbreviation
T 28 QyHel WA U] J3A oF ¥ < QE7Ie]  Adenosine S-monophosphate AMP
Al wkx]et & 24310tk Brand ef of. 1981). 28)T #n]7& ¥  Adenosine S-diphosphate ADP
SN S ATSE o 8E10] ATUE) Bagke) Ay Adenosine Suiphosphate AP
Qobusgit). 7 Ao ATUESE FAZ Alolel Fig. 19} @ Cytidine S-monophosphate CMP
B A= Fructose 6-phosphate FépP
824 Q) o] 84 ABL 215} DIPA orthophosphate(Orth-Py 1 0 2c0se 1-phosphate GIP
%, phosphomonoester(PME) 8% I 1 otdldit 352 2 Glucose 6-phosphate GoP
o> Pnosp ?Oo Oesten o o1t ooy oy Olycerophosphate Glycero-P
(phosphorus)8.2% o1 &845{Ch(Table 1). 714 Qo) BARA & gipose 5 phosphate RSP
& AK JAESFE HFRoR T L1 MiX)(Keller ef al., 1987, yridine 5-monophosphate UMP
Guillard and Hargraves, 1993y 9 mL ¥{%F72.(10 x 100 mm)  phenyl phosphate Pheny!-P
ol s mLE FU3}ed, ¢lo] TZE MEE oF 100 cells mL'7F = Orthophosphate Ortho-P

£% PEsgoH, 27 vigdele] §H) <o) 2IBEEE oF 25
uMe] EA stk Ela ol A eE 2 1049 in vive AT
chlorophyll 8% k& Z7319It}. A4 g™ exponential 1
growthyS Holt= 7%k BRb0] AR ke olg3] A (el g} KTl W
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zkzke] A8 wiplicate® FEEIG oY, A& ojge] 3
ke s veRdch o, wiplicate 5 B FE wEE e
A AlSJstict.
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ALEZRTEO| alkaline phosphatase 24

S. costatum, C. didymus, A. tamarense 12|11 H. akashiwo=
A %ol AYPLFE vickhie] DIP 55 FRF 7Ash,
APase 32 A S7Ishe A3 Bt APT BT APase
gL AEFHS o H, AES] 7ol AR 7] (stationary phase)°llA
Ft APase o] AEFHUTH(Fig. 2). S. costatum wWiF <]
DIP 557} 0.30 uM & dl(13¥F), APase 40| Hx=2 1F
=L (0.001 pmol cell” hr?), 0.01 pmol cell’ hr'e] Hoj &
AL Bk C didvmuss S, costatum® FAVSH DIP F57}
0.33 uM% H(OY F), APase E/g°] AxE FEFUAT(0.002
pmol cell! hr"), FHEAJ-E 0.11 pmol cell’ hr'Z ¥4 Ve
th 4. tamarensers THEFRTL B8 DIP 2492 F; 2.04
uM) APase’} A HEHS.21(0.07 pmol cell’ hr'), Feh&
A& 1.63 pmol cell 'Rk, H agkashiwor= DIP EFE7T 0.63
pME (74 F), APase o] HxE HAEHA 2 (0.01 pmol
cell’ br?), HhEAL 0.19 pmol cell! wr'E YeElTHFig 2).
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QIoll Eeldt AEZTE0] glkaline phosphatase 8447 8] f7190Y ol¢ 19

APaset AZ BN 84S Holx AR NERHHo] F7}
B APased] BAo] FUIsHe AEE YERATHCembella e
al. 1984). Wb APase®] ) S E ¢ A¥Y BYEE B
WE7NERs AL AeElA] g AR AZEe] wePd At APase
B (specific APase; S-APase) 0.5 B w3tk AEF Fof 4.
tamarense’t 7P BL §-APase BAL BT, HERE dHy
FFB 2 S-APase B2 B TH(Table 2).

AMEEYTES| E&H {7121 0184

E AT A8 ol FFEORM Ortho-PHE TRkt DOP
SHEL o] 83 4L §ASITH(Fig. 3; Fig. 4). S. costatum
PMECIA 0.89~1.02 day'd AFEEE 2o} Ortho-Pol] Bl
to] oF 91.97+0.05%0l NF3HH 2, C. didymuss PMESA
0.67~0.86 day'®] 434S E 8o Ortho-P(1.01 day™)ol} w3}
o] ¢k 77.37+£0.06%, A. tamarense= PMENA 0.22~0.30 day's)
AT 2 1ol Ortho-P(0.31 day ™ol B 3ke] <k 82.95£0.09%,
H. akashiwo= PME 214 0.39~0.80 day'Q] HEEE B
©§ Ortho-P(0.71 day!)s} Blmsto] oF 82.09+0.19%0l sFsI3ick
(Fig. 4). 53] AMP, ADP ¥ ATPH} Z-2 nucleotide A|Z 2] DOP
3FehE-2] 3¢ Ortho-Ps} FAMSE AAEEE Mo 58 4%
o o] E&AOR olgshs A0 EPTHFig. 4). $H4, A
AN SR A B ATo)A APase B2 23]
8] o]&5 DOp 31gH-E<] phenylphospate?] 732+ tHE PME
o} FAKEE AFEEE B
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Fig. 2. Change in alkaline phosphatase (APase) activities of Skeletonema costatum, Chaetoceros didymus, Alexandrium tamarense and Heterosigma
akashiwo during the time-course of orthophosphate depletion in batch culture.
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Fig. 3. Growth curves of Skeletonema costatum, Chaetoceros didymus, Alexandrium tamarense and Heterosigma akashiwo grown within various
dissolved organic phosphorus concentraions.

Skeletonema costatum Chaetoceros didymus

GIP

Glycero-P |
Gép
Phenyl-P |
Ortho-P

Phosphorus compounds

T ¥ T
0.0 03 (X [X] 2 [
Alexandrium tamarense
AMP
ADP [
arp i
oMe
RSP
F&p
Gip
ump
Glycero-P
36P
Phenyl-p
Ortho-P

Phosphorus compounds

025 0.5 0,0 W 08 12
Specific growth rate (dayl) Specific growth rate (day-)

Fig. 4. Specific growth rate of Skeletonema costatum, Chaetoceros didymus, Alexandrium tamarense and Heterosigma akashiwo at various
dissolved organic phosphorus concentraions. Fach value represents mean +SD of triplicates.
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gRkz o2 AEEZHFEL F7Qle] Fhrt AskEE AEE
HellA] APase Ao] FEHE A oF dEA et AR Fof
ue} APase’} BB &) QA BT deiiA¢] BEE A
AL HEF Aot A% F] H$ APase B0] H=5& DIP
o] AAEEE 02~04 uME B 819 tHDyhrman and Palenik,
1999; Yamaguchi ef al,, 2004a). & A2 S costatum™ C. didymus
= 99 % H oA APase EJo] F=HIRITE, 4. tamarense
S} H dkashiwo= ¥4 52 F5olM @4l HEHH3Ich Oh
et al. 2002y ]9} 2-&- AAIESIT DIPY o84 ¥ UHE B

[+
ol e AT, AZEYAEY B4 FYAT U

B (affinity)= FUE T L 35T Aol =29 W
FIVFREIRE UERd S oM, 2 A T AdsEE A
oA T& DIPel| st K& AHEH S costatum 0.30 uM,
C. didymus= 033 uM, 4. tamarense= 1.97 uM “I2]31 H. akashiwo
¥ 0.61 pME APaseZ} BAH7] NS dA w59 fAREE
& 4= 2JTHON ef al. unpublished data). Wbl 27] APase B4
& a9k F U AEEEE AP 258 KolEk) BEF
H FEEE RS & F ] Wi Ka 27) APase?] 40l
et SIS Frlshed £2 A ER 88 5 9l Zolth

Oh e al2002)°] W= p-nitropheny! phosphateZFE =7
E A tamarense(Q= Hiroshima Bay E5), Gymnodinium catenatum
(¥ Hiroshima Bay 9 J1813L Prorocentrum minimum(®)5
Great South Bay £5)9 APase 8% AZ9 ¥uldy) £&
AAAL 71A, G B APaset FARIA T2 &, 24
Aol vFsiA APase 3R} S7WEITHE ANZ G catenatum
o] FHAL A tamarenseBTh <k 28] golH, FU) APase &
AE S G catenatum®) A. tamarense BTV F 29 A ViR
. P minimum B T A 85t A tamarense$t G
catenatumBTF APase L7t 2o} S-APase= 350 -FAFSISE
o}, 3FAI%k Yamaguchi ez al. (2004ay’} 2313 Karenia mikimotoi

¥

%] alkaline phosphatase 47 8] §71Q19] o1& 21

(Y Hiroshima Bay F5)9} S. costatum(3E Osaka Bay T
9] APaseZ & STt &9} o] v]5wsH(disodium phenylphosphate
2 71347 AL, K. mikimoto?} 7V & S-APase® UERAS
o 4 tamarense= 3 AE S S-APase A4S H4, 7
ZFE JHREFEL O 2 S-APase B4E B3 TH(Table
2). WA Oh et al(2002)%) Bxg} th2A] Q1 Agh Adefelx &
EE APase BAE £ Eol (species-specificys 7HAH, 5
THEE F 27} Sl ACE Btk

3, AEEHTES] DOPY £33 E g0l A= 7]
BH A& APasec]”] WjEo] DOP F59k £8o] et APase &
9] 71948 Frksly] gelAs AZERE BEE APasest A
Aol BoF ¢le] g 33T B et Utk Droop(1973)s A&
ZHaEY AL dF T U9 skl Y& ¥, A=
2] dord &3 &gty Rusisich. wEpA ojsh 22 &
4 ke vt ok(semi-continuous culture) AP E FHL
T A S p=pna(1-QUQE YERE 5 §ict. o
pE ATEE, Qb AFYEd A §7F, Q=
A AT A JFE EFRE, e HAEEEOIT AES
goEo] AtEckel uiEle] el ARt wigel wel Q
o] W3k} ol A ue Q2 F(multiplicationy® AFEEE
A7) Yal Bast AFYIFa FrEEe 7PE 5 itk
ZF= g2EAT A7 HAGAE me Bad Q9 pe S
costatum™ A. tamarenseL %2 YO} 917] w0l (Tarutani and
Yamamoto 1994; Yamamoto and Tarutani 1999), ©] F £-& ©]
3l AFEEE fxsked Bad Ql SrEEs B Ad
N 5E2F ZHIEL APase T2 H71SI5ITHTable 3). & A
Aol S costatum™t A. tamarense?} 373 EOlA H) A
AT 2] 95%0] FEshs SRolM AdEErt A Zshdoa
PSP S costatum 0.003 pmol cell’ b, A tamarense
0.248 pmol cell’ h'2 FF&4T0) ALY, Hol APase S =
= olir} 247} 6,578 3.330 A VFERSATHTable 3). WEbA A
tamarense’t S. costatumBTE °F 28] 2 FX|Z AltE ], 7]

AT
o

[+]
hin
5

Loy

r

Table 2. Surface area, alkaline phosphatase activity and threshold DIP of phytoplankton

Species Surface area Maximum APase Threshold DIP  Specific APase activity References
(x10°um?) activity (pmol cell'hr'y  conc. (uM) (APase surface area’')

Dinophyceae

Gymnodinium mikimotoi 3.8 6.90 0.20 1.82 Yamaguchi ef al. (2004a)

Alexandrium tamarense 3.1 1.63 2.04 0.53 This study
Raphidophyceae

Heterosigma akashiwo 0.7 0.19 0.63 0.27 This study
Bacillariophyceae

Chaetoceros didymus 1.2 0.11 0.33 0.09 This study

Skeletonema costatum 0.8 0.01 0.30 0.01 This study

Skeletonema costatum 0.8 0.02 0.25 0.03 Yamaguchi ez al. (2004a)

Table 3. Alkaline phosphatase activity of phytoplankton

Maxium growth  Minimum cell quota for

Phosphorus uptake rate for saturated  Maximum APase activity

Species rate (day)  phosphorus (pmol cell’)  growth rate (pmol cell 'hr’) (A) {pmol cell 'hr") (B) B/A
Alexandrium tamarense 0.56" 0.56° 0.248 1.63 6.57
Skeletonema costatum 1.25% 0.0028" 0.003 0.01 3.33

“Yamamoto and Tarutani(1999); *Tarutani and Yamamoto(1994)
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