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Calcium carbonate deposition in the Haptophyta, Chlorophyta, Rhodophyta, Phaeophyta
and Charophyta is described from several points of view. Anatomical studies of many
calcareous marine algae have shown that calcification is initiated intracellularly (cocco-
lithophorids) or in a semi-enclosed space, i. e. in the intercellular space (Halimeda, Coral-
linaceae, Galaxaura, Liagora and Padina) or in a thickened cell wall (Acetabularia). A
carbonic ion-concentrating system is coupled with photosynthetic CO, fixation. An increase
in pH of the semi-enclosed medium is caused by photosynthesis, resulting in the formation
of carbonic ions from bicarbonate ions. Calcifications of Halimeda and Chara, and possibly
of most other algae depend on this process. A calcium-transport system is expected
to occur especially in intracellular calcification such as coccolith formation (coccolitho-
phorids), but no Mg?*-Ca?*-ATPase (Ca%"-pump) has been found in calcareous algae including
coccolithophorids. Calcium-binding substances such as acid polysaccharides in the intercellular
space or cell wall seem to play an important role in the polymorphism of the CaCO; de-
posited. A coccolith-polysaccharide of coccolithophorids and alginic acid of Corallinaceae
may form calcite characteristic of these algae in spite of the presence of Mg?" in the
medium. However, the aragonite-inducing property of Mg?* predominates in aragonite-
depositing marine algae (Halimeda, Acetabularia, Galaxaura, Liagora and Padina).

Key Index Words: Acetabularia; algae; calcification; calcium carbonate; Chara;
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BEOIATRBACLED CaCOs it T 5%
WL THIKE (Calcareous algae) LIFEh TV 5,
SEEANTE, B AEEER 7 E LE B
&, G% HERE fEcoWHPPrICESHLTE
h (BorowiTzKa 1977,1982a,b, PENTECOST 1980),
HEZBRrAZ LV EMBRT, ThEFhORK
B rhZhBBECARIET BN EE L 0L
Zxbhsd, Thbo@, flxE, &% vv ==
R, BEF AT VI REORKENHRTHEED
CaCOsi2, ¥ v THE BUC B /e 12814 b % (GOREAU
1963), %7, R OEBHCIEGAHEY Lo~ 7 1
OMEERIX, PERABRLORKEYHR L L%
2 bh T\ % (BLack 1965), & DHRICHIKEITARE

M b, IRLEMC b, BERLE®RE OB TH 5,

ZhbARKEDORKAEEYMET 51, Pl
& MAKIBEIANED X 51 LT, Cat R COs-
MR IhBREIhBh, (CaCos FERoKL b,
FOERYTAHMENTFET B, ol
THRY GGG, 73 VARVAT 14 rowth
D) HEECREIRS DN, QERILLELET 58
B, SrontHbLMe L huEe by, Zhit
BRBEoRRKCRELT, B adicEPROA
IRACBHRE = A5 LCB LMETH S, 2hE
TREB I hIH) « DR RACERAL OB B dHE:
HOHRE, ERoHMELART S LCOEERF
B o eREFELODODH B,
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FFEDIZZ ORI, EieAIKEORIKAL Thbh, ET/PMAFTHEHEN S ZRIMELR,
D EDRICELTHIBINET T oW T, Th TRl 2ay Yy v—a LI ERG NERE (EERY
FTIEH bR TV ABEFN MR A o, Fick 25nm) OffFip CaCOy 23 ika7 LT 2 2 U AMGEK
FROZYY Ca ik Havs o[k L & £ Db i LT Xha, a2V VY —aks i HETFHEBEETTHON L

By, FICHIKAGE . O F B oM & Rk & L 400> Ca el & it A (VAN DER WAL
DOPYHCOWT LS Licvy, Tods, AKHBT 5 et al. 1982), 7-7: E. huxleyi =13 = ® Hfrc/ Nk
o DA MK (1979), 4 —A + 7 Y 7 D Boro- BlZE X h T\ e, C. carterae 12y, =229 AL

wiTzkA (1977, 1982a,b), £ # ) A® PENTECOST e BIRAL LT LW @4 fEbh B 0T, Mindk
(1980) it X » T BcifihhTuwaDTEh b 2 FCE 2 fiORSMEHET A Eicies, 22 ) ADJE

iﬁhf:t Vs BEILARIC X » TR, Zhu e ozl
. N7 FE (Figs 1-2) Mooy AJBHEYEEECHE L TLW A EBbhb,

{.JMLI G : & oM I® 3 5 M (Coc- AP THIRAL2SHETT T B e (il Bisw, Fig.
colithophorids)i, Atk D HIKETH 5, BN TH: 2 13, C. roscoffensis var. haptonemofera (INOUE
Fxh, AKALEEOTIC X < VWb TWwWa g, and CHIHARA 1979) oE#HFEHEBTHS, =22

Emiliania huxleyi, Cricosphaera (= Himenomonas) ADERCH MEDEMIHSR D,
carterae 2\H%5, ZhbHOEL, Mlaosilic==y Ko E OB : = 2 ) AR HEKEELY RT
# (coccolith, R 1 pm) EEhn s CaCOy & L, E. huxleyi (Paascue 1964) <= C. carterae

HEHH O DR E OB, =229 A, fMlaFmc (VAN DER WAL et al. 1982) TXHIbA TV 5,
3% LTWBDT, —RLOFTHIKALHET L PaascHE (1964) 13 = 0Bl & % HIKAL & e ih 3t
DO Z 5, Lo L, FEEMlaNo = ok XgHEANTHHPLLS & L1, HCO3—CO.+OH~
gk (229 2/ ) TEREHR, fifazt~Hf (1) OfARE), HCOy~+OH —COs*"+H0-+(2)

Lih&Ens (WiLBurR and WaTaBe 1963, OuTka Lo Lz 2 ) AJERAER Jc - ToZE 5L kR G A B oD Jié
and WiLLiams 1971, Zofi%%0), Fig. 1 1 C. FPHIC HCOy % (fi» T, IEHDL D L L A LEDE
carterae = =) A JBRGERY BRANC R LIZH O HETHARLXTH 2 Enb, ERRESAKALCE

Fig. 1. Schematic diagram of coccolith formation in Cricospaera carterae. Coccoliths are
formed intracellularly in the vesicles originated from Golgi-body. C, coccolith; Ch, chloroplast;
Cv, coccolith vesicle containing basal plate and coccolithosomes; G, Golgi-body, N, nucleus; Ve,
vesicle containing coccolithosomes. Scale =1 pm. Fig. 2. Scanning electron micrograph of C.
roscoffensis var. haptonemofera. Scale =1 pm.
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BERIETHBELTS, ZORIEDORTIIAKILK
% B TERLVWT EN B BRI >TV B (PA-
ASCHE 1964),

Ca g% : Z DEORAKALEBIMAL MIRNTH
5Z L b, KA A, Tl 2 Y ApEA
~NEDOHTIEALT Cat A I B DN D
HHENhT &I, C. carterae T, HRBEHFO Ml
M~ Ca®* BRDAERD LW el D H 5 (ArO-
vicH and PIENAAR 1979), %3 b3 Eimila (Flx
o, FRIMERAME, HMatkiig) wRbhs Ca™ i
4L Mg?* kit ATPase (Ca?*-# v 7) % C. ros-
coffensis var haptonemofera TY¥EL1-hS, F Dl
BEFEMY RGBT &2 sk7eh o7 (OKAZAKI
et al. 1984), ¥ 7, TR ERIEYMRTILER
ZEXhT\V 7\ (HopgeEs 1976), L L, Mg?t-fk
UL Catt-tk 7 ATPase DiEMILRD B = L2
ki, BRMfaoRaEK iz, Mg**-ATPase Dif)
¥T H* 2BET5 @BExrdy H-%vF), o
B S hic HY it~ g+ % o b L ¢ Ca?*
AW DA Eh B HY/Ca HE@xER) rabh
TWBNDT (OusuMi and ANRAKU 1983), FAE
oW, Sur= =Y R PRI O Ca Bk
MHLERELEL LIRS,

CaCOs f5fh « BHHLHE: 2 2 ) A% RHET 5CaC0y
BITRTCHBETH D, Bk b= 2y ANEHES A,
Zhab Ca®t #HRMTHESTHMELEN hH X
- (DE JonG et al. 1976), =22 Y AZHEZN%
B & CaCOs S BHEEIATER Y, 1o CaCls #
OB LI >TWB DL LV, &0 Ca*t &SR, ¥
575 .0 vEEhIE )R (H20%w/w), Thblt
2, 1EDHHEROED 2 F 1 {L% LD THE
G DO E LD THS (FICHTINGER-SCHEPMAN et
al. 1979), = D %4 {#i > T in vitro T CaCO; ¢
BT AERIAALNA TS (BOoRMAN et al. 1982),

28 %

W x£7 v 7y B (Figs 3-9)

AIRACBAMAIRGL . SZEXMRT, BFRE HEEDY
BAIBEIR TV 50T, HBRBE RSRBEELT
W5 (Fig. 3), CoMBMRATIESSD, &k
PRI HEY L, #K &R S h i SRZERTh Y,
FIRAE = DR BRICERMTIRE 50 % FHUMkER
FRROMIBERBCBRCHE LT 5 HERDE
DOLETHEERS (WILBUR et al. 1969, BorowIT-
zKA and LarkuM 1977) (Fig. 4), = 0ERitik4
CHERELCEHREER (B 3-5pm, E#H 0.2 zm)

L h, BRI Miampa s R T (Figs 5,
6), MifEEEZ D DIXBRKIE LIy, Edio:BRITE
fhoskh GE—EERR) oFVAK TN, A
DL > CTHITLET T3, Fig. Txv+vy
F4 v 75 (Halimeda discoidea) o glafIBCits
LSRR EEREBRETH D, ARIENET L
TR DOREC DN TS DREYH D (FliE,
BorowiTzKA et al. 1974, M5 1977, BoHM et
al. 1978, BorowiTzKA 1982a),

Y&/ & o Bi#E: BorowiTzKA and LARKUM
(1977) k&M EHRO HCHBT, BERFO/NES
g LCigkh HiapX - flakiBR e BR L
WL DEREINT S L AREL BB IRD &
HRELMC Ui, Fic ABFENL BIEH L, BT
TR TI ARIES REIhB T & £ O
DRETEABEECHATI L D& LT, &
hboHER, MRERE LV - RHABERIC RT3
REBOTH L ARCRO XA, ERCHETLZ &
HRLTW 5, T CHEREMBEEMT, XERT
b CO. NEEMEINTCHE, REEHE LD
ZELT 5% PARK (1969) oA % AV CHEBRANC
fEHrL, FAET v I/ ORREHED 1 DD F Ay
WBLI, FRKRICI Y Thei s BEIH Lo
(BorowiTzKA and LARKUM 1976b, c, BorowITZKA
1982b), Fig. 8 (1K ROBRKD pH & REgD 32
D43 FHE (CO,, HCOs™, CO#) DFEEHMBARER
o Bnb, ko pH. 8.2) mERTBIC T
HCOy™ 7 WAL COE™ 245 &3 ¥B, %
AR T CO DYPAHEMM MBI hETSH L, 3
DD FFENEDTRIC BT a0k HEELCLOH
Fig. 9 TH 5, CO: DEE (¥ =iz HCOs~ # M
HuAA HCO;~ — CO,+ OH™ o KIET CO, 2 %4
BV TR -7 OH™ ofifast~DHl) 1tk »T
2R (ZC0) B HA Trbhnbbd, pH &
CO™ IXELHEMTHZ LAFHEND, vF 74
K7 v 74> Halimeda tuna g & TORIMIKIKE T
¥ X Fig. 9 RS hictils REEFHI EE TV
b LV, ZOBIcRH pHDOER, 2% h COs
DEITYEK L ET D RERE TIZTRA EWR R
L

Ca itk £/ Ca¥* i3, ks b /NEED Hfiuss
~JEBLTC MR BHA I h B & EX BTV 5
(BorowITZKA and LARKUM 1976a), \ -7 A A3
PIcEL Y & Ehie Ca*t piilafBuc BEl S higfE X
hBmERLHEH, ZOBXEBCOVTIIRL -
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Figs 3-6. Schematic diagrams of calcification processes in Halimeda (Okazaki 1979). Cr, arago-
nite crystal; Cw, cell wall; ICS, intercellular space; U, utricle. Fig. 3. Structure of thallus of
H. discoidea. Scale =100 pm. Fig. 4. Small crystals on the pilose layer of filament wall of
the subapical segment. Fig. 5. More advanced stage of crystal development. Fig. 6. Needle-
shaped aragonite crystals filling the ICS. Fig. 7. Scanning electron micrograph of needle-shaped
crystals in the ICS of H. discoidea. Scale =1 pgm. Fig. 8. Relative proportion of CO,(+H,COy),
HCO;~ and CO4*~ with changing pH in seawater (sw) and freshwater (fw) (BorowiTzka 1982b).
Fig. 9. Calculated effects of removal of CO, from a closed seawater system. The figure shows
the effect of removing 0.05 mM increments of CO, by photosynthesis (BorowiTzkAa and LARKUM
1976b).



332 Okazakl, M. and Furuya, K.

T,

CaCOs #58% » AHILE : $hIR (REH 3-5pm,
# 02um) *BLET7S5VATHS, Ridotfcha
IRALBRAAER LI L RRER W B LT H DT, T 0¥
BRERILAFET AR E LTERTS LBbhs,
U LE DL DV T R TH 5, Mg
bk e vERETRBELY ST Cat Aok
SEN IR T b, MlBdo Ca*t F—ir—
BEBE LT AAEELIEMIh T 5 (BouM and
Goreau 1973), &1/ (NAKAHARA and BEVE-
LANDER 1978) 3 1 Y F%#£F v 74 (Halimeda
incrassata) DOFRE AL B O (envelope) T
BbhTwa xRV LA, OBt bibin
LEkEBmO BRic kW, AXRBOT 5 vAEKERO
BAbicambhtsh, BRERYITHIDLEELD
hTwd (FEE 198D, LivLy+T v 7+ DFAL,
BREE~NDOEEYOBILERETHH LTI T
\% (BorowiTzKA and LARkUM 1977),

@»+ V@ (Figs 10-16)

RIKACBRSAIBEL : — D& SHEAMRTH S, &£
WEEL, WICE\ Tk age OF VLD age D
AT [ - CHIRRBER CTRIRILY H#TT 5 2
D 5 e, B23% LTk ¥ =y (Acetabularia caly-
culus) OEPBEROSESE (Fig. 10) 0D AR
{LERE BRI R Licos Figs 11-14 ¢35 (O-
Kazakl and KaTsumr 1984), o & (Fig. 10,
KHIA) TREZARKA L TViow, RIRCHELY
BLBLhABETEEORVWENBERCHWUEID
Z MBI (Fig. 11), = O#EIL age D
PLEAKLBYITIIEREFTE L BN cEROES
HLBbhd 477 ) RoHEEW (ERH 0.8 pm)
®HBT % (Fig. 12), WorpiEg (Fig. 10, &KFIB)
DEETIX, Wb 4 7727y Rig&EH SIEECR (B
# 0.2 pm) DR FR IS (Fig. 13), FHoHK
# (Fig. 10, &EC) Tit, BRRXFIERET B,
B0 LIEVEECHE LTHAM (RARRY
0.5 pm) 2T %, =5 LTHOERCILRIKILIL
SETT52, BEdhickx L SWIRDRIROERIY
BoBE & - TEORBIIANOFEZTHEDHRL X
h3 (Fig. 14), Ly LEOABIIAKILIZAESH
e TOBRBAKIEBRIBARCAET TS/ Y
(A. ryukyuensis) DIFIZ I\ T H BRI NI (G »
i, RFEXK), Fig. 15 3BEh O #7 7 Y RD
R OHEAKD, FiFig. 16 R RKILOET Lic
BOEBNERETH S,

KA E OB : WORKILEBEDE I & DfEici
HBEABE)D b, EPTRT B BEOREIH 15~22
pm BECELLWE, ABRKIFEDEOHINLD -
<% Figsl3, 14 R bh sl CaCOs #shnikE
iy (Okazakl and Katsumr 1984), 7
Figs 14,16 »URTHic, AREHNTET LI THEE
ABIARKIL LV EETES, ChLOERIIEE
LicfilaeE o, WB—MEoLAMEMIcEY T3
LEXRIFHATES, 2E WA PH D
LR, CO2 oifmaiEz b, ZhrBRILCEBRT
BEBbhb, L LI hwiEl Ui ARSENHR
FRE, :

Ca 85% 1 #3725 KBS & - T filaBs~ g X
hatBbhs,

CaCOs #idh » ABER: WRRo7 5 vAE (ERE 0.1
~0.5 ym) TH5B, MABED~FWINBHBOHHE
DLEMEBII TR TH B, RRETCLEFEEN
B, PVAETERETHTS L Ca SRR
Hahzot, —fo Ca? #EAwBENbAahicw
(R« R, RRER), »¥ /)0 @z~
YIRERSTHEN, BUELELFETBNT (Pul-
seux-Dao 1970), #¥% & RIK{L & ORIHEIIC BEEA
cha,

@) =rER, YAFHXR

Z ORI SRR A E LR KALHM TH B A,
BEOIRE Li- fifgEE o — b ARIL N BRbh3
(BouMm et al. 1978), #EfIZTRTT7 5 VA THIMERM
Blcit® Lich ok g%, BEod o iy £
b, ARALBEEYEEF L& L 150828, AT
YIYBRNY 7 VEDS O LB TRKRES
BrsbolBbhs,

. T =

(1) v == (Figs 17-22)

AIRALBARATRGL : & h b oF xR, ER2THK
35, MM EFEELLV2, R ARKE
NRLIhS, AKILARYBEHYV v T2l O+ 4+
2 r (Serraticardia maxima) CEYPT2 &, Hk
i B—EEBMOER) OKkd age D FH - FHT
ALY BAtAE B (MivaTa et al. 1980) (Fig.
17), SziMlasEss o Ao Ml £ 3° Ko,
fani#ex b (Fig. 18), /MMasrifz sk - Tl
BRoOERPBBETS (Fig. 19), & oA
BosEmAFCHEREh, 2BT3DEBbh 3,
ARAzMRO age LT L, MBRBE RO M
fesgiz Rk o CaCOs R THEBRL &hs (Fig.
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Figs 10-14. Schematic diagrams of calcification processes in the stalk of Acetabularia. Bu,
bur-like calcified body; Ch, chloroplast; Cr, aragonite crystal; Cw, cell wall; Eb, electron-dense
material; Iw, inner cell wall; Ow, outer cell wall. Fig. 10. Young habit of A. calyculus. Scale
=lcm. Fig. 11. Secretion of electron-dense material from the cytoplasm into inner cell wall near
the tip of the stalk (A in Fig. 10). Large amounts of Ca were detected in the material by X-ray
microanalysis. Fig. 12. Bur-like calcified body in the cell wall near A in Fig. 10, but at more
basal part of the stalk than in Fig. 11. Fig. 13. Small aragonite crystals in the cell wall at the
middle part of the stalk (B in Fig. 10). A cluster of small crystals is formed from a bur-like
body. Fig. 14. Mature and calcified cell wall at the basal part of the stalk (C in Fig. 10). Note
an outer CaCOs-free wall layer. Fig. 15. Transmission electron micrograph of bur-like body in
the cell wall of the stalk of A. calyculus. Note minute crystals on the surface of the body. No
staining. Scale =1 pm. Fig. 16. Transmission electron micrograph of the heavily calcified cell
wall of the stalk of A. calyculus. No staining. Scale =10 zm.
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Figs 17-20. Schematic diagrams of calcification processes in Corallinaceae (Oxazaxi 1979). Ct,
cortical tissue; Cr, calcite crystal; Cw, cell wall; ICS, intercellular space; Mt, medullary tissue;
V, vacuole; Ve, small vesicle. Fig. 17. Longitudinal section of a terminal segment of Serrati-
cardia maxima. Scale =1 mm. Fig. 18. Small vesicles accumulated in the ICS of the subapical
cell (A in Fig. 17). Fig. 19. Rod-shaped crystals in the ICS of the subapical cell. Fig. 20.
Heavily calcified ICS and cell wall. Figs 21-22. Scanning electron micrographs of calcified ICS
and cell wall of S. maxima (Fig. 21; cortical cell) and Lithophyllum okamurai (Fig. 22; cell in
perithallum). Scale =1 pm (Fig. 21), 5 pm (Fig. 22).

20), HEERTLAT W AESL - T MEREBC tHBL3 B Mk, YA B & OB : BIFT & K5 C DA AL % Mol
B RAECZs S h T 5 3N (matrix vesicle) THE, WITT BUEIE Shun v h Wl (RS
R 1975) LR LS O E 5 ERYTH B, Fig. 1970) Kotz fo;‘Ll.?E@E‘ZbIf{J‘ﬁi‘Hf 1 :f%ﬁia>%i%zi{4i» G Vi

21 A4 v 2 e AL UIc HifaBE o A RE Bl SIS Ds » THA A A2 B age D\
T, MY TP ORKAEDHEHiOS O EH FE AR e E X B &\ 5 45 (PEARSE 1972, Boro-

BIETT 50 E#E 2 b, Fig, 22 114wy v witzka 1979, La VELLE 1979), % 7= ko
T2 flifto e 51 A (Lithophyllum okamurai) o pH @ L5 & CO2 DREINA A IKAL D (e & iz
FREHER TH %, WML TWABZ E#x#H Ucd o (SmrTH and RoTH 1979,
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Borowrrzka 1981) 7¢ & % < ORI 1 WFED B
Ho THHOFETHER L D HCOy™ 4 Hiapic it b A
Z, HCO3~—CO,+O0H~ oItz & b COs #HEK
DI E LTRIA L, Gl OH- 4 —ffio )P
25 [6]C & 2 AR Sk Ml sE A~ R T R LT,
AR S I T e & h s HCOy A i figl LC
CO* %t BTV EBbRS, 2% b
WwoHEF v 7y Bo ki st 3 K g
FEZDEEDL LTS LBbN3,

Ca i #Ho — AMKF (Oxkazaxkr 1977) it
W v =R Ca*t iEdE{k ATPase % Hlu
LTW525, ZOfE ROMRANO REREAYTH
%o Rl c A KA MifaEE ROl Ttz 3
s, SO AHiREE A A4 v (HCOs, CO) %
Ca** niffiflabia A LT IRBic X » T s h 5 5
PRI EE 2 Bz et broT, Ca¥ o fElhE
ERMEE Liguaa b Fiiuicus,

CaCO; #hih » HEILTT: Mg 2 &L Jiffachnk

Figs 23-27. Schematic diagrams of calcification processes in Galaxaura. Cr, aragonite crystal;

Cw, cell wall; Ep, epidermal cell; ICS, intercellular space.

Fig. 23. Longitudinal section of a

terminal segment of G. fastigiata. Scale =200 zm. Fig. 24. Detailed structure of region A in
Fig. 23. Note the well-developed ICS separated from the external seawater by a layer of epidermal
cells. Fig. 25. Fibrous material filling the ICS of the young cortical tissue (A in Fig. 23). Fig.
26. Aragonite crystals in the ICS and cell wall of the young cortical tissue (A in Fig. 23). Fig.
27. Heavily calcified ICS of the mature cortical tissue (B in Fig. 23). Note partially calcified cell
wall. Fig. 28. Transmission electron micrograph of the mature cortical tissue (B in Fig. 23) of

G. fastigiata. No staining. Scale =5 pm.

Fig. 29. Scanning electron micrograph of granular

aragonite crystals in the ICS of the mature cortical tissue (B in Fig. 23) of G. fastigiata. Scale

=0.5 pm.
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* 8235 (Figs 21,22), fifagic Ca®* k&7~
ADBFETAZ L, Fhoiut T B Cat s
WHEHELLDOTHBH L& BorowrTzka (1979)
MER Lz, FED (Okazak et al. 1982) 2% 0D
Lo ARELICLE A, A var, v~Nt=
<~ (Lithothamnion japonica) % 4+ == BAIK
BLTAFVBIROh o, Tz 07 AF VEN
AREBMYCREL TS L LAREFNFEC X
S>THLIE o (RS 1984), M7 A+ v
XRE OB MM E & LTREL LR
hTwhkve vBEETHD, BEUSOETRES
ReDRZhRROTHB, & ORET V¥ VL
>T Y A5y (NickL and HeEniscH 1969) % A
W in vitro T CaCO; MKEREY RAL LT 5,
Nl 75 v ABEEE 43> Mg? (Kitano and
Hoop 1962) ##ETF TS, 7% vERHEMTIES
BENERIhBZ Lot (FIH S 1984), =0
HEL v T2 BERED & Mg 280 HRA
THhbZ & (GoLpsMITH et al. 1955) » 6 BCEHE
TH5b,

@# 57 7E (Figs 23-29)

AIRICBRIAERAL : %% 5 (Okazak: et al. 1982)
BHFHFEDON5H 5 (Golaxaura fastigiata) 1=
DUTHNI, TORER, & OBTH T HEALER
Db age OEVRALTHEKAS BBIhD 2 Lot
o7 (Figs 23,24), CaCOs Rk Do B <
FE LM OB EHE D bic 1B L (Figs.
25,26), MM RBUTHE > T RSB A e B R
<L, BT MIRREEC & BIRALL B (Figs 26,
27), DR BRALA B S h 5 MR —B O
i&ﬂﬁf%ﬂﬁ%#&ﬁ%éht*%ﬁ%ﬁf&l
EHEEI R UCHERIL Ly, Fig. 28 2 HR{LA
SET Lo KRBy & MEfasE % 8% B %, Fig. 29
AR ORCRAE S (ER 0.05 pm) & EARE
BTHELLDIDTH S,

KAEREDBHE: ZOBOBRL LKA & LR
FRBGRY IR Uy, L LGIR(LEES AL
RRLBELCMIBMBETA S Z &, FOEBICITER
BUTEER G b oML DT 22 &0 5, Bko
BEy A7 v 7 vyBRRoh s BRECHERLA TS
3EEZBIS,

Ca #i%%: MileBEx A 42 Ic X5 b0 L Eh
h3,

CaCOs #5fh « HHEIE : Bk (BEW 0.05 pm) ©
T I7VATHD, HWD CaCO; Gt Mfapipa ko

BEpELCHB TS, COFBHEOBBETHEES
SuSABETEHRSE CHT5 L, Ca Likicsa
BHEXhsDT (Okazaki et al. 1982), GiEstts
L OSSR RV L E RS TR L
55, FHMITHTH B,

3=+ ~xg (Figs 30-34)

RIRACBAIAIRL : AF (1984) (33EHED Lkic~<=
=Y IR0y 29~ & (Liagora farinosa) OGKAL
BELRAT, BAERNE KBReHbL, KBS
ERMER RS AR TH b, MRaFEAR L
FELTCW5 (Fig. 30c), HEROE fMlao FA
iz, SEELBEbhaPENSWEh (Fig. 31),
Z OWENECET BRI TR RSB
+% (Fig. 32), o, MRaDIEXHE - T HllaR
BurstikigEs (REH 1 pem, @#9 0.1 pm) THHR
{&hs (Fig. 33), MlRBEcizBmRMLIT R ORIV,
BEERITRE O NGRS RIKIET 24, 2 ORI O
EBHO LD ERTHMATHE (BEH 1pm,
8% 0.05 pm), Fig. 34 12 B Mk &
LicstiRiGa O EERBEHBE TH 5,

AR & DBIE : RIRKALA B X hETT 5 KB
O RTAEERE, K DR iR ERIT A B,
LA O KA Z DERORKILCA & F5T
XA {isiF- (Y AP (B3 & 21/ (d:2] 5 VAN Bl (e 3 4
B LR ML b oMYV FET A &2, KA
HBTH D ERBMOBERIHMEL DS ORHERTE
SERLTWB I EEMLIREINS,

CalieR: likX b I X o C 483 hB LB
bhs,

CaCOs it « HHELE : TNTEHIR (KEM: BE
# 1pm, 1EH 0.1pm; BiE: RIH 1pem, @Y
0.05um) O7 5 VETHB, FLETEHRERYILE
THORIOMFECEORS, AF (1984) 12, AK
b LRI B S DT 5 2 LB DT
L, SO HMELT in vitro T CaCO;s &
CRIETHECOWTHIRD v Y & ¥ ABECRE Ui,
FORER, TOWERLT I VERXEETHHEN W
Z EMbhote, Bb it Calt L3k dIRaRIBE ik
BLTL s Mg*® DifiZc L »T7 5 VALK I A
5LBEbhE, BRATRIRALHFET 2 HERD
2T 7 5 VAXFETHMELR D> Tt
LR {ET % (KiTaNo et al. 1965,1969),

4. B (Figs 35-40)

BEEYP BT B CRRIARH5R 3 b Oz,
BHOBEN RS BMARBERBCBT Y I v
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Figs 30-33.

& i

Schematic diagrams of calcification processes in Liagora. Ch, chloroplast; Cr, ara-

gonite crystal; Cw, cell wall; ICS, intercellular space; Om, organic material. Fig. 30. Structure

of the thallus of L. farinosa (SuirorTo 1984).

A and C, terminal segment; B, aged segment; a,

tip of terminal segment; b, medullary tissue of aged segment; c, cortical tissue of aged segment.
A and B, C show a native and decalcified segment, respectively. Scale =1 mm. Fig. 31. Organic
material around the young cells of the terminal segment (A-a in Fig. 30). Fig. 32. Small crystals

outside the organic material (A-a in Fig. 30).

Fig. 33. Needle-shaped aragonite crystals filling the

ICS of the mature cortical tissue of the terminal segment. Fig. 34. Scanning electron micrograph
of needle-shaped aragonite crystals in the ICS of the mature cortical tissue of L. farinosa. Note

the network of organic matrix around the crystals.

7 J& (Padina) ®#50D iR 5 5 (BorowiTZKA
1982b) .

FIKACBRGAIRAT « 353 0 — AR & (Ok AzAKI et al.
1985) 1A+ 7+ 7 (Padina japonica) \Z2O\T %
DI KA B A T~ T, k0@ (Fig. 35) kil
320, EBEBNTLE S 5 MmN OLH T HIK
L7 Bth I b, & OMALIZE AL 2% A AT
B & B H Bk e PR ZE M) (5 & A & 22 /) PR i3
% (Fig. 36), Fig. 37 (2% 0% &iAH 260 T A

Scale =1 pm.

DERELTE O BARAAE LTI S i N B R f e
R’ COSSTAaEERTIC K L CEERICAER
LCstika 23 s Hacic s (Figs 38,39)  #fh04 R
WCHE 5 T, MITAERC (L rckhdh B (R m (R R ot
i) Bk, SMT ARG LB L e D, &0
HRELE ORI ER L TR FE LR (R
R 2 pm, BEK0.5pm) Ligh, L LEMKD age
D A TEFET T, SR LTRRSG Lc &8
bhdBLREShD (BHH1977), Fig. 40028 (k%
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Figs 35, 37-39. Schematic diagrams of calcification processes in Padina. Ap, apical cell; Ch,
chloroplast; Cr, aragonite crystal; Cw, cell wall; Is, inrolling space; N, nucleus. Fig. 35. Young
habit of P. japonica. Scale =0.5cm. Fig. 36. Light micrograph of longitudinal section through
the margin (A in Fig. 35) of a fan-shaped thallus of P. japonica. No staining. Scale =100 pm.
Region B and C show the parts studied here. Fig. 37. Small crystals on the pilose layer of the
cell wall of the apical cell. Fig. 38. Needle-shaped aragonite crystals on the outer surface of
the young cell (B in Fig. 36). Note the crystals oriented perpendicularly to the cell surface. Fig.
39. Well-developed aragonite crystals filling the inrolling space (C in Fig. 36). Fig. 40. Scan-
ning electron micrograph of needle-shaped crystals on the ventral (upper) surface near the margin

of the thallus of P. japonica. Scale =10 pm. A cluster of the crystals corresponds to one cell
located on the outer surface.

() ikl LicsbiREs o REEE TH 5, CaCOy ffih « HEILE : R<FELIC RO 75
"fmk&@l—ﬁ&: B ZABIER ORI BHIA S h Vi (BEH 2pm, EH 0.5 pm) THDH, Mgt o
HEFT3 5 3OLC B3 % M b v e S A S i kb7 vAEIMBKIRTVSAHE *J PRI

LTwa 0T, SRk 2EmE o pH o L5, COs 3?%57\&7‘4 D, e age oI HlE O BEF I A A
DTS h 5, LT GBIk s CaCOy #hidhi% e LTIEH LT

Ca %« fIKALBHATS AL AR Helemar HETH DN, Z OWEHOFIEEIAWTH S,
W EnD, B chhiiT HCOy™ 135k, Ca*t 4 it OB E AL Ligw v v 5 v (Padina
wmEND EBPbRS, arborescence) 0% AL ZEMI PO MINCILBIZE X
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Fig. 41. Schematic diagram of calcification processes on the internodal cells of Chara braunii.
Calcification is initiated on the second internodal cell (In2) from the tip, and the fourth internodal
cell (In4) is encrusted with bands of CaCO, deposits (Cr). Scale =1cm. Fig. 42. Scanning
electron micrograph of calcite crystals on the fourth internodal cell (Ind in Fig. 41) of C. braunii.
Scale =100 zm. Fig. 43. Photograph of calcified C. braunii. The photograph was taken under
polarized light. Scale =1cm. Fig. 44. Schematic presentation of the major ion fluxes associated
with photosynthesis (BorowitTzka 1982b). Note OH- efflux in alkaline region which causes CaCOy
deposition. Fig. 45. Alkaline bands (Ak) formation under illumination by C. braunii embedded
in 0.5% agarose gel. The gel was prepared with an artificial culture medium containing 0.2 mM
NaHCO; and 0.1 mM phenol red (pH-indicator).
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7w (OKAzAKI et al.1985), BEDHRTH Y I v+
VTROBOLhIHEOLNARILTAE &, AR{ELK
WY IUFTRL G FFYF T LA SRR
ZEMMREET B LA, AR T EREE
MELL A VHERET S &, Padina pavonica
EBEEOZR UL AIR{L L2 & (Okazaxr et al.
1985) &% Ex Ab¥b L, WROERYHEOEFEL
A, ARLEXIEET Ao OB HETSE
ENHKRD, CaCOs BRERDMEHE L LT, #Y
7=/ —VERMLR TV, BECIIEFCZ DM
D7 =7 —VENRBNZ E D, OIS DEIC
Piewv EOLZH ARILTHED Exbhb (Boro-
wITZKA 1982b),

5. B (Figs 41-45)
ME—DRKERIKETDH 5,
FIRACBARGEAL : Fig. 41 3 EBATER LY + ¥
2 % (Chara braunii) OO ARIARLH
KRPFE LI b DTHB (OKazaki et al. 1985), %
FILEMERT BH, ETRAOB/AcRERTE 2 &
FifaoEEC BT 2, # 3 MMMk LTz hD
NECERLTHBA LRI SAHOKER LS,
Fig. 42 (3.5 4 St Lick i oM B
ThHb, F4EHEMAECIARILIET L, Fiit
Ay FREW®ET 5, v M@ 2~ 3ERKER
%5, MlgsEE Db DIXFEKIL LRV, Fig. 43 X AK
LLABGEERETCTHRELLLDOT, A<E-TW
B#ahs CaCO; DI E v FIRidT 5, =D
B BRILE A4~ v 2 2% (Chara coralling) %
75 A® (Nitelle) RO* 752 8~< g (Toly-
pella) DHDEHEVTS MHR T (§3F 1954,
SMmITH 1968), HIKALBAMARELANME 2 7° 4 ¥ A F
HLTW3 RGBS H D, Tlo2 T 4 v AFRES
75 Ca® MFEEE Licw ERIKALR & o\ S kR
K & X Ric 5, Ml & e, 4Ipga1 ARk
FTrzEbmbhT\5 (BorowiTzKA 1982b), =
DFE, IRFNIRET S LIRTFOMEEE They
IREEIRCHR b BB M oI la T A oMk
BENELIEL, iasE s iS4 5 A H B
AL L THEELNHIKILT 5 Z LRl b S h
7z (LErtch 1985), %0 v+ v 7 =BT AEIK(L
LAfifREEWimEE A UFEE LTk (UFREK
1), v 3 x2—==x& (Lamprothamnium) T3 YEH
#2315 (YFERBIRIL) OT, £PBOILEISE
DEENTED, = OHICAEINBRORKILERL LD
OFFMlRETOb O L WY EMETH B,

XA EOBME : EBFHRELL Y + 27 2B
7 5 A& BoSEMREmIL, 7% Y% (pH 9.5~
10) k@Egtes® (pH 5~6) M EIC~ v FiRic BT
B ENEBRTVS (SMITH 1968, SPEAR et al.
1969, Lucas and SmiTH 1973), & D~ v Fit &
BREFC DR R EhBZ &b, Y&ERRED HCO4
DAL BECHE T EABLACIRATLS
(Lucas 1976,1979), =7 A A ) v FEEOHE
AL CaCO; ThHetl L OBH A+ > v U7 2%
i e LTSRN R LicDai Fig. 4 T4 % (Boro-
WITZKA 1982b), =D Rt AR O RER L LT
HCOs~ % i nE B[R bt FAIH B B D AZH
CO: »BEEL, BlEH ELTHEREIhB OH™ %5
DBRLIIC WD BT HZ &% RLTV5%, £
D73 OH- o feiEifr T HCOs™ H3THIC il LT
CO2 izieh, Th Catt LRIETAZ &% RL
Twb, ZORTi: HCOs™ Htb iAA f Btk -~ v
Fé—BEETHH0, B B < v FIERO
A ik B bbb o Tty EE 0 —A Ml 5
(Okazaki et al. 1985) i3 v v 7 2% TR
TB L ol s FET RARRC Teh Y Sy
FAEREIhBE &R L (Fig. 45), &Rz
NaHCO; % ¢f pH $#§R¥E7 -/ —L vy ¥ (TS,
pH6.4-8.2) MEMULTHbH, 7Y AV ik ke
A2 2L b T, Fig. 45 2RI HCREE RO
WEED LKHARCBEIND, ZOTAA YAV F
TEREE A bR DCMU KON RERBE KBS DR
2% Diamox I X - TIRIFELK AEIhE, ¥k
in vitro DFEHRTT7 LAY v FAKR CaCOs #EHat
WHEhBZ ERFEH L, = ORIz OMffE DR
fila ECcoRRILIEER L HBEL T B LRk
Wi, ARt L. OH- BEHB S RKERE
FHEo » + £ (Elodea canadensis) e x>
v (Potamogeton lucens) DIETYH MbhTH D,
OB L v HCOy™ RBILL CHEpllic OH™ % HiH
4% (PRiNs et al. 1982, Lucas 1983), #£->7TC »
54 v atho Ca¥t BENEHVGHERIZIRLDED
Mz ili< CaCOs 2 AT 5 2 LoEZEIhT
\+% (BorowiTzka 1982b), 4 JP2s#laRE D HKAL
EXARDOBIBICOWTRAWHTH B,

Ca #3%5% : ERIMINE O B IRALBIEBALE S8 2 7
4V ARRHEBEER LTV O TRERIMECK bR
Vo EIIBEEORIKILIRBC L W A3 h e LB
ha,

CaCO, flidh » HHELH - BRIMI L ORI (i
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120 pm, B4 70 pm), HIRBMARARER DL TN
THEATH B, BEORRKILOBEIL, MiasEh
DEEFEIEREKLE LTERT AR ESE LD
RN EOWBEITBTHD, *1-wiEOHMaE
HOBIKEDHE S, BEREDOHHEDS DR
IEETERL,

® ]

Bk, ~7 13, 8% A% BERVCHEMBECE
THRENLARKECOWT, ARBESL, AK
L&A OBIHE, Ca #i%s%, CaCOs fE5RH & Al
HKAL OB ESY YT TERL, ARLEEYE
gL, 205b, AKRBASMCI TR EDHE
ERKECHIE L R bR, K &g
KOTEEBASE ¥ 7 PASRER TR KL BtE X h 5
CERRERCET B,  DEMIZE S O AIKE
TRMRENTHEINHEATH S & - i skic il
BBETH D, HHETIRIRE LB = hic iy
T35, ZOFRLEEOMEITIE, (1)Ca2t R CO2~ %
B LT CaCOs DfIFIEH % 2< 5, (2)CaCOs A23¥t
HLHVRiKE 2L 5, (3)CaCO; 55 DFHHEORKE S
WaARET HIHORBERDOBRELEDD, SO/
RAGIC LB eth % —illc T LA KD L Bbh
bo FRVLThOLSMARKECK\TH, AKX
EEOR D age DFEVPAL T BB H, 1IEL D
FLCHRTTBZ w20 ChiglLEi, ZnFEET
AIRACEH Y BT D4R « E{LEMFELY T
5B/EIIL, BhD age OFFSE KR 5 0
ErpbZ L BERT B, HROWEPILE O
EROIELDLEL DY, ThbORITOMITITILE
BLlicdhidleblow, RIERFMITIE,H b RS
B, BORKIOR G HFEN L ORGRBHE XS
BEHBLTWBEBLhBETHD, HBE « BKE
*HHY, WThOoRKECETH, KEBUCEES
pH 0 E# & CO2~ oA CaCOs i K ¥ < Bk
LTWBZEhHH-TEL, ARECRLTHLD S
s, XAHERC pH o L7 & CO& oy 5l % &
T LB B, Mk 0 gk RO LN, BIKIL
D—DDREXEBHEDEE 2 BB, FTHiKOBEE
BB AKICH AR T A Z\fodd, W RIKETIL, FHH
ZEfifl7e < LTt CaCOs FRIc B o7 COs%
IRV THS 5, T hichiEi LT CaCO,
BB THHHOEE, ORI BARTHKLE
D COs® BENED LI B KERKEGA, v
TERER, ABRHRETIELLISH>TigniE

Th5,

CaCOs FEH Db 5 —2o £ BEMME, 2% A
RALEAL~D Ca®* oftshntEAid, RKILEAL
MOWENGHBTED, BL2ORKESD, ~7 &
OHAHREOL\ EEHEA AL TD Ca #xRH HE
i B, ORKE TR S OIKE TR/
BEhBrltELZLRTVWE, L LAREDOEE
LT BmEscambhT\w 3 #ivbd s Cat-
HY 7| BREFEELEWEETH S,

ARG FET 2 EHHE Iz CaCOs B0
Lich, BBERYYT, BAME bRETHAERE
MNUBINBIEHIh T &L, TokicpBEL LT, H
REDOBKALLERE (2 =2Y R) MrHLEMEIhCEE
BREL, HEY v 2R RKEORIKCIRA A B B
Shic7r¥ vy Cat FaiEEX b oz & biER
ThTw3, Lil==) 2% CaCOs R
kit s LEROBKBE D5 HEMTHB TR,
ChLOEBME L Jlic, CaCOs ERhoRELK
CRIETEEA A+ v, Bl Mg ogL &Rtk
el BRI Totic Mgt it 7 5 VAR BETS
HE DD L1z RS Wb TH D, ARLBLEL ~
Mg? % Ca?* L3tic A b AbreTHhiE, 75 vEMN
ERIhG - Eicie s, ki Mg (50 mM)
iz Ca**(10 mM) o 5 fFBHFET 5 DTz oMk
B\, SRR R A ER T RIK AR
5, Bl ETF 7R a7 VB Bk
B8, ¥5HS5RB, 2F~FB CLIEIE), vy
FUB (B8 SO0RKERXTRTT 5 VvAYEET
b, chicx LT, Mgl (~7rE) TlTAEKIL
PRIARALIL AR L Td, MO BRFESL
BThr7A¥ v RIKILRLC Db 0 (RLEY
v 2R R HMEIBR I WD, & DEFEIT Mg
DYE ML TFET B, i, KPR HEBEO S
(#7 8300 ppm) MG EhTHkH, ZOLFER Cat &
B U &5+ 5%kH CaCO; P BAT
B ENEbRTVS, 75 VACRALES S0
el L, LABBRRKEDT7 5 VACEREShTW
% St R {EiT B LIIERILTHHZ LD, Thb
DFTIL Sr+ HAEHMC BRL Wi &85
Mt - 1o (KINsSMAN 1969) , Mg?t iz % L€ 4= BRAY
RM@D L ERXE e, ChbDEDOHKILEE
hEkero CaCOs JEROBIITHBKIEEHELD
h3, 375 vAXFETIHED D> EEMEN
FRERRIhTUL AL ESHEKEG, WThic#,
CaCOs#E Sh DT R U E DR E MBI+ 5 invitro
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DR AL T L& &b CaCOs Th5 HiRE%
RIIT 5 ECAEHEERC L > TWAHIZ ERBDIL,

BRICEC BT ARCOEHR L T ORI ELE
B AT > BB OWTEE LI, AKEXER
T LCBIRT % &, WTFh Lk @idr 5o,
f~T, RIK{ILDEZEL LT, fkbhVEELCaCO,
WE X » CTED TEe b OIT 5 TREEYE X
BT EAMED, OB, MM ERSh
5 Ca¥ gatErdbove vESHE flrd~7F
VMBS IR UL AR OB A Y IS S5 T
LThHBERNNRIES, Lo LEsEO®MIT,
BBk ERCT ey r vEESEEL, BOoE
FHRBO—>THBEHER L L ) ELFALCAK
{LRER R LoD TiXied A 5 2y L L O K,
ARALT 5 2 LR FGgPeRE oMUz X EREET
bHZ ERBEHC R TEB, 1, BRIELERW
BCRHROR 7 F vEHPBEOR DI R —ARCE
ATERETH DM E AR RIS ER S h, M
B BEOSELBRBRIc b nEELBRD, ¥
TMEN T = 2 —AVWBESERM LT, MR~
DWLIED B Z VAR EIET 2 RE o7 &
Bbha, £Y 7=/ —rEk CaCO; #5554
EFBZENMBRTED, FIZIE7 =/ —VPHED
SEOLVCEEEY TR, GSORLN BT RIZHA
WMcBTsy 1 vr v BOBRBLBORICEDARIAK
LR TV BIBER -, BEDEHHIEAL
BRI, FohHlosboAlEry £7 70
MR ARET 5 0 RAbhity, HAED
7=/ =AY Z= vER L, filEEEY X biRE
THOWMIEEE bz b ORELZZ LiXAMOZ
ETHB,

ORI, MRV MRERORS OEE L RIK
LERBELBRCHHOTRILVHEBbh, 4%
CERINCEKLLHRETH S,

% #6351 M7 D AR BB I W R BE
KFELEERR WR—-REL ROFE Y B
foA—A b+ Y 7D Murdoch k20D BorRowITZKA
BhicEL $ilp L LFs, FRROFERFOMFR
I TR TR K S W B E MG T 5
OEF AE, BB TRECSsILmL 5,

3 B X m

AriovicH, D. and PiEnaAR, R.N. 1979. The role
of light in the incorporation and utilization
of Ca?* ions by Hymenomonas carterae (Bra-

ARUD et FAGERL.) BRAARUD (Prymnesiophy-
ceae) Br. phycol. J. 14: 17-24.

BrLack, M. 1965. Coccoliths. Endeavour 24: 131-
137.

BouMm, L., FUTTERER, D. and Kaminski, E. 1978.
Algal calcification in some Codiaceae (Chloro-
phyta) : Ultrastructure and location of skeletal
deposits. J. Phycol. 14: 486-493.

BouMm, E.L. and Goreau, T.F. 1973. Rates of
turnover and net accretion of calcium and the
role of calcium binding polysaccharides during
calcification in the calcareous alga Halimeda
opuntia (L.). Int. Revue ges. Hydrobiol. 58:
723-740.

BorMmaAN, A.H., DE Jong, E.W., Huizinca, M.,
Kok, D.]J., WEsSTEBROEK, P. and Bosch, L.
1982. The role in CaCO, crystallization of an
acid Ca?-binding polysaccharide associated
with coccoliths of Emiliania huxleyi. Eur. ].
Biochem. 129: 179-183.

BorowiTzka, M.A. 1977. Algal calcification.
Oceanogr. Mar. Biol. Ann. Rev. 15: 189-223.

BorowiTzkA, M. A. 1979. Calcium exchange and
the measurement of calcification rates in the
calcareous coralline alga Amphiroa foliacea.
Mar. Biol. 50: 339-347.

BorowiTzka, M. A. 1981. Photosynthesis and cal-
cification in the articulated coralline algae
Amphiroa anceps and A. foliacea. Mar. Biol.
62: 17-23.

BorowiTzka, M.A. 1982a. Morphological and
cytological aspects of algal calcification. Int.
Rev. Cytol. 74: 127-162.

BorowiTzKA, M. A. 1982b. Mechanisms in algal
calcification. p. 137-177. In F.E. RounD and
D.J. Cuapman [ed.] Progress in phycologi-
cal research, Vol. 1. Elsevier Biomedical Press,
Amsterdam.

BorowiTzKA, M. A. and LARKUM, A. W.D. 1976a.
II. The exchange of Ca®** and the occurrence
of age gradients in calcification and photo-
synthesis. J. exp. Bot. 27: 864-878.

BorowiTzKA, M. A. and LArRkuM, A. W.D. 1976b.
Calcification in the green alga Halimeda. Il
The sources of inorganic carbon for photo-
synthesis and calcification and a model of the
mechanism of calcification. J. exp. Bot. 27:
879-893.

BorowiTzKA, M. A. and LArRkuM, A. W.D. 1976¢.
Calcification in the green alga Halimeda. IV.
The action of metabolic inhibitors on photo-
synthesis and calcification. J. exp. Bot. 27:
894-907.

BorowiTzka, M. A. and Larkum, A. W.D. 1977.
Calcification in the green alga Halimeda. I



Algal calicfication 343

An ultrastructure study of thallus develop-
ment. J. Phycol. 13: 6-16.

BorowiTzka, M. A., LARKUM, A.W.D. and No-
ckoLps, C.E. 1974. A scanning electron mi-
croscope study of the structure and organi-
zation of the calcium carbonate deposits of
algae. Phycologia 13: 195-203.

DE Jong, E.W., BoscH, L. and WESTBROEK, P.
1976. Isolation and characterization of a Ca?*-
binding polysaccharide associated with cocco-
liths of Emiliania huxleyi (LoHMANN) KAMPT-
NER. Eur. J. Biochem. 70: 611-621.

FICHTINGER-SCHEPMAN, A.M.]., KAMERLING, J.P.,
VLIEGENTHART, J.F.G., DE Jong, E. W,
BoscH, L. and WESTBROEK, P. 1979. Com-
position of a methylated, acidic polysaccharide
associated with coccoliths of Emiliania huxleyi
(LoumanN) KaMpTNER. Carbohydr. Res. 69:
181-189.

GoLpsMITH, J.R., GraF, D.L. and Joensuu, O.L
1955. The occurrence of magnesium calcites
in nature. Geochim. Cosmochim. Acta T:
212-230.

Goreau, T.F. 1963. Calcium carbonate deposition
by coralline algae and corals in relation to
their roles as reef-builders. Ann. N.Y. Acad.
Sci. 109: 127-167.

Hopges, T.K. 1976. ATPases associated with
membranes of plant cells. p.260-283. In U.
LUTTGE and M. G. PitmaN [ed.] Encyclopedia
of plant physiology, New Series Vol. 2.
Springer-Verlag, Berlin.

SHiZE= 1954.

INouYE, I. and CHiHARA, M. 1979. Life history
and taxonomy of Cricosphaera roscoffensis
var. haptonemofera, var. nov. (class Prym-
nesiophyceae) from the Pacific. Bot. Mag.
Tokyo 92: 75-87.

KinsmaN, D. J.J. 1969. Interpretation of Sr%* con-
centrations in carbonate minerals and rocks.
J. Sed. Petr. 39: 486-508.

Kirano, Y. and Hoop, D.W. 1962. Calcium
carbonate crystal forms formed from sea
water by inorganic processes. J. Oceanogr.
Soc. Japan 18: 141-145.

Kitano, Y. and Hoop, D. W. 1965. The influence
of organic material on the polymorphic crys-
tallization of calcium carbonate. Geochim.
Cosmochim. Acta 29: 29-41.

Kirano, Y., Kanamori, N. and Tokuvyama, A.
1969. Effects of organic matter on solubilities
and crystal form of carbonates. Am. Zoologist
9: 681-688.

LA VELLE, J.M. 1979. Translocation in Calliar-
thron tuberculosum and its role in the light-

AAREHHERH. SRA%E B

enhancement of calcification. Mar. Biol. 55:
37-44.

LeErTcH, A. 1985. An investigation into the cal-
cified charophyte oosporangium. p. 14. In
the abstracts titled ‘Biomineralization in lower
plants and animals’ of an internat. symp. at
the Univ. of Birmingham, England, April 1885.

Lucas, W.]. 1976. Plasmalemma transport of
HCO;~ and OH- in Chara corallina: Non-anti-
porter systems. J. exp. Bot. 27: 19-31.

Lucas, W.]. 1979. Alkaline band formation in
Chara corallina, Due to OH- efflux or H*
influx ? Plant. Physiol. 63: 248-254.

Lucas, W.]. 1983. Photosynthetic assimilation of
exogenous HCO;~ by aquatic plants. Ann.
Rev. Plant Physiol. 34: 71-104.

Lucas, W.J. and SmitH, F.A. 1973. The for-
mation of alkaline and acid regions at the
surface of Chara corallina cells. J. exp. Bot.
24 1-14.

EHEE - MBER - 5 EEE 1977, HIREEA+
F I FIDREA LT ARERM EELRED
WT EEOREBA N Y 2 BEOHE D, HH
25: 1-6.

MivaTa, M., Okazaki, M. and Furuya, K. 1980.
Initial calcification site of the calcareous red
alga Serraticardia maxima (YENDO) SILVA
(Studies on the calcium carbonate deposition
of algal III). p. 205-210. In M. OMoRI and
N. WaTaBe [ed.] The mechanisms of bio-
mineralization in animals and plants. Tokai
Univ. Press, Tokyo.

i BE 1981, EBBiIc st B HEHMOKR & K
g, p. 21-27. WGGEHOWE. KEEHER
REC SR XETTE.

NakaHARA, H. and BEVELANDER, G. 1978. The
formation of calcium carbonate crystals in
Halimda incrassata with special reference to
the role of the organic matrix. Jap. J. Phy-
col. 26: 9-12.

NickL, H.J. and Heniscu, H. K. 1969. Growth of
calcite crystals in gels. Solid State Sci. 116:
1258-1260.

OnsumMmi, Y. and ANRAKU, Y. 1983. Calcium trans-
port driven by a proton motive force in vacuo-
lar membrane vesicles of Saccharomyces cere-
visiae. J. Biol. Chem. 258 : 5614-5617.

OkazakKl, M. 1977. Some enzymatic properties
of Ca?*-dependent adenosine triphosphatase
from a calcareous red alga, Serraticardia
maxima and its distribution in marine algae.
Bot. Mar. 20: 347-354,

WG R 1979, EBEOGIKLBRETA & A RIS
2WT, {LAFES S 12: 31-36.

Okazaki, M., Fuji, M., Usuba, Y. and Furuya,



344 OkaAzakl, M. and Furuya, K.

K. 1984. Soluble Ca?*-activated ATPase and
its possible role in calcification of the coccoli-
thophorid Cricosphaera roscoffensis var. hapto-
nemofera (Haptophyta) (Stadies on the calci-
um carbonate deposition of algae V). Bot.
Mar. 27: 363-369.

Okazaki, M., Furuya, K., Tsukavama, K. and
Nisizawa, K. 1982. Isolation and identifi-
cation of alginic acid from a calcareous red
alga Serraticardia maxima. Bot. Mar. 25:
123-131.

Oxkazakl, M., IcHikawa, K. and Furuva, K.
1982. Studies on the calcium carbonate dep-
osition of algae-IV. Initial calcification site
of calcareous red alga Galaxaura fastigiata
DEcaisNE. Bot. Mar. 25: 511-517.

PSR « 5B RlF « S « BR—1 - SRk
1970. FIK#L#: Serraticardia maxima (+ A >
am) OREA LYY APHEICONT, HIEH
£ 83: 193-201.

Oxkazakl, M. and KaTtsumi, T. 1984. Calcifica-
tion of the stalk of Acetabularia calyculus.
Acetabularia Newslet. 1984(4) : 7, 8.

FEER « BF B - S 1984, RKELE A A
varlivFavkFsrye vEBSHEOR
T & AIRALEAL L0 BgE w2 T GEE O
CaCO;s th5 BT BT EVI) . HIH 32: 364-372.

[ER - BHEE - EHEZ 1977. AREHE Y77
BEF Y TS DREEH A > 7 APEIA L LR
ZOWT (BEDREY VoY AREOHRI),
B 25: 189-194.

Okazakl, M., Tanaka, Y., MivaTta, M. and
PENTECOsT, A. 1985. Initial calcification site
of a calcareous brown alga Padina japonica
Yamapa (Studies on the calcium carbonate
deposition of alga VI). Br. phycol. J. (in
press).

Okazaki, M., TokiTA, M. and KasHiMa, K. 1985.
Calcification of Chara caused by OH- efflux
coupled with photosynthesis. p. 18. In the
abstracts titled ‘Biomineralization in lower
plants and animals’ of an internat. symp. at
the Univ. of Birmingham, England, April 1985.

Outka, D.E. and WiLLiams, D.C. 1971. Se-
quential coccolith morphogenesis in Hymeno-
monas carterae. J. Protzool. 18: 285-297.

AINRFERS 1975, FAAMOBBEIEE L GRIL, &R
3 8. 227-265.

PaascHE, E. 1964. A tracer study of the inor-

ganic carbon uptake during coccolith for-
mation and photosynthesis in the coccolitho-
phorid, Coccolithus huxleyi. Physiol. Pl., Suppl.
3: 5-82.

Park, P.K. 1969. Oceanic CO; system: An eval-
uation of ten methods of investigation. Lim-
nol. Oceanogr. 14: 179-186.

Pearsg, V.B. 1972. Radioisotopic study of calci-
fication in the articulated coralline alga Bos-
siella orbigniana. J. Phycol. 8: 88-97.

PENTECOST, A. 1980. Calcification in plants. Int.
Rev. Cytol. 62: 1-27.

Prins, H.B. A., SnEL, J.F.H., HELDER, R.]. and
ZANSTRA, P.E. 1980. Photosynthetic HCO;~
utilization and OH~ excretion in aquatic angi-
osperms. Light-induced pH changes at the
leaf surface. Plant Physiol. 66: 818-822.

Puiseux-Dao, S. 1970. Acetabularia and cell
biology. Logos Press, London.

HAFE & 1984. RIKE 27 ~4 B (L&D
DRRLEHEC OV T, EREZXEB LR

SmiTH, A.D. and RoTH, A.A. 1979. Effect of
carbon dioxide concentration on calcification
in the red coralline alga Bossiella orbigniana.
Mar. Biol. 52: 217-225.

SmiTH, F. A. 1968. Rates of photosynthesis in
Characean cells. II. Photosynthetic CO,
fixation and C-bicarbonate uptake by Chara-
cean cells. J. exp. Bot. 19: 207-217.

SPEAR, D.G., BARR, J.K. and BArr, C.E. 1969.
Localization of hydrogen ion and chloride ion
fluxes in Nitella. J. gen. Physiol. 54: 397-
414.

VAN DER WAL, P., DE Jong, L., WESTBROEK, P.
and DE Brunn, W.C. 1982. Calcification in
the coccolithophorid alga Hymenomonas car-
terae. Ecological Bull. 35: 251-258.

FIHERE - FIWFREAE « HHEE 1984, R Loy
LAERERCRITT 7 A vEBEOEE, AASHE
FLEBMIASHEESR. FE 32: 100.

WiLBUR, K. M., CoriNnvaux, L.H. and WATABE,
N. 1969. Electron microscope study of calci-
fication in the alga Halimeda (order Sipho-
nales). Phycologia 8: 27-35. ’

WiLBUR, K.M. and WaTaBE, N. 1963. Experi-
mental studies on calcification in molluscs and
the alga Coccolithus huxleyi. Ann. N.Y.
Acad. Sci. 109: 82-112.





