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Most marine calcareous algae form calcium carbonate (CaCO:s) extracellularly, where aragonite is induced by ng in sea water. However,
Mg-calcite is formed in Corallinales. In this group of algae alginic acid at the calcifying site induces calcite. A Ca’-activated ATPase is
associated with cell membrane in an apical segment of articulate coralline alga Serraticardia maxima and it acts as a proton (H") pump.
The coralline algae use HCO;™ effectively for photosynthesis by formation of CO, from HCO; . OH, counter ion to H', released into
intercellular space, might induce CaCO: deposition. Relatively close association is shown between CO: fixation by photosynthesis and
calcification. Similar strategies for photosynthesis have been well known in freshwater algae Chara and Nitella which deposit CaCO;
(calcite) on the surface of internodal cells, and submerged angiosperms Potamogeton, Elodea and Egeria which have polar leaves.
However. in latter cases, calcification is not accompanied with OH" release from the upper surface of leaves. Several precursors of lignin,
such as caffeic acid, inhibit the CaCOs deposition. Unicellular coccolithophorid, Emiliania and Pleurochrysis produce calcified scale,
coccolith (calcite). in coccolith vesicle, intracellularly. Certain acid polysaccharides have been proposed to participate in template and/
or regulation of the calcite growth. The V/R model proposed for coccoliths of Emiliania is applicable to Pleurochrysis. Proton pumps
associated with cell membrane and/or coccolith vesicle, and a link of photosynthesis to calcification have been proposed. However,
coccolith formation could be independent of photosynthesis in Pleurochrysis. Carbonic anhydrase is associated with coccoliths.

In the recent earth, the supply of Ca™ and HCO;™ by dissolution of limestone with CO; in the lands seems to be balanced well with
formation of CaCO:s in the oceans. This CO: cycle through CaCOs plays an important role in the delicate balance of atmospheric CO- with

the other CO; cycle through organic matters.
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LD TR T 2 GE TERIIZR, (SA A 2% LS LTED (Borowitzka 1977, 1982a, b, Pentecost
FY¥—rayv) LN, ZITRBFICKLDREANLS Y 1980) (Table 1), FilKAGIZVH W BULHGEALTHERS L 728 &
KB (RIRAL) #W0 B3, Zoiig, Bichzyy i), 2LC AHRBIOEIGL 2o TSk K,
S GREBEY) OBRIEES B (KEDY) oH@BmR  LbE245, Table 1ICiy>C BRI Z oA KLOR# (f
CB AW L BT 2, £/, B, SRR AL, TBRE NS CaCOs DfGIEA L) ZHHT 2, i
I, & S ICIHBRLAFIRIC b £ 72055, FRANATIETLH 2, SIconTE, THRORSE (Wi - &7 1985) SN,
BT, MEIT2AN AR S IEHSI NS L) Ich o7,
i 5 (WG 1985) kLN, fat Teio R iR, 1. B8 7/ N\ITU7)
ZAE (533 % pp. 328-344) IcFH L 7%8, SllZZh i HHED SRS A Z DY, Zrucibe Ma e EZ2ID
DOIFEZ T LT CHRE-M3HT 2, £, REMEICZS>  JAATYy FEIBRL, JOMBINARRZI7uBEIcsEw
TV “FEBET”, “HBERIEME(L” SRR BURAKILEOB T, Mko&EPMiEEc CaCO; (Uififh) MEMEND, K
fRICOVLTH il 3, G X2y FAD pH @ L5, FRAGZEFFES 2 Ml i
HlaBED %G $ % L% Z 5415 (Pentecost 1980), < v
Il REEAIVDVLZETRT 258 —AlkE— MroEsESAIKALL, Lhfb L 7HERiE: TAra= 54 by
WRICZL RO ALY L (CaCOy) ZIBRT 28I,  LXEh, LAy 70 7R (R 5 @ERD 2EDLDHHSH
WHRL TR (calcareous algae) EFFIEN T2, ALK  Twa, BUETLIA—A LRIV TOANRY vy 7—LGL, &
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2. KEBERAIE
(1) fI&

IIYIRVBAIHIRDH I AT (Galaxaura fastigiata)
(Okazaki et al. 1982b, [ - &4 1985) (Fig. 1A), 2+,
##4r ar % (Liagora farinosum) (FIF - &4 1985) & &
1%, BAEEIRORLE WEM O K EHBOMIERER (ICS) T
BFRALH Bt E NS, ZOEIZ, FHRHEK L (FRRES 17z
BHEmTH Y, BRI L RIKILT 3, CaCOs KR
B7SVAETHS, WKRICREROV IR L4 4Y (M)
LEENTED (W50 mM), ZD&ILEHLTHERINDG

CaCoO; 1375 LAl 3 (Kitano & Hood 1962) #55DEE,
HIHTDHBEIRR, 7arNTOHEIIEIRTH S,

JraeEYrIERCB T 22 TOBRBAKILT S, 20D
fhR X ISV~ TR, MR EE 2 REZ b
(Goreau 1963),

BH8iDA A an (Serraticardia maxima) T, A%
i (58 1 Eisen) ORbE IR OMIERER T KL BRI S
n, F1HERTRT T 5, REACIIHIERER, Moy
2IAKALT 5 (Miyata et al. 1980, [ - &2 1985) (Fig.
1B), ##iy > €8 (&7 4 X Lithophyllum okamurae 7z
E) DAEKGABRLAENIZRINERALTHS ), HROF
a3, MAEMBRICRIICENSbOIRER $HR) TH 3,

Table 1. Polymorph of CaCO; deposited, site of deposition and habitat of various calcareous algae (from Borowitzka 1977, 1982a, b, Pentecost 1980).

Taxa Polymorph of CaCO; deposited Site of deposition Habitat
CYANOPHYTA
Cyanophyceae Calcite (usually) Extracellular Freshwater,
Marine
RHODOPHYTA
Nemaliales
Galaxauraceae
Galaxaura Aragonite Extracellular Marine
(intercellular space)
Liagoraceae
Liagora Aragonite Extracellular Marine
(intercellular space)
Corallinales
Corallinaceae Calcite (Mg-calcite) Extracellular Marine
(intercellular space and cell wall)
Gigartinales
Peyssonneliaceae
Peyssonnelia, Polystrata Aragonite + Calcite (Mg-calcite) Extracellular Marine
(intercellular space and cell wall)
PHAEOPHYTA
Dictyotales
Dictyotaceae
Padina Aragonite Extracellular inrolled Marine
space (initally), extracellular
(finally)
HAPTOPHYTA
Isochrysidales
Pleurochrysis, Calcite Intracellular in coccolith Marine
Emiliania, vesicle (initally), extracellular
Gephyrocapsa (finally)
CHLOROPHYTA
Caulerpales
Udoteaceae
Udotea, Halimeda Aragonite Extracellular Marine
(intercellular space)
Dasycladales
Dasycladaceae
Neomeris, Cymopolia Aragonite Extracellular Marine
(intercellular space)
Polyphysaceae
Acetabularia Extracellular Marine
(intercellular space and cell wall)
CHAROPHYTA
Charales
Characeae
Chara, Nitella Calcite Extracellular Freshwater
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Fig. 1. Schematic diagrams of calcification process in several
marine calcareous algae (Okazaki & Furuya 1985). A,
Galaxaura in Galaxauraceae (Rhodopyta); B, Serraticardia
in Corallinaceae (Rodophyta); C, Padina in Dictyotaceae
(Phaeophyta); D, Halimeda in Udoteaceae (Chlorophyta).
A rectanglar area was studied. ICS, intercellular space; CR,
CaCO; crystals; CW, cell wall; U, utricle; F, filament; SP,
sporangia.

ISR TEREISRR T H 5, M DRLHA PR & R B2 = PH 8
2 TRIKALDSETT T 21D 6T, RO~ %>
& (MgCOs, #16~21 mol%) % &L /ififfi (Magnesium
calcite, Mg- /it fi) %G T 254035 % (Goldsmith er
al. 1955, Borowitzka 1982b), Zauis, MlEmIBRICHA(ET 5%
W7 VX VB dTHD (b)),

AX/VHA T 7 A7ROEIEDS CaCOs 2R T 5, falK
(LI MamkbR, Mlasscd 2z (Kato er al. 2006), CaCO;s
DFEEIEIE T I L EZINT W30, Peyssonnelia calcea,
Polystrata dura T\&7 7 L EOfhic, Mg- Jifith OFFED K
Wi &7z (Dixon et al. 2007), ThpsFFETHIUL, 77
L SR O 2 TR T 2 ORI DML L 5 5.

(2) #B%

WO LNT, TIPI/VHOT I I/YEBDOH DL D
DHAMBAKAT B, A XF7F 7 (Padina japonica), 27F 7
2%+ (P crassa) %ETH5, FIRDERIIHBULET 2
B3, fZ i 2 EmiE o & T HRkALAsiiR S 15 (Fig.
10) ([ - 54 1985, Okazaki et al. 1986), Z Dillidis,
B Hs%E Z2AA Rk 822 (inrolled space, &
AAZEE) PO L, MAEEZ O B IRMENE LIk
fEEDTR E N, % ORI RN EE 22 FRRR S~ R T
%, MEOREFICHEY, EARE (N, &) CBih, AW
HANBHRTAL)ICRE, ZORBEELCFHELE, 7L
FigHRAS R TH %,

(3) #&&

A7 ZZANTaEROY R TV IV BOBEE (Y H 77
Halimeda opuntia, 757+ X7 7% H. discoidea 73 ) 1%
fiti (727 —v) TKED CaCO; HERIZ IR % (Stark et

Fig. 2. Schematic diagram of coccolith formation in
Pleurochrysis carterae (from Okazaki & Furuya 1985). A
coccolith is produced intracellularly in a vesicle originated
from Golgi-body. C, coccolith; Ch, chloroplast; Cv, coccolith
vesicle containing basal plate and coccolithosomes; G, Golgi-
body; N, nucleus; Vc, vesicle containing coccolithosomes.

al. 1969), %7z, V> el KEER 50 m (T KEEE %
< b, “Halimeda Bank” & XIZN2HERW)ZIZINT 5 (Hillis-
Colinvaux 1980), 29 LC, MBHMEEZEICEEZ{#HZE 2D,
YRFVyIY, 9FIYRTFV TV, SVFYHRT VY
(H. incrassata) 7% E\%, ¥k (55 16) Ok FEL
7R (ICS) T CaCOs i i DSTZ IR & Ui 8, I f& iy
T ZDZEMBEHROEVT 7 LADRTHORLINS
(Fig. 1D) (Borowizka er al. 1974, il i & 1977, Bohm et
al. 1978, Borowitzka 1982a), #MifE8EIZfIKILL 2\, ~T
0 @D Udotea cyathiformis 7= £ AR 7 7 LA D
IREEEDTEIR S 58, FPROMBEEES k(L L, #Eks
(Bohm et al. 1978), EHEN AT THONT LAV, #
KOG IZYRTF v 7IDbD e XBITED, ZORKE
MyPlcwst#Ezshs (Borowitzka 1982b).,

3. AEE

M (coccolithophorid) (&/°7" b EICIE S % HERENED HL
MMt RIRETH 2, ayay A (HA) LWEN2hRA%Z
FRTET B 2~5 um) KT S, AV 7V AHDT
Y7 =7 -~y 7 AL— (Emiliania huxleyi), 7" 2va7
V> A AT L— (Pleurochrysis carterae), 77 4 277 -
4+ 7 =% (Gephyrocapsa oceanica) (%%, #iliFig.
20A, B, CZH) i3~7uaya) A%ZBRL, ZDEHIEE
FEETKCIEEN TS (Wilbur & Watabe 1963, Outka
& Williams 1971), DT, ava) RET LIk
D/ “aya) 2/ TIERENZX YA F =2 A
st~ ot &, Milamicidsisnsg (Fig. 2). =3
Y77« Ny 7 AL —AEICB VT, KB A CaCOs 12
1%7%%75 (Holligan er al. 1983, Brown & Yoder 1994).
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4, EEEE

MfE— DK EE GRAKPE) KT H 5, A A v 27 E(Chara
corallina), ¥ % 7% (C. braunii) %t X7 7 A€ (Nitella
flexilis) 7 &ML O 7 VA 1) /3y RN HRE %
72 (Okazaki & Tokita 1988) (#4i Fig. 30 i),

N, RESEERNEDOAMR{CERE
1. fEY Y IEHE

iy IEFA A aa (Serraticardia maxima) DK
L% Fig. 3o Lz, dfseim (55 1 i) 1ok 2 B

LA o MR B M2 ERTL, TRk (BHIR) @

FESHBLL, Z O%MINERIRR, MRS 42 IS HE T R
(&N 3 (Miyata et al. 1980, IR - #i7 1985), fikAlix
W1 i css T 9% (Fig 3A), MEfivry 2€H (e 74K
Lithophyllum okamurae) (=& \»>Ch, HIEHIE - MlEESE
S FiAL$ % (Fig. 3B). 2415 DO FH#E MgCO; 12
w721 mol%) Jifthi (Mg- Jifigfi) <o 2,

A4 avnoqiEfMasATHE I Ens, FESITH
Tl U B L 22 G LBERS (B2 Fig. 31 2) 24E L
T, EARSEE A FICIDIRD, 2 DI Z ACE & oyl
B KD HEL T2 o2, ZORE, Ml
Mg™ iE M1t ATPase (Mg *-activated ATPase) & Ca™ i 1%
{, ATPase (Ca*"-activated ATPase) Dili /i 234 L T2
#3, 7a bRy 7L LTHRET 5 ATPase (& Ca™-ATPase O
75T, 100 uM FEEDAEPL Ca™ BIE T L2 WS

Fig. 3. Schematic diagrams of calcifying process in Serraticardia
maxima and electron micrographs (SEM) of heavily calcified ICS
and cell wall of S. maxima and Lithophyllum okamurae (from
Okazaki & Furuya 1985). The calcification proceeds from 2 to 3.
Cr, calcite crystal; Ct, cortical tissue; Cw, cell wall; ICS, intercellular
space; Mt, medullary tissue; V, vacuole; Ve, vesicle. A, S. maxima
(cortical cells in erea*®); B, L. okamurae (cells in perithallum).

Hp0+C02?HoCO3HT+HCO3™

1st Segment (Tip)

Acidic Apoplast

Symplast * AT/P/T\V —
I1st Segment (Base) /Kf\a o+ | OH~ B
77 , | /
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=

t
HCO3™ > HCO3™+HT2HoCO32CO2+H20

Fig. 4. Hypothetical scheme of rrans-calcification in apical
segments of Serraticardia maxima (from Mori er al. 1996). Proton
is pumped out into external medium by the action of proton pump
(Ca**-activated ATPase) at the tip of Ist segment in the light,
accompanying OH ~ efflux into intercellular space at the basal part
of same segment. The OH ™ accelerates the dissociation of HCO;  to
CO5 ", resulting in CaCOj deposition.

Fig. 5. Age-gradient in segments from apical to basal along main
axis of Serraticardia maxima (from Shinomiya 2000). A, age-
gradient of segments; B, segments cut off from the frond. FS, first
(apical) segment; SS, second segment; TS, third segment; Tip.
growing point at first segment; Base, basal position at first segment.
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Fig. 6. Effects of light on pH change at surface of several segments
of Selrray;cc_z{dia maxima (from Shinomiya 2000). Light intensity: 230
pmolm °s .

izL7: (Mori e al. 1996), 2T, 7atrvEr7ELT
{#1{ ATPase ix Mg™"-ATPase TH 2 Z L5, A4 auff
fafED 7o by Ry FI3F Ly ATPase L 2 %, I DWIKIE
Mazffior7a b yEEOEKERT, MK Miast [y
T7a b U EIND I Lo, EESIXFig 4 TRTYAK
{LESRE# IR L /- (Mori er al. 1996), Thbb, 51 HidkH
oMk (MAERERR) ~EtEnsz7e by (HY) kg
ICEELRBKESA LY (HCO; ) LRIELTCO, 2L
THARICEHET 5, —7H, MIEPICTERI 7oK A 4
v (OH") i3fMHRarpR D B DI Eh, HCOs™ & K
LCHKEA A Y (COS) »IEREN, ThhiCa’ ERIELT
CaCO; SILETHLBMEL TV 5, EBICHE | fikiih s 7
oA E N T B 2 E R HAREEOMEE (2000) A5k
L7, A4 20D 1 i (FS), 5 2 8 (SS), % 3 fi (TS)
ZEYIDELD (Fig. 5A, B), ZhZFhzEXK7 L (2%, #HKT
P PICEE L THREBHDE IR RV VEI pH E
1% SR I BBk X ¢ T, SARE O pH % pH X —¥—T
BIE LT, ZDRER, $ 180k (Tip) Ko pH 1
HHT (230 pmol m™’s™") THBFBIET LA, —7, &1
HiOHEE, H28, HIMCcpHIE LR L7 (Fig. 6) (W
® 2000), 7=, 1 Hi%H0 20 pH T, HEAREER
3-34-¥ 77 ==L )11- ¥ AF AL 7 (DCMU) (&
BE4 uM) ko THES NS (Fig. 7). ZOFEEIE, F1
fidimro 7 b yBRHENTHwEZE, ZOZFAX—E
HEREBETEERP OB/ INS ATPIEKEL TR LE
WMOTBLTRY, EECOKS (AT Fig. 4 2H) 28X

84} ——- N —

8.0

pH

Control

78— — —-

76— —

0 2 4 6 8 10
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Fig. 7. Effect of DCMU, a potent inhibitor of photosynthesis, on the
light-inducing pH change at the tip surface of the first segment of
Serraticardia maxima (from Shinomiya 2000). 3+3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) was added into agar at 4 uM. For other
condition, see Fig. 6.

FT5b0TH5, #AK+® (pH 82) ik, HCO; nFLEL
12#991% T, CO, 1% 1% B F I8 ¥ 2\ (Fig. 8), K&K
I 81T % R #E E BE % Rubisco (Ribulose-1,5-bisphosphate
carboxylase/oxygenase) ¥ Z DHEE L LT, CO, B MK
23 <, HCO; Ic® L TIdBMEAME > (Cooper & Filmer
1969), 2078, A4 awig7uabry Ry 7ickh HCO;”
+ H' = CO, + H,O % 3 KT CO, 277 5 AR %

100

a0 i\\ AN //
60

40 X / N
N VANEFA

Concentration(mol %)

pH

Fig. 8. Relative proportions of inorganic carbon species (carbon
dioxide, bicarbonate and carbonate ions) with changing pH in seawater.
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Fig. 9. Rate of photosynthetic O, evolution of first and
second segments of Serraticardia maxima at different pHs
(from Shinomiya 2000). pH of seawater was adjusted with
HCI and NaOH. Photosynthesis was measured in medium
containing 5 mM DIC at light intensity of 230 ymol m s '

FotHEzons, HE, HIHOBHIRAEICIDMEL %~
A RHE (230 umol m s GG F, pH 8.3) 124910
umole O,/g wet wt/hr T, H 2 i D Z 41 (94 pmole O/g
wet wt/hr) X D925 5K & (Fig. 9) (47 2000), 2D
TEE, mu7 4 ba¥ ) OMERBEICIE L THE A
2 (FT=2I3RLTwiw), 7, WA pHZ7 LAY
12> 7 P IELGEONAEREMIED TR, 528k Pmn
(Fig. 9), 7, JLFDIEE O (2004) 370 bRy 7
DAY 7+ v (NasVO,) @ 100 uM DFE R T, 4
L i HeA B (750 pmol m s ™' JEIES ) 1, ko pH

RO B, FLHESNS L2 5L (Fig
10), 512, fAKLOMARHERNE FaxszF) 7> 1,
1-E2AFY 7 4 v (HEBP) 2{fi->T, Mk & CaCOs I
JK & DBIRZFIR 7 (Fig. 11), HEBP & #3117l & L Thl
51, CaCOs Dl RN IE LTS IR % B3 298
TH% (Nancollas & Sawada 1982), B <ol 2H D
CaCOs JZHUHERER FX 21218, Wheeler er al. (1981) DFF
Bk {flibns, ZoHEE, CaCly it NaHCO; AR
EHMT 5 LT, Ca¥* + HCO; — CaCO; + H %43 K

HO  OH Ol

Q—P—C—P—0

Hoyp | || H
O CH;O

Fig. 11. Molecular structure of (1-hydroxyethylidene)
blsphosphomc acid (HEBP). mol. wt.=206.03
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Fig. 10. Effect of vanadate on photosynthetic O, evolution
of first segment of Serraticardia maxima at varying pH of
seawater (from Takahashi 2004). Vanadate was added into
seawater at 100 M. Photosynthesis was measured in medium
containing 5 mM DIC at light intensity of 750 ymol m s .

T CaCO; DIEIFES) pH O FREZIIE S 2 /i Th % (Fig.
12), ZoJiikTlx, HEBP (2{fi2> 0.5 uM T CaCO; R #

FH9% (Fig. 13) (Asahina & Okazaki 2004), Z®it#8i3
LI TH B /<% (Chondrus ocellatus), L7557
(Grateloupia asiatica), &7 74 /) (Ulva compressa), 7
¥EesY (Scyrosiphon lomentaria) DN (BHEFEAE) O
R 750 pmol m 7Y % 1 mM LEETHLE L v L
5 (Table 2), ZOMBEIINARDIER TR LI ENTDS
(7l 2004), L L, AA4>anaifl fioakizsL ¢
BHSE (89 50%FHE) gz 2 EnMHorIcho7, —1, AKX
LA T LT 55 S HiciEN R ok wy, Hig, fhof
fiivr > TEHCTHEIAAT A=/ T (Amphiroa zonata) >
v N (Corallina pilulifera) D51 ~3 (2) fiiz&Gird

— + | = r
, CaCOg+H*| | 20mM CaCl, 5.0 mL

20mM NaH0035 0 mL
sample or DW 1.0 mL

Fig. 12. Method of Wheeler ef al. (1981) to determine the
inhibitory effect of substances on CaCOs formation in vitro.
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Table 2. Effects of HEBP on photosynthetic activity of Chondrus
ocellatus, Grateloupia asiatica (as G. filicina), Ulva (as Enteromorpha)
compressa and Scytosiphon lomentaria (from Takahashi 2004).

Table 3. Effects of HEBP on photosynthetic activity of calcareous

coralline algae Serraticardia maxima, Amphiroa zonata and Corallina
pilulifera (from Takahashi 2004).

Species HEBP Photosynthetic rate (pH 8.3) Inhibition Species HEBP Photosynthetic rate (pH 8.3) Inhibition
(umol O, * g wet wt™' * hr') (%) (Site) (umol O, * g wet wt™! * hr') (%)
C.ocellatus ~ —HEBP 285403 0 S. maxima
+1 mM HEBP 278111 260 (Ist Segment)  ~HEBP 24350 0
+1 mM HEBP 116+15 523116
G.asiatica ~ ~HEBP 1702+ 038 0 (3th Segment) jmm?vl: HEBP gz : ;‘:' iy :011 S
+1 mM HEBP 1640 £2.4 3615 o ’ ’
A. zonata
U. compressa  ~HEBP 2756 + 84 0 (1st-2nd Segment) ~-HEBP 27.1+10 0
+1 mM HEBP 301.7+85 87446 + 1mM HEBP 193£22 28885
. C. pilulifera
S.lomentaria  -HEBP 383£30 0 (Ist-3rd Segment) ~HEBP 153£0.4 0
+1 mM HEBP 379£29 L1222 + lmM HEBP 107£16 300 £ 10.6

Photosynthesis was measured in seawater containing 5 mM DIC at
light intensity of 750 gmol m s .

IRERCIRKI 30% DIHEM RSN S (Table 3), s DFERD
5, AAvankroEfY Y ITeEORERIGIKIL L EE
WHBELTWARIENEZ S, ZORZXVHAEICT L7201
1%, EBICAKALDS HEBP Ik WHEIN TV I LE2HEID
B s, 22 THEG (2004) MRS “C 2 A
W<, HEBP #E T TORE “C 0B AA 2 HiHES (b

9.0

Control

7.0 e A n I A I
0 5 10 15 20 25 30
Time (min)

Fig. 13. Effects of HEBP on CaCO; precipitation in vitro (from
Asahina & Okazaki 2004). 3 mL of 20 mM CaCl, was added to
3 mL of 20 mM NaHCO:s (pH 8.7) and 0.3 mL of H>O (control)
or 0.3 mL of HEBP solution. Alternatively, HEBP solution was
added after 3 min after onset of precipitation (arrow).

For explanation, see Table 2.

FREEY)) EEHES (CaCOs) I TR, ZOBE, WiE
SOyEEICIE, EHEOMEZDEFD (1992) DKL Y F
RRESEEBEZE -7 (Fig. 14), ZOEE, H7 A4
YU A £ B (k> v FL—2avh vy —ClEEZHl
ETHHIHEIDD) 2HEETELLIICL>TEY, ARHR
K2, BABICIEZ 7V VK (2-phenylethylamine) %#&
HRAFERTAJEHOEICANS, YFE EHOTLERZEL
THEHBTARRICEBRZEAT S, 2HL T, CaCO; il
DAENBEMERESE COIKEZ, HWIBRKELT, N
A ¥ VB DARICERICRINE ¥ 5, ZDH%, A, BE&H%
EBEHSALT, MARICEAERES v FL—F—2MAT
BEEEERAIET 2, 29 LT, KARELAKLEZERIIC

Rubber tube

(Unit: mm)

Fig. 14. Y-shaped apparatus for separation of organic and
inorganic “C carbon incorporated by fronds (from Noguchi
1992). A and B, glass vial for liquid scintillation counter.
Sample is put in vial A, and a piece of filter paper absorbed
with 2-phenyletylamine for COx trap is put at the bottom of
B. 0.5 mL of hydrochloric acid (2N) is added to decompose
CaCO; from rubber cap by syringe.
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Fig. 15. Incorporation of “C into inorganic carbon (CaCOs)
by the first segment of Serraticardia maxima in the light (from
Takahashi 2004). First segments were incubated in the 1 mM
HEBP at light intensity of 50 gmole m’s”.

HETE3, Figs. 15, 1612, A4 anf 1 ficHonHE
RzR7T (& 2004), 1 mM HEBP % &trigkeTld, Xk
FEE T (EBREE SO pmol m~s™") THEMRFEME S (CaCOs)
D DRARIE, ZDOWAZDAEDS, #23%HEXNT
v3% (Fig. 15), —77, AHAES EAREY) ~OHYA
AIEKIA0%HESN TR B L2399 H» 5 (Fig. 16), ZDHE
&, A4 anof 1 HoXEBRIZARKEEC k> THES
RIFBIERRFLTEY, HHEOEELRLEIHETIRINSG,
70 b A E N B EAL & AIKIGERAI SR BRI (“+ 5
v v 2A—AKAt”) (McConnaughey & Whelan 1997) L 13 E %,
1 #fifEZRCABOESTHIEL T30, HECHELS
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Fig. 17. Infrared absorption spectra of crude Na-CaBS and
Kelco commercial alginate (from Okazaki et al. 1982a).
CaBS: calcium-binding substance from Serraticardia maxima
Samples were analyzed in potassium bromide disks.
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Fig. 16. Incorporation of '“C into organic carbon
(photosynthate) by the first segment of Serraticardia maxima in
the light (from Takahashi 2004). For explanation, see Fig. 15.

IEEZSND, Y 3E (Corallina officinalis) % 1 #inFE
M€ AV E (Fosliella) DFBEMMETIZ, WINREE M
ICHIREE AR LT, MBEEOREBEZ A T3 2 a8
#HEN T3 (Borowitzka & Vesk 1978), WAKEID A+ 4
% (Elodea canadensis) 7% £ R o5 “EikMika” (Gunning
& Pate 1969) HIEEEZ R/, 70 by Ry 7 Z oM
ICEDAENT, WHICKEEEL TL300b Lk,

Y TEHD CaCOs 137727 b2 % &L A (Mg-
HifEA) THB (B Table 1 2M), 7 IKALEBAL I MR
B, WHREEET, SMEMEK L IZHBRBE VL EZAIcH B, HEKIC
Mg SEME (1950 mM) TEENBZDT, TDLI LR
BTR7IVABPERENZONEETHS (Kitano & Hood
1962), HE, #7747 ORIFEREBRRE O MR CR &
N5 CaCOs 3&TT77LVATHS (Table 1), ZOFIE MM
FMBICHFET 2BESHOTAXVBICL2HDTHB I LN
ROEE S DWETHS pIch o7,

FESI, AA avoR K, MBS 2T S
POBREEECTRBEEZ, “Ca™ 24T 2WHE” (CaBS)
L7, LT, RBITFI7LRFL—FRELFL VY
7 3 VUEEER (EDTA) TA A auiEk» s 20k )y
2R B LR AT, ZOBR, WEHh, 20BEK%
EthicL7ch, Ca* #MA3Z LT/ LT L, EDTA
KA THUMBLT 2WEHZ2 B, ZOWEIZ, BETL
¥UBEREBEYULbDTHo, Z2ITIOYWEDHKH
BBINARY + 7 L2 HROBE7 VX VBEHEB L LS
%, BFREC—HL 7 (Fig 17). 7, MK EEY
eI 74—THWLIEZ A, PAXVEEBBRES E—



IR/ > MBI & CO, 158 193

n-Butonol : Ethanol : 0.1 M
HzPOy (1:10:5 V/V).
Diphenylamine-Aniline
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Fig. 18. Silica-gel thin layer chromatogram of acid hydrolysates of
crude Na-CaBS from several articulate coralline algae and Kelco
commercial alginate (from Yamaguchi 1982). S.m, Serraticardia
maxima; L.j, Lithothamnion japonicum; M.a, Marginisporum
aberrans; Alg, Kelco commercial alginate; G, L-guluronic acid;
M, D-mannuronic acid. Na-CaBSs and commercial alginate were
hydrolyzed with 2N HCI for 3.5 hr.at 110°C.

L, L-guluronic acid (G), D-mannuronic acid (M) @ 2 &
Do AHTENHSNICK -7 (Fig 18), Z4ui, #HA7n
RbESIT 4=, AAVRMI AT b7 4 =T ko THIFH
iz (F=F2RRL TR, £, V3454 (Dolabella
auricularia) DOYIENED S HEE - 0L 72 7L X v #0) RES
(alginate lyase) ICk-> TRz, M/G Hidk 1.0 THD,
WEREHEHE [ o Jo™ 13 — 140°THBHE 7 V¥ VD — 130° LI —
Blt, IHLT EESIICaBS 27 VX VREFEL, “FLH
TX VR L4 (Okazaki et al. 1982a), Ziuid, i
1964) % Azotobacter (Cohen & Johnstone 1964) 7 £ L >
FELBLESNTORET X VBDHLEBICHIAHET 2L %
RLERPIOWE TH 5, LFEIFZEF DI (1982) (344> 2
D7 NFE U, TS TRIE 25~ 50 /T, 0L (1Y
300 /7)) EDANSWIERRLE, &, AATanickiI &
A (Zo TR 90%% CaCOs 238 %) Dfiinr 0.4%
IRERG, ZOME, FEEERARZRE S, Yk
AR R 2K A RN S T 2o — R Bz & 3L
[CHed - b DTH S, A4 aullioyy TEFDO 7Y H=)
7 (Marginisporum aberrans,M.a), Y XA 23 (Lithothamnion
Jjaponicum, L.j) b7 NXvEEDEEL 7 (1L 1982) (Fig.
18), &2, ='>au (Calliarthron yessoense), 7 A7 7
=75 (Amphiroa zonata), ") tsN (Corallina pilulifera),
Y e\ (Corallina confusa), ~Y +)A=/7 (Marginisporum
crassissimum), >/ 24 > (Lithophyllum tortuosum), *.%"
W F A4 E (Mesophyllum erubescens) \ZbEHFNTHHI LD
Gotads, ¥y TEFELIORLENCIE, BARTRDFEL 2

Chamber A Chamber B Chamber C
[ .
N 0.1M CaCl, §
RY 0.2M Na,CO; | 0.3% agar + \
N 0.05M MgCl, K
Y o

Dialysis membrane

\

-

Fig. 19. Apparatus for studying precipitation of CaCOs under
condition of double diffusion (Wada er al. 1993). Upper:
Apparatus is made of acrylic tube and consists of chamber A,
B and C. Chamber B contains 0.3% agar gel with test sample.
Size: 100 mm in length and 20 mm in diameter. Bottom:
arrow shows the CaCO;-precipitaion disc from which CaCOs
was collected and used for analysis of its polymorphs.

ZEHDS I 572 (Okazaki & Tazawa 1989), 7L ¥ VElZ,
FLEIC B VLTI TEHICR BN ARSI L E 2 o 5,
7ILF VMRS D o M EE, Mg &
THY, AR E —3% L7 (ks 1984), 22T, #EH
S 7 VX VEH CaCO; DRIE R (K5ahIE) 1T E 3 #E
% ARSI & o TR 72 (Wada er al. 1993), ZDJ5HkE,
7 7 ) VR /NS (Fig. 19) IRV (0.3%) %559,
ol (A, C) 765 0.1 M CaCl, £ 0.2 M Na,CO; #Z 45«
T, HLdic CaCO; DL Z I E ¢ 2 ik Th b, %
Kuchs IR JUET LB Z 6N WEZ A TIERE
% CaCO; ZIUH L T X#RmE oRifE 235, 2D
FETT7 VX VRO E R TS % Table 4 12RT, R
tiz 0.05M MeCl 23FET % &, TR S 415 CaCOs D 98%
BT IVAIERS, Jtud, Mg™ D7 I LAFERICKZHD
TH5H (Kitano & Hood 1962), ZHUcA AT avd7Lx
ViEIESE D L, TAX VIBORELEE B IR
(Mg- Jif#t1) oIS n2HEGHRELCLD, 10 mg/mL O
HEC 100% DS IRAICED B 2 EDah 5, FIRIC, fiHS
2P B 2RI, AN L e WA AR TRY S IRFEDE
Nz, ZNoDOFERIE, 77 L HDFEEIZIS T VF VLTSS
LT, &hRERNO%ICEE—BEEREEIEI 570 L%
Z 6N, EREZZIHE, K55 # HEBP (i Fig.

DN S HEEL 7L B icB Wb RonAi, THLT,
P TEHID CaCO; BT 7 LA TlE 7 Mg- A IC7:
2R S 7z,
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Table 4. Effects of alginic acid of Serraticardia maxima, acid polysaccharide (PB”) of Pleurochrysis carterae and HEBP (from Wada e al. 1993).

Additives Amount added Polymorph of CaCOs (%) Increase in incubation Fraction of

(mg/10mL) Aragonite Calcite time (hr) MgCO; (mol %)

Control 0.0 98 2 oo -

Alginic acid 0.5 95 5 1.0 31

20 75 25 20 40

40 49 51 35 41

10.0 0 100 50 4.7

PB 4.0 x 103 83 17 5.0 3.0

20x1073 40 60 6.0 38

0.1 19 81 7.5 5.1

0.5 0 100 8.0 5.8

HEBP 8.0 x 107 91 9 4.6 34

4.0 x107? 82 18 5.1 54

0.2 68 32 5.1 5.8

0.5 40 60 6.5 7.5

 acid polysaccharide B from whole cells of P. carterae.

» It took 19 hrs to form the first CaCOs precipitation disc. For experimental conditions, see Fig. 19.

2. WEYRFTYITHRE

ARAGIIRERARIBR DS, BREO/NENHVICHE TS L
THERHEKD SRS N B I > TR E NS 2 &, AL
BERTIC LR THAFTTHC, 20 XeABOREE IC il L TlexE X
NBZTLLEPHESMIZEN T3 (Borowitzka & Larkum
1976a, b, 1977), 6D th b, B FEL MR
TOHAERITE S HCO; % CO, DI Y AHIZH-T pHE
b, ZHuctE) RETFEOEHRIKIGICHEREICEEL T
LETNVHBRIBINT 3 (Borowitzka & Larkum 1976a,
Borowitzka 1982b), Z i, Wb W 3 “> 2 —F KAL”
(McConnaughey & Whelan 1997) 12473, Lh L, &&
SRR DALIEEY >~ T €D & H I (R Fig. 4 21R), 7ot
VRV T ) ARSI 8% L 7 OH DHBafIBE~ Dk
Hicks, “b7 v 2A-RAKL” OGS ZDOTIEE VL
ZZiTw3,

IV. HEEORRILHEE

N7 MERICET 2MARIEEMRAKET, aya) R L
B2 ABEA» SR 5BEMENDay 2Y Z/AETHRL,
MM RE BT 5 (ATt o Table 1, Fig. 28H), 0k
IS, ARLDI-DDOMBNBERZEL, 3va) 20OWE -
REHIE I X 5 7200, SRR TEYRIEEA KL,
(biologically controlled calcification) &#$HnCv:% (Mann
1983), RLAISNARROLMBELT, 4 V27V 2BIKY
HEhTwax3Y7=7 - Ny 2 XL — (Emiliania huxleyi,
Fig. 20A), 7V ava2Ys 2 - ANF v — (Pleurochrysis
carterae, Fig. 20B) R U4 740 h 7% - A7 =%

(Gephyrocapsa oceanca, Fig.20C) 7z Ebs2iF o3,
LIYTET AV IRV =Dy 2) RIZEREK 4 um T,
#9 30 EDF— 7/ NEAL (2 7" 2 v B) Dol ENT WS, ik
DAY MIEBRGHE) “BWHITT” 0&kIRBELTY
20, HBAOHEBERTHEZ EBMEN TS (Westbroek
et al. 1984, Didymus et al. 1991), ZO&EFEBDLHDEL S AV +
DR E 1 5B 2 BN L 72 b D%3 Fig. 21 (Young et al.
1992) Th%, £, ava)2/phENICHBROGEYOE
VEME (R—27L—}) B o0 RICRFERTHRL),
T DRI RDWNZ FIRARERDTER E NS, D55
W 2EHDHY, —iF c- WD DL — MCEFCRBO R
NEALTOLSEER (R-#F), b)—2 7L — MoEE 4
EROME (V-F&) ©, ChodREIEY, Frraya
YAV 7 (proto-coccolith ring) %#-2¢ % (Fig. 21, A5 —
1o ZOR-FERBR—ZATVL—MBEERAR, X5t
KFEHEERL T V-HRZ2EORL (RF—Y2~3), &
LICHERZHET, BREBIC “BHYITT” ofIcks (RF—y
4~6), Thabb, LI AV MIR-BROBELEZODTH
%, L2L, 2IYT7=7RBOBEHEDHIE Toweius & (HE=
FRHEHTIE, 95,000 TEERNICHEE) a9 a3Y 2T, V- K&
DHEEDTTHELL, R-BREOLHBHI(FZELTVEEVY
(Young et al. 1992), I Y7=7EN vy 2 2 V/R fE&
THRINDLETZET VI VR EFLELIENS (Young e
al. 1992),
FESRTVava VSR - ANTFL—Day a) ARk
#~7: (Okazaki e al. 1998), 2 2Y) ZADEEIFH 2.5 um
DEFET, 2EOBA A, BOKREICESIL, 2hFh 12
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Fig. 20. Scanning electron micrographs of 3 species in coccolithophorid. A. Emiliania huxleyi. B. Pleurochrysis carterae. C.

Gephyrocapsa oceanica.

i oigisns (Fig. 22C) (Okazaki er al. 1998), Blx A
ZEETZVRy bD k) RIBEEZ L T05, LREEDS
M (2008) 3% DIEHGERZ 7z, MildZ L, 2 v
) ARELSEEL TRIRL, 2oL SR, LT
BEMERCRIZE T 5 LAk, TR R R 0T TG A
MAZE, 208EE, 7abayay 2y v ZEROEEYIN
BREnay a) 2 (Fig. 22A) %, ZOREKE#@EHRO LD (Fig.
22B), SERL7=b D (Fig. 22C) Mg N, £7:, H{L A
BHRAD c-Bilipsay 2) ADFEICFTTH D (R-Hilh),
HABIZZHUCEETH S 2 (V- 2G> 7,
INSOHIRERALT, avaY) AFEOME% Fig. 23 1R
L7z, 7abayay)2) v 7o V- iz ili#o R-#is3 e
WL (Fig. 23, 25— 2~3), Hifiz A, B QJEAWIfE
kb (RF—24), ERTSE (RT—Y5), #t>T, 7Va
vazYYA/Day aY AR LI 7= TEDay ay R
B TIIEZ N7 VIR BTN T E S Lilbh s,
ZNclE, avay ARIcE T aRMREZTIEL w2
BRSZED LI B DTH A I D, HlIERSAHEEHI S
2D, FEGROSTAMERIEZ IET 501 L )LD FY
DL EMDBEET B0 Lk, 20X Gl 6, ay
21 20 CaCO; Dz & 7 0, Kk 0 = % Tl 3 2 ik
RS EICER L2 b H 5 (Westbroek ef al. 1984,

S

Fig. 21. Growth sequence illustrating coccolith development
of Emiliania huxleyi (modified from Young et al. 1992).
The sequence shows how the initial simple crystals (1) of
the proto-coccolith ring develop into the morphologically
complex crystal units (6) of the complete coccolith. Each
diagram shows main (R) crystal units and adjacent interstititial
(V) crystals. Arrows show the direction of c-axis of calcite. R,
radial c-axis crystal; V, vertical c-axis crystal.

Fig. 22. Growth stages of coccolith of Pleurocrysis carterae
(from Tada 2008). A, early stage; B, late stage; C, final stage
(complete coccolith). R, R-crystal; R(A), R-crystal (A unit);
V(B), V-crystal (B unit). Scale =0.1 pm.
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©)

C-axis of V crystal

Fig. 23. Growth sequence of coccolith of Pleurochrysis
carterae showing 5 stages of development (from Tada 2008).
For other explanations, see Fig. 22. Scale = 0.1 ym.

Young et al. 1992), &7 v ¥ DF4 T v REDHE EACERT
RIN=T, TIVT7=7 Ny 7AL—DOHMfLaya
YRCKA LA BEORKRABESEN | BEETSIL
2R L%, ZD%HE Mannose & Galacturonic acid % F
BaEl, 2R LEL DR LR 2 SO EM LS
LT\ % (De Jong et al. 1976, Fichtinger-Schepman et al.
1981, Borman et al. 1987), EEHE: L LT Galacturonic acid
EMBESEELTWE, i, SVava YR AT
L—Biayayz, kayay) R/hahic bRkt
SRS 21 (PS-1, PS-2) FETHIEMHSLITE ST
% (Marsh et al. 1992, Marsh 1994), PS-1 i3 Galacturonic
acid 2% F B 43 ¢, Glucuronic acid b & ¥¢, PS-2 12 PS-1 &
%<& Ehn, EFEHROBEHEPIC, Glucuronic acid—meso-
Tartaric acid—Glyoxylic acid % # D& L & &, #HEICE4
ftL T3 (Fig. 24), & 52, @A 5 Glucuronic acid 23
£ L-Iduronic acid iZ B & #ah - 7 $17- B % CMAP
(coccolith matrix acid polysaccharide) 23X T3 (B

Fig. 24. Repeating unit consisting of D-glucuronic, meso-
tartaric and glyoxylic acid residues of an acid polysaccharide
PS-2 from Pleurochrysis carterae (from Marsh 1994).

9.0r Polysaccharide (coccolith)

7.0 . :

0 4 10 20 30

Time (min)

Fig. 25. Effects of acid polysaccharide B associated with
coccoliths of Pleurochrysis carterae on CaCOs precipitation
in vitro (from Okazaki ez al. 1998). For methods, assay
medium and arrow, see Fig. 13.

% 2001, Ozaki et al. 2004), EEH ST Vavas/ Yo R .
ANFL—DBMay a) 2o B L 2BESEB (LE
Marsh 5D PS-2 iIC#%Y ¥ 5 L Bbi3) i, #idd Wheeler
et al. (1981) DA (Fig. 12 2M) < CaCO; FERIC KIZT
MREFRIL TS, 40 pg/6.3 mL DERE Tz
E L7 (Fig. 25) (Okazaki et al. 1998), flah» oML =%
FEBIZ X DEIRE (4 ug/6.3 mL) TINEFLVIIRMRS
e (BRIEZEITRLTwAY), ZOFEEE, $FBldaya
Y Z/MEFIZBEWT, [Mo500@EE L TWwAEILERRL T
3, $REEHZZLIL, TVaUBIYTR NS PRET 2
7 (Pleurochrysis haptonemofera) DIERIRCERBKIZIZ,
D) BBESHEIEEL v (RES 1996), Zns D% F
iZay a2) Z/hMab oI ESAENRETIE, BREEEO
B B REYE, RRARRZHIEHL CO AL EZ SN T
V3 (Young et al. 1992), 5, ZOHE TOWHEI IR
N30, ZDDICIH - LERAEEMKET 5 LBMNET
H29,

0T, BIRORIEY v I EBICROh Bk Ta
Ry 7HE5 7 28BS HGEED 2y 2 ) AR HE
ELTWBDTHAID, ZORICOWTERTB7-0IZ, ay
Y ARUC BV TEE SHE L T2 HIBNRENRE, »
W) LEREROBRR % Fig. 26 ISR T, 70t v Ry 73
fafg, aya) Z/hEEMGICFEET3EEZIoNn 5, Ml
D7abryRy Ak o THENANKRE E - H 1%, HCO;™
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jill membrane

Coccolith vesicle

W
* CO- + CalteseCaCOs e
HCO3 CA 2 %
A CO, + H,O—»2H; + CO/ A
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o et 5
Cy2v AT
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Fig. 26. Hypothetic scheme in utilization of dissolved
inorganic carbon for photosynthesis and coccolith formation
with Ca® transport in cells of Emiliania huxleyi and
Pleurochrysis carterae. Proton pump (Mg**-activated ATPase)
is assumed to be associated with coccolith vesicle membrane
and/or with cell membrane.

ERIGLTCO, 2R L, ZHUIHIREAICELD A ENTHER
KFIAZI NS H B, £/, ava) A/NEBICEY T
DEET B LT, MERIZ7LAYL, HCO,” —» H +
COs T Ickh CO #HHEL T, 2v 2 Y AROBEBH L4 3,
[FRic, MERENICEDIAZN HCO; 25, /AMER X b
N-H k> T, RERDEHD CO, 28T 2 LIz B,

HEEOMEETIR, 7VaralvR-ALFL—Davya
YRAZBK - BRELTHABMLME (et 7o 2b) 2EE
WELT, BEYZHAML L5, filED>—»—BET
3, Na;VO, THEX 12 Mg™-ATP 7 — ¥ IG5, b
DZDEMED HCO; TR b I N 2 ERiT 287 (Ff 1992),
Fh, TIYTT NV TAL—IZDWTIL, KEZBLE
W (AR L 1, 3 = EHOESM) ok b ML B L
THRIK LT3, NayVO, THE & 11 3 Mg™-ATPase HH7E
TBZE, E5IT/O bRy TELTEBELTWEZ L 2R
L7 (R (g 1997), L L, @D ay a9 2/hEEIcD
WTRINETIREMESNTE ST, Mg”-ATPase &
2L, 7a bRV 7 (b L IIEEEIR A HYCa™ 7o F K —
5—) OBFELEICOVTHRHATH 3,

7z, HARFEZEOTFO (1992) 7V aynszYs X h
VFL—Daya) AR EXEEDEFR%E, CaCOs RO
HWHRHEERTIIH 20HERZDHDITIZERAL B VEHRD
HEBP (it Figs. 11, 13 2MR) %o T“CHETHBREIL 7,
ERIRE L ABKEPICHD A i/ “C DIRGTRERIE (18
o Y- BIRIGAESR (it Fig. 14 28) 2o/, ZORKE,
#Bkehic 1 mM DT HEBP ##53 % &, EEREEY
(CaCO;) ~» “C DHLhiAA (AKAL) 12IZIFTAICHES

A. Organic carbon fraction

80
Control
500 yM HEBP
mM HEBP
60 -
40
20r

M Dark

B. Inorganic carbon fraction

8 o

/Contml

MC-uptake (X10°ngC/h -10%cells)

=]
(=]

_e Dark

——==500 M HEBP

04F e ImM HEBP

Time (hr)

Fig. 27. Time course of '“C-uptake into organic carbon
(photosynthate) and inorganic carbon (CaCOs) fractions in
the light (140 ymol m s ") by Pleurochrysis carterae cells in
logarithmic phase of growth (from Noguchi 1992). Details for
fractionation of organic and inorganic carbon, see Fig. 14.

n7-H (Fig. 27B), BHIRFEHE S LAKEY) ~DHbDiA
RIIFA L EE R T b o1z (Fig. 27A), 2 v 29 2/
FET3LEIZOhB7u bRy 7iday a) ARSHES
NBHILT, ZOMNIBMFIINZLEZONEDT, ZOF
R ZOR Y T HABEBIICBES LT nl L 2E AR
T2, £/, ava) ABBIIHFTCIREZINDZ DD D, BERT
ThfTbNnd (Fig. 27B), I T—2I3mSvds, EH
DOWEZEDH (2004) X FHa v 2 ) REBIK - Bk L4k
T3, KAREEIARUEOMIEL ZIEFRALTHBIHELS
T, ARMGEELZFLCREIN S ZLBHLIC LT, BEIC
van der Wal et al. (1987) %, HilgORAbhDaya) 2%2kKkE
T3Lava) AR REINSEZ L, BEFrcbaya) Rt
FERINBZE2HELTEY, IhExZXRKTHHDTHS,
HE 513323 ARAHS HEBP IC k> TEBICHES L 55
12DV THIHEERNCFIR7- (Asahina & Okazaki 2004), Z
DR, #Aktic 1 mM HEBP #i025%¢, 7Yavuzys -
ANTFL—Daya) AL, 1ZIFTELICHEEINSZZLEE
THEMBZE TR L 7= (Fig. 28), M»SHo» R ki, Hlld
FHEICIIRN—ATL — FOFICRA R 2T -avyaY RE
ARG L 0EE (A=A =y 7 A7 —)) BEREINDATHS
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Fig. 28. Scanning and transmission electron micrographs of
Pleurochrysis carterae cultured with ImM HEBP for 7 days
(from Asahina and Okazaki 2004). A, scanning electron
micrograph (with HEBP); B, transmission electron micrograph
(without HEBP); C, transmission electron micrograph
(with HEBP); BP, base plate of coccolith; C, coccolith; Ch,
chloroplast; OS, organic scale; N, nucleus. Stained by Pb-U in
B and C.

coccolith vesicle

Fig. 29. Possible function of carbonic anhydrase (CA) in
coccolith vesicle. CA is assumed to catalyze a reaction CO,
+H.0 - HCO; + H". BP, base plate of coccolith.

Table 5. Carbonic anhydrase activity associated with isolated
coccoliths from several coccolithophorid algae (from Okamura
1995).

Species Activity (E.U./mg Ca)
Pleurochrysis carterae 1.0
P. haptonemofera 0.54
Emiliania huxleyi 0.22
Gephyrocapsa oceanica 0.18

Enzyme activity was measured at 2°C by manometric method of
Waygood (1955). One enzyme unit was defined as amount of enzyme
which gives a value of (R-Ro)/R = 1, where R and Ro represent the
reaction rate by fresh and boiled enzyme, respectively.

(Fig. 28A, C), ZOKITIFARL Ty, fliaiNoay a1) 2
AN IR AL L 7z a2y a) AU DBEE TS ledro iz,

ZDEIZ, BEBL TV avaIYS R ALFL—ICE
WTE, IR YRYIay a) ABRICS L TwEELT
b, TNADEEIRD R E GRS T O 2 AR E AR
EE2 49

—7, TIYPZT - Ny 27 AL —IZ oWt RfERRIcT
ZMEDSR SN S, WAL, Paasche (1964) 13 “C Wiz flio,
HA ke 2y a) AWROBIRE L6, ay aY) 2JBIEYIT
THELIBES NS, KAREZHELTbay a) AR
ZNREHEEIN W E2R L, 7, Sekino & Shiraiwa
(1994) 1%, 2 v 2V 2% KA EH o HEBP (k)
THET 2L, LABRBREINEZE2WMELTVWE, I
5DREHIE, Ty 3 RAEE E AR D K E & DRI I35
75 DRI NS T E BRI L TV 5, —7F, Nimer & Merrett
(1992) &, av a3y AL E O GEEIKILER) 1364
JEISEK T HCO; 2 ARNCHHTEZDICNLT, avay
ARz EfTb R ERKLRIE 2 A TERLT L,
ARG pH (~ pH 9.0) DK Ty I 6E D77 7
5% LT, ZhUE, EARKIMHRICE, TarrRyick
%3y 2y AJEIE SHUTHRBE L 706 A IRIG o TR % 5
DT, LBDMDONAEEDFRER L BALZLDTHDE, ZDL
CZIYTZT - A7 AL—TI3, a2y a) AR EHLER
DRENCHE— L7 AR S N TR OB TH 2, 4%
7'a bRy 7OERTH 5 NasVO, DA, ava) 2
TR DD AR D538 %,

RIS, A o 3 WK AL I 15 IR IBE K 1% 3 (Carbonic
anhydrase, CA) M5 LT3 2 Eicfiiing, HEBFEE ol
R (1995) LRI (1998) 13770 aa Vs A « LT L—dfi
N6 CA ZWH L7z, B, ZVayasYys - L5l —,
IINVTZT NI AL—=ROT 74007 « 7=
SHEEL 722y a) R CABEALTWBRZE2BSs I LT
(Table 5) (i 1995), CoZ &id, avay) 2/t CaCO,
DIPILS N BIERET I DRI T 2 ER IR RIE T 278
2y ) Z/NEFIC G S B ISR HERRIE CO, E BB, /)
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i CA 3HHET 2B K CHIHTE 2 (Fig. 29).,

YD LIKACEBALIC CA DR 5 2 EE DLHT A 5 H i &
T K 7223, Miyamoto et al. (1996) 17 a2 ¥ & A (Pearl
oyster, Pinctada martensii) D Higt T, HEREDILE D5y
Ths+ 714 (Nacrein) DEBETRITZITV, ZDF w8
JEBCATHSI L, 4 THIC CA DGR L Ca™ 2%
AT 2EMEADETH>TWB I 2SI LTz, Mgk,
T VIR MIBICRI O 7 LA b T % (Takakura
et al. 2008), =7 =7 - Ny 7 AL —T%, c-DNA fii#t
26 2 D CA BEHEL, MIEEheay 2 2A/NahofRfE
PHEEIN TV 328, EEDTE LUBREHRE SN TR
(Soto e al. 2006), L7 Lk, HLFEPEHED R (2007) 1%
ZVayag YT R - ALTL—EZIYTET Ny T AL—
DHfEay aY A2 BKL, ZDOAELERS I CA &30
EDHFAET 5 8% CA LRFERNICH O T 2906 3ES v > L
73 F (Dansylamide) %Z{li>TrL7,

aya) AMIBICET S 7 by Ry TR AL Lk
%, FEREICES T2 CA OfEER EX2GEHT 272 D123,
avy a) Z/NNAD S RSN ED3, Ao Twesy
DDORLI L Ty (Wainwright er al. 1992),

V. EHiEESFRKEYORR{CERE
1. EBEEpE

WAKEE (~VRKPE) T By v Y 7 BRI HiHMIEZ I
CaCO; (Jifitf7) ZikET %, Zofbllis, SRR 7
NAYNY R EBHENY FEIZHICIEZR L (Spear ef al. 1969,

Fig. 30. Alkaline bands associated with CaCO; deposition at
the surface of internodal and branch cells of Chara braunii
(from Okazaki & Tokita 1988). A, Alkaline band; B, CaCO;
crystals (photographed under polarized light). Arrowhead in
A shows an alkaline band inducing CaCO: crystals later.

Lucas & Smith 1973), Ca™ A # ¥ H3 -4y A CHEET I
X, ZO7ILAY YRR CaCO; 23IBLE 5 (Okazaki &
Tokita 1988) (Fig. 30), 7/ AV XY FiE, 0.l mM 7=/ —
MLy R (pHIRZR 3, ZfsipH 74) & 1 mM NaHCO; %
MZ T pH 7.0 ICHHEEL 229K (0.5%) iz aiL,
MRS 2 Z ECfiifuckili &% (Fig. 30A), 2OV EFE
CaCO; WL 13 k< —3F % (Fig. 30B), Fig. 31 1x> %o
7% (Chara braunii) DAIKAEEREZBEAWITRL72bDTH
%o FRLOBER I A A > v ¥ 7 F (Chara corallina) (Borowitzka
1982a) %7 7 ZA€H (Nitella) (Smith 1968) THIRIFSNT
W3, 78Ry RY A B A 417 Mg -ATPase I<
HBHDT, O OMINE LI EHECIA L CE iRz
BRL, ZOMEPER Y T IEEEEICRTEL T3, FAL i
& “7IxvL oy —=0" LXZ T3 (Price ef al. 1985),
—75, MR Ao 7: OH (b i St E 4, 7AA YN
VDR E NG, BN PN T ToRMERT 20T,
7ar YR SIS T RV — 1, HHERTES N ATP
KL TR EEZSNS, 7atr Ry 7k s H i,
B HCO; % CO, ICZEZ THABICEIE KSR 57
DDA NG EE 2 oD, FIE, T4 Y I7ERZT LAY
(LU 7-Eh TR T AL, IR L =Y —LDEEIIEZ 5
(Price et al. 1985), 29 LC, HifilpsHEo At 7aky
Ry TR HOEE BRI L TwEEER 5, EELI,
RAIKELEY > 2o Ao (Fd L 1 28) %
Z OHGIEEEO L AL 25 1L T T 708, i RARE
IR RS CH 5 2 LS o 7 (i Fig. 4 2R),
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Fig. 31. Schematic diagram showing a relationship between
photosynthetic utilization of bicarbonate by the action of proton
pump, efflux of OH " ion and calcification in Chara braunii.
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2. SRKAEY

WK O = EE (Potamogeton crispus), ¥ =% (P.
maackianus) 7% ED )L LY A BOBEERA A A )€ (Egeria
densa) \FMMEREZR L, EOSIEEMELL, EoRZT
LAVT 22 EDHISN TS (Prins et al. 1980, 1982),
iz, EoMMico HCO; + H — CO, + HyO % 2 I
kb, HCO; % CO, I L TG HRIAIHR L CHINT 2 7%
DOWIETH B, —17, HEDHEMD61ER->7 OH Dz
%, Thbb, HlETRS N2 ME KNS Z OMEIC S
5NBDTHD, Fig 3213, HAPIELEOIHE (1994) Hit
v = v EDMMEIER BN L CTER L BT dh 5, i PhE
(1994) 12, IO H' 2B ES 5 70 kv R
¥ 7 (Mg*-ATPase) ({2 bDT, EORMD 7 VA VLI

OH"™

OH" Uppcr surface

l
|

I
O a0
-

Tl

proton pump

¥
H* H* H

Lowc) surface

HCOs~

HCOs"~ HCOs™ 5
HCOs + H*’:L"__ CO:2 + H:20

Fig. 32.  Model of photosynthetic bicarbonate utilization
by the polar leaf of submerged angiosperm Potamogeton
maackianus (from Izawa 1994).

Fig. 33. CaCO:; (calcite) deposited on upper surface of an aged
leaf of aquatic angiosperm Egeria densa (from Hirayama 2000).

fe] I

7u b Ay 7OHER NasVO, (1 mM) TlHES NS L%
HL7z, SSIHFAMEZE O (2004) 1344 A5 EDY
%#flioT, 100 uM NasVO, 7HE FOEmRENEL, CO, »
ek pH 6.5 TRECHESINAZVLOINL T, HCO; IKH
7N A N (pH 8.5) T3 0% SN B ZL2mLT,
LIAT, LEERL A AT YVEDHER, EOXRMET VA
T aicbrhbsd, HoETkaKiiRony, &
T 2% LD CaCO; DL % (Fig. 33), HFHEDW%
HOMHE VI, ZREEAIRDEA AT EETIR ALY E
LHRVODICOVTRART, ZO/RHR, TEE, A4A4T5E
DN S, APALEBLE T 2 E DRI S i s 2 &3
S22 (I 1997, Tl 2000) (Fig. 34). —7, £
AT 2 e X7 5 A€ (Nitella flexilis) 7>5\&% D X9 %W
WS N, T OHEWE & L ik 7 ae b7
774 =TT 5, KB EREEN TSI
WRENT, ZO—2UF, WINARZ 7 Lh 6 Caffeic acid
L &4, Ferulic acid FIOME b & 415 2 E250 R
iz (Pl 2000), 22 TR S 20D, Caffeic acid &
Ferulic acid 13355 AT 0 CaCO; TR & 5 < B L 72, £
7o R8PS Ferulic acid 2 Mz 2 &, X7 7 ZEDHIKAL
g aicE S e (I 1997), WWEIx7 =/ — AV WH
T, V= OHiMED—D>THS (Norman & Yamamoto
1990) (Fig. 35), $#9%, NS DRYDEECIZY 7= v D3fF

9.0
—O— Potamogeton crispus
~—8— Engeria densa
-0~ Nitella flexilis,
Control
8.5
T 8.0
7:5 T
7 e e i R O A R T
0F° 1 2.8 4 5 B8 78 9 0
Time (min)

Fig. 34. Effect of CaCOs precipitation in vitro by substances
secreted into culture medium of Poramogeton crispus, Egeria
densa and Nitella flexilis (from Hirayama 2000). Plants
were cultured in glass container (approximately 150 mL)
in the light for one month, and the culture medium was
concentrated into 5 mL after treatment with cation-exchage.
For assay medium and method, see Fig. 13.
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Y5 LB IcRIE S N (I 1997), —4, B
B DOMMAEEIIZ) = U BEEL RV I EBBEINTED
(Anderson & King 1961), f LM bRITE Rd o1z,
7, 72/ VBB ARIHEDE TH2 I EBHEIN
Tw3% (Reynolds 1978), 9 LT, tiEZER R othkiEYIL,
HOETRY V= U HIBYE 2 EORE D S 2 L TRIK(LE
FHELTw3EEZ N D, BEOBHlcO7a bRy 7it, 7
WAV 2EDEMD S IZEMREERECONTEY, Dk
TOAKEBHEINTHHELZZIRVWERbLNS, ZDA
1%, AIEOY yTEHLBZERZDTHSY), £, BERHOA
AR ZES Z L itk b, KABICARA@ LBbh 3,

HE, HESHORET “BEET” 238, wERRICK
ERPEREZ TS, ZhUC, Y TEEHOEKLEE LT
WBREEONTWVS, ZHUCELT, V7= DfiEERZD5
BYTHd7 /) —VIEIPGKILEZBET 2 HRIT AL EE
B, RoWHsEbR, I sEATFILALIh s DWE
DBBAL TSI MBI 2 EEL TRk bEI N
3, ¥, KREOBEEICHHIEEEC) V= U B FEEL, 72/ —
VOB IZHELDT, BETICES ZoMBORA Yy I
BOEH IIFHEICHTHA ),

VI, #B#IcE1T 3 CaCO; FEmk & HIFRICH 1T B RETER
BRICBLTIE, BEE2HBOLTIHEREDIC K-> THE
DEFEBRFZIERYICEE I NS LA, CaCOs 2
BT 2459 & > TESY O CaCO; FIcElIE I N5, W
B 2R BE D CaCO; W E (HEREER) (JRKERICHEL
T, FRE038 ¥4 (038 x10° kv, CaCOs BTHI32 ¥

CO; in atmosphere

Rall {5, 7 120 + CaCO

Limestone

pions —> 2HCO3 + Ca?’
CaCOs3 " River 1.3 x10" mol Ca=0.16GtC
7 IAT ".__\/—
Coral reefs\ 0.141/ 0.08

CaCoOx

Groundwater

1.6x10" mol Ca = 0.19GtC

@

—>
trosine %ﬂ _

_,0,@_

S-hydroxytevuhc
transcinnamic °°""
acid ¢-ooumanc acid (eruhc aoud smaplc acud
ﬁ:,‘; \\* HO \ ;«o ¢
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SH T Ot o3, oo,
4-coumaryt aldehyde coniferyl aldehyde sinapyl aldehyde
¢°~°~? ¢°*~°"? Vo
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R ‘/
LI G NIN

Fig. 35. Phenol substances as precursors in lignin synthesis
(from Norman & Yamamoto 1990). Caffeic acid and
unknown phenol substances were detected in the culture
media of angiosperm Egeria densa and Ptotamogeton crispus.

A E YY) LHEE XN T 5 (Fig. 36, KO KXFHMEDR)
(Milliman 1993, #K 1997), Z® CaCO; R, ¥ 3%,
REHY (BRER), GRS KABAKE (BKLEY v
JEE, RIRKBEY X7 7 yERE), HRE (=Y 7=7-
Ny JAL—=RE) REDRIKILICE2bDTH S, JLEF (1993)
kiU, #KhALS Y ABER, DL biE 20
DIZ—ETHY, ZOLAVICEHLTERREBICHBZELT
W3, NI, RIEFKETIE, CaCO; L THHETEHL
L, ZRCELLESERICEBINTHEI LIRS,
Milliman (1993) i, BEMII»S 1.3x10° 1, HTFX

hHCO3 + Calt —>
CaCO3 + H20 + CO2

Banks, Bays
0.05

Y
o

Deep sea

Shelves, Slopes
0.20 0.29
0.16

CaCO¥

CaCOs3
Hydrothermal

0.3x10" mol Ca = 0.036GtC

Fig. 36. Schematic diagram showing a possible steady state between supply of calcium and its consumption by accumulation of
CaCO:s in the modern ocean (from Suzuk1 1997). The amount of CaCO; is calculated from the amount of Ca supplied into the

ocean per year and shown as Giga-ton (10° ton) of carbon.
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Fig. 37. Limestone at Kimmeridge in South England. This
limestone is estimated to be produced by coccolithophorid at
late Jurassic Period.

76 1.6 x 10° €L, HERHUKEEED S 0.3 x 10° L DHA
Bt O(AEF32x10° ') ERBEL->TED, ZhhsCaCO; D
MR HERHR) L3I0 A->TWwBELEEITHE, ThHD
fitizs & FHE S5 CaCOs A D i HIAGE, Bl RS
PR 038 X4 b v EIRIFE LW, MR nsInenn
W MEIFKEDRRICE2bDEEZ 65N TED, CaCOs
+ CO, + H,0— 2HCO; ™ + Ca™* ORIFICHZbDEEZ SN
Tw2 (Fig. 36), fEDEMT, HCO; bIHIFIZ{HE X4
BT eI D, ZORMBERTIZRETH D CO, WIS 3,
—JTUFETOLIKAGBIETIE, 3O IET CaCO; A3
s 50T (Fig 36), Zoificld CO, plithains 2
EWZi B, 2HLT, EEYIC X 30 IKILT CO, 3t &
203, RIKADERBEE &b TEZNE, KRaho CO,
ZRIRT I LML, Lo L, WEOHERTIE, SahohiL
> LOSER L TR IR S, JEEWAAINIC CaCO; H3TE
S dde (LS 1993), @R T, RIS L 72 KA
H1o) CO, 13 HCO; & 7% h, 2D 14y 1A CaCOs HUC [l E &

CO; in atmosphere

/

Animals, Plants, Decomposers
(Respiration)

110 Gt C/year

CO; cycle through organic matter

~ Organic matter /

Plants
(Photosynthesis)

/
J

7 (2HCO; ™ + Ca™ — CaCO; + CO, + H,0), 143 itk
Ui X AR 2 LT 2728, AhetErS T LAY &
7 E OWRIETHEROF 7 VAV DAL TR Y, Eilo
FIGDSHEED IR ENT, Ko CO, A PRI ik & I ElE
SNTT- e EA SN D, BIHERTIZIEREN Z0m I X 2 b
ORI H 5 DD, HIEREEKD S RAudhn 2T, £
PR DR & HFEEYNC X B AL M Th T, RO
AN I AIBNTYH, K& CO,y 1B WTH A R74
FIRETH B EHEZ 5N D, HIBROFPCERZRY 1S fE4ERTD
SZLL T A ET2HELH S (KIE 1989), Fig. 37 i34 X
Y ZADFHFREF A ) v P TRESINIAET, Yo T
W (89 1 4% 4000 J74EHT) Ak > TBERE b DT
b5, BETH, LKW (L) TRIIVT7=7 -1y
AL —IC & B KB 7N — A AT HREETRENTED,
Kitd CaCO; 2B EN T % (Holligan et al. 1983), 27
LT, BUMBERTIE, ¥EPEEMIC X 2 CaCOs TEIR EEICE T 2
FIREDIEMRIE—>D CO G (#9038 ¥4 b v jiis# / 4F)
(Milliman 1993) %KL TED, T3k ifFErEcosy
DICA R EWHIZ X 2 8% /i L7 CO, B (9 110 ¥4+
i3 1 4E) (Schimel 1995, $iK 1997) 23fibdr (Fig. 38),
220 CO, fiEE, KEHhD CO, % b o —E st
DICHEBELFEHZH-THB EF A5 (NFAE - fik 2005),
HbERIRIZ AL DX & L, BIPEEE ) (k) FROBefiiifse i
BRESEANTIGE 2 v & — i, M7 740h 79 - 7=
ARTVagaI YR ANTL—%lio TKIFKBEOPES
ZHD CO, Z#AEMED CaCOs (v aV A) HIC[llET 5
AP IN (HAZ X« 22—+ =2 1992), filEEIC &
2HEHEYHIC CO, ZMIE L &9 £ T 20%3% A8 (H AL,
Kodama et al. 1993 75 &), CaCOs; HhIC[E T 2 7 A4 5 7134k
A2 b DTH -7, FEHED ZOWRICBIGRL 72, kg
AAD CO, 2 EiAtrk, HCO; DR EN, ZD251D
HCO; D95 1 372D CaCOs & LTl T % (Fig.

CO; in atmosphere

Calcifying organisms
(Calcification)

(,'aCO;
(Dissolution of limestone)

inorganic matter
(QHCOs” + Ca™)
0.38 Gt C/year
CO; cycle through CaCO;

Fig. 38. Two global CO: cycles through organic matter by photosynthesis and respiration, and through CaCO; by
dissolution of limestone and calcification (modified from Onodera & Okazaki 2003).
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Fig. 39. Cultivation of coccolithophorid Gephyrocapsa
oceanica or Pleurocrysis carterae under sun light for fixation
of CO, from exhaust gas. This project was funded by Kansai
Denryoku Power Plant in 1991-1992.

36), [t > ¥ —Tid k5l 2 MG HO KEERICR L 7,
Fig. 39 izt v ¥ —nE LT, KBtEHHL TEELTw2
2Ry (BEICIEBINZAT LR RENTV3), F
7o, FEHEOWEEDOPRR (2002) KA (0.03% CO, 2&tr)
ZERLIZSGA, 7Vavas Yy A ALFL—7TI% CO,
BERBIEHALEE ) (BR) THFE ST 38k Chlorococcum
littorale (Kodama et al. 1993) (1ZPUiiL, HDIAEN-pE
D1 20%7%5 CaCOs FIUC[ETEE 5 Z L& LT, LaL, HiN
AHD CO, WEEIZF 20% &<, DoAY A 7% E D3 EH
INTHY, INEZBEERFEEKICRE AT &K EEELL
FRARDHENE T, FEREINIay a) AAEMLTLED
ENTFRING, 2070, KiEliKkET7 VA THRIT S
MEPECTLEI L EZ NS,

VI, R&&IC

ARBTIE, B, AL, BEL 7 hE R, HiiEc
J&Y 2 H PGED L IKALER A, CaCOs fif bk D fE S B O K AL
BRI OWTIRSL 72, 2L T, fIEy v Teiciz, £55
ko TP A VBB FHR I, ZOBMELHED Mg- /i
RO ST 2 2 L2y, ZofpliZMREcEEST 3 7
o by Ry 7 (Ca™-ATPase) (k- THfzkHic 574 HCO;
% COy ICZ Z THIFRINISE G R TR T 2 Lok %
b, TRERRIAHEZE L TOA AR ZIERL 72, Zof
IRACEERS ZBEC i TSN TR 3 LD TH B Mtk iEc k-
TR A BRI % REO UK BRI ) 7 = OHTER Y E
(7 =/ =VPE) PRPAEZHEL TWE I L6, HMlEEER
SO ERIKILE DBENELZE I NG, N T FEOMAES
K2V TIE, ava) AOEGBE, R FRY, VIR €7
)V, a2y a) ACEHEENSBIELFEEORKRE, TubrRr 7L
KB, AR DBEOGIEICOWTH#R L7, S51c, B
EDHERIZE VT, HFETO CaCOs JEHIZKED CO, DY
W P2 RO DICEB L TWa T L2, £/, AR
b OCBEBET” LoBIRERL .

VIII. EEE

KigHi 2RI 51Ch7Y, WHOA KT 2% T —
PEWLREE, KEICH) RO 2O 2 R ke g 2
B UG e B O R O KB S v — e ek 1
CHEHML B E T, Lo L, dia st —MEFEEN (2007
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BV TE LTRSS LR L L ET,
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