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Biomineralization of silica associated with colonization of an unicellular alga, Cyanidium caldarium,

in an acidic hot spring
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Abstract

Biomineralization processes of silica associated with coloniza-
tion of unicellular red alga, Cyanidium caldarium in green
biomats were examined in this study. The green biomats occur
in Higashi Hot Spring at the Satsuma-Iwo Jima Island in
Kagoshima Prefecture, Japan. The biomats consist mainly of
C. caldarium cells under acidic condition (<pH 2). The colonies
of C. caldarium cells gradually change into angular shape with
concentration of silica, and simultaneously organic matter is
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leached out together with P and S.
diffraction pattern
transformed from amorphous silica into cristobalite.
colony developed,
transparent due to loss of chlorophyll.

The XRD and electron
indicated that the concentrated silica
When the
inside part decolorized and became
Natural cultivation

the

examination of C. caldarium indicates that the development

of

the colony depend on

solution pH, nutrients, silica-

concentration, growth rate of the cells, and eco-system with

bacterial

condition,

and play an important role in

silica-biomineralization.
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e 18l e -2 11 L2 WA L N 2 S e W o Y A s
U THOF »— FHICRESNTOIELL 2HEDIc > L
TDEL OWENMTHNT X  (Barghoorn and Tyler,
1965 ; Schopf and Packer, 1987 ; Walsh, 1992 ; Schopf,
1993). %, Schopf (1993) EF&Hx b H\bLAD—> & L
T, #A — & b5 TAPETOBAERREI O L/ ZRE
DEIRF + — P HORRMAETIC>VTIFEL, Dl Ed
3465 Ma & b i WIFIC, BERZHFET 2 LA EE
T cicEREL TV EEELTWA, F 7, Barghoorn
and Tyler (1965) [3%6h v 7 ) THOF v+ — + ZIEEEFH
IKHFFEL, ZOHE» O T TICEYOSHEENS -2 &%
RE LT, 50T, N7 F ) TOREREBRAH S KW
b, en 7N TRICBIAEROR fuv T4 ML, K
[OELICEBERERESA TV S L, Walter et al. (1972)
BHRELTOWE, La L, HBREEIcE T 2 Eals(baor
SHERRY 2 LICRBAMNS D, HWbEH I EREDIRREN
BT, ZNoEWMEMEHELIZD, H50iE, 2L
DETAHETEFELY. o, MAEHBK LRI OEZ,
ZOEESHKECEEO L S IcBitith , Thonfbihs
LTEE-TWE LTh, YK - (2icels Nz b0
EXBIT B EBEREETH BT EHBT V. FIZE, v T
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) THOF v — MRS H SN D LEOERIRMAI T2, 2 &
W75 7 o 2 2 THIAT X A 2 &%, Oehler (1976a) (3$R1:
L7z, 207, FRICK > THAEYOE LD 7 0+ 2 48]
ST BHE LITHNTW A (Oehler and Schopf, 1971 ;
Oehler, 1976 b ; Francis et al, 1978). f#&EMssE b L Tw»
K Faw R &R oo, KRIGFERRTOFEBEOMAEY
rEURBOHREYMERVT, KEEELFBEOENFT
Westall et al. (1995) (FEEERATY, BLLALE=RLD
HERED & B4 5 C Ltk - T, WAEMOAEFRIcE LN
THTEAERELL. L, MAEYORBICEH/SET 5
BEE, BAEMPEETOABICET 3884 &> 0TI,
B OBEBL I TRZIN S OERENGED LN VIBELE
V. BB, EMEENC K > THMISERT 5 L E, FOHER
ZEESLER S FRE T W3, AR ER o 1
PHEER DR O & O BAEYHIHERIC L 52 D, BLY, &
YIRS L > THERSNTTED D LI, KEL 298N
T %72 (Lowenstam, 1981 ; Mann, 1983). L2 L, 150
56, HEVIREFIC L ARG, BEEFNCAER S NS &
EEDPHEICBVTHE OHES LV EENTE LY, BiF
LB bDEEZ SNBHER TS, ZOREPKREILOERE
WWHEMISRELBS LTV S W EEESHT & 72 (FHIfK -
FHIE, 1999 ; T2 1E D>, 2000).

—H, fh v TN TROMEYD S BRREO X D IS BUKER
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Table 1. Physical and chemical characteristics of hot spring water and sea water.
Location | Sample | pH Eh EC DO WT Si Al Na K Ca Fe Mg
mV) | (mS/em) | (mg/H) | (C) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
: . Water
Higashi # 1.7 | 496 12 2.4 52.7 74 360 600 100 128 | 140 nd.
Hot source \
Spring Bath 1.7 503 12 7.1 444
Ohura Sea
8.2 150 49 7.8 29.9 4 0.2 11000 359 211 2 1140
seashore | water

Eh: electrode potential vs. standard hydrogen electrode

EC: electric conductivity
DO: dissolved oxygen

B THLZZ b0 b0 EEZ SN TV A D, HIH
HEGEROBERICEWTRARD NA A<y bRIZBFZ VY A
DEKIYHLER OHE ST T3 (FlA L, Ferris et
al, 1986 ; ZRH 13 A, 1995 ; Schultze-Lam et al, 1995 ;
Konhauser and Ferris, 1996 ; Hi&1Z4>, 1997 ; Renaut et
al, 1998 ; Tazaki et al,, 1998 ; Asada and Tazaki, 1999), —
Bh2VWEZEHEOMEN THIKENE N1 4=y M,
pH - (B - KEOHHE - ik - KFERLDOS TS EHER
A LT, AL ER ORER & LT, BIRE41E5.
NAF =y b EEBICERIE T, ZO00mPEREREG
F~ohTnwd (FIAIE, Wolfaardt et al, 1994 ; Moller
et al, 1998 ; Sternberg et al, 1999). L» L, Th o (3HRER
W Fe-Mn 8B4 260813 LA ETH Y, WA
2 & BT A BRDERN S ARG EFR ORI IE E A ST
bh T,

ZCTC BEAEVHMBALEEAS 72334
(Cyanidium caldarium) DA THERKEHh TV AELEER
BB O WIRRICA SN BB A<y PICERLT,
Z T E NS ¥ Y B OERGBIE & ERERIC D W TAH
b1, BIEBIUAREEERET- 2. TOMKE, 4
Faradxpao=—FEE Y BEOTRE L DR
seLIZHEERARY S 5 T ENHO ML -7, BB, oA
720 I3 X 3P - TRETH 0, HRDMOBR %
LA LNLAEETH S (BlAE, Hirose, 1950 ; Fukuda,
1958 ; Doemel and Brock, 1971). Z OHERE pH 1.7 D&
B DRFRIREE D /o0, AN A A 2w M3 T2 a3 TR
doTEanTBY, v HEMOTARE MEYORIRIE
B L TEZ BT EMTE 3,

x B A &

1. &A#

A ARSI BRI E S TR 2. R
EERHEAS5km - Bt 4km TH D, AL VT IOl
BRI LTWC, 9 3,000 RO SEFHICTR & nLic ik A
W75 KILORNE - REED 2 KILB XU Vv FS5BEE 2
N o OROERE 5785 UNEFIED, 1982). T OFEIRICIE
wE EARSGE) & KIIEREY (RECEDEEAR »
513 AWREE, MEEICEiNER ) 7THE (KREER Y

WT: water temperature
n.d.: not determined

TIRKIEW SmEEE EGrALAGERE) - HiEs
EADPA S ARLRE) - BINREE O A S ALELGZN
B2) o ARNEKLYESZ UNEFIED, 1982).

WEEZE O FHGEBRICIE, BN 4 <y bATER S
NTWB. ffHEKIDERNER 2 Y 7 EOMERFOEE
KHBRBERICE, &~ hr0BEOHEICL BBIR
OB NS A=y BB B, £/, EREMTICIZED)»
Sk - RBEA A v AZ S GURRMERL T, SKEOILEY
DHEIRIC X BB 4= F3AB LN S (HAIIEH, 1997 ;
Shikaura et al., 1999 ; Tazaki, 1999).

A TRV RN, HEEREEEBRED [HRR| T
RS TWaiRE NNt A<y b THS (Fig. 1A;1B). ®
ERMHE TR, WMEEORREE L IcKILIARENRES %
BV, ZORIICREEBREROBVGEESHD, Fik, M
B L CRIRRHERY S EZH L v b ONEFED, 1982).
BRESR DIRFAKIE P PEEBIER 25 ) e AE» SEH
LTHo, REGBEHH N RV RTh - CRBIcFIH
INTWAD, 1958 5 1972 T T TORIRR 456~60°C
T, pH¥ 2 Tdh -7z (BRHE, 1964 ; SFHIZ A, 1974 ; HIEH
AT, 1976). 1999 4F 6 A OFE T, REKBEHOOKE
52.71°C TH v, pH 1.7 - B{LiEcEAL (Eh) 496 mV « EXU=
B (EC) 12mS/cm - iA7ERFE (DO) 24mg/l TH - 1z,
%z, BIEOKIEIL 44°C THY, pH 1.7 - B LBICEN
(Eh) 503 mV - EXzEE (EC) 12 mS/cm - iAFEHERE
(DO) 7.1mg/l TH Y, BHILY HIBFEOH A S IiE
FEREZESEL L ->TW3 (Table 1).

BT SIS TREREANA F =y DRSS
HLTWS, T, ZOMEIKEHEESM L7y FbFDHD
n, EEOMMENCY v oA b DBE, BLUREANA A
2y MO RERIREAEYIO 0 0 = —DFEELSEEI N TV S
(HIE & A, 1997 ; Tazaki et al, 1998). AKFFE T, T DiF
BN A=y PCEREYE T DOTHY, HHllickd 5
1999 4F 6 A D/KERERIC, KILABRE - FRIKHMERYII
HLBOAA A<y P BEUCERKERERICRE L., #
LT, "M A=y b EBRKFISR LIREETEBIR > THF
TRELE Lz, X5, R0 REEFERO DI, HiE
RO pHFARRHE LT, MEBETONEEBRMEOHKDS
FRELL 7.
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Fig. 1.
Spring, Satsuma-Iwo Jima Island, Japan (A). Close-up
photograph of a part indicated by an arrow in Fig. 1 A
(B).

Field view of green biomats at Higashi Hot

2. SAE

1999 /6 H OB ORI, SRR OKEGFHHIcB VT,
pH - BR{LZECEL Eh (mV) - EXUZEE EC (mS/cm) -
BAEZE DO (mg/D) - KB WT (°C) ZMIE L7z, £/, T
DERRIK ERIFIBREOWKDIBEA A 2B DI,
ICPE & 4 # (Inductively coupled plasma mass
spectrometry : ICP-MS) (Hewlett Packard, 4500 series)
Zirote, £ LT, BERECEESTREERK (110 -
100ug/m?®) (Spex, XSTC-1--8--11) 2T, APKIEL
TR LI

BEREORE N 4 < - FABOXRE %, #MOTHEX
O YT eAmsE (Nikon-NTF2A 8 & U EFD3) THIE %
TV, F 72, DAPI (4,6-diamido-2-phenylindole) T L,
EARBHICX > TDNAR 700 7  VOFEAHERL
7o &1, TO—EIFERERERIC, BIARICLTH I 2RI
AL, XM REHTEE (XRD : Rigaku-RINT 1200)
(CuKa #, JEHFEIE 40kV, & 30 mA) % H W CTHMHHAR

Feikin Ry O BeEE A 722 T4 o a0 = — Rtk S v ) h ORI EIER

50 um S5um

Fig. 2. Optical micrograph of colony of Cyanidium
caldarium in green biomats (A-1). Close-up photo-
graph of an enclosure in Fig. 2A-1 showing silica crust
covering the cells (A-2). Some colonies formed
angular shape (B). The cells have silica crust and
chlorophyll (C).

bt o1, EEVE M (SEM ; JEOL-JSM-
5200LV) ZHI\WT, ZOMiMSIEEAEEZEL, SEM Of&E
FEO T KV F —HH X 2R (EDX ; Philips PV
9800) ARV CIEAMrbIT-7. RERA-FKvF—7%
Afi - 7 B OB B ICEE L, KRERSEEIT- T, NHSBE
15kV OEHTHIE L .

3. BARIEEER

BoNA 4~y POERKRER, Fic4AF2ag40an
=Rz 20T SEM 8IS R A SR E N 5 & 5 5 ZAL
MAEDONBENE D PEFNDL 128, HAREEEFEEREK 70
HiT-72. &7, pHAZ(ksEE Ltk b au=—
RS 2 R KEEALERET L7e. 250 -0 —%H
BELT, 150 —#—ducidBiRRK%E 100ml, fho b —
H — T 3R RK LK DRSS (R 1: 10 DEIE) 1IckD,
PH A 27 CHE L &K% 100ml AN, Thomho
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Broad peak: Silica

@ Cristobalite
@ Jarosite

L l |

40 60
Cu Ka,26[° ]; 40 kV,30 nA

Fig. 3. X-ray powder diffraction pattern of green biomats including Cyanidium caldarium shows the presence of

cristobalite and jarosite.

B — o —fUCERE S A A 2w P BAE L okLAgE S LU
IR O &350 g 2 AR, RS54 FH 5 X bEIE
WK ANt, E£1, BRKOEREHS DY I VT v T %
M, X5, MAEYOBEA{EESE 570Hic, 45°CIC
BELEBERIC OO E—H — 2 BB Uz, EREG
“I0AMIEIHIT S, BoOOHEBNIII0ETEIE, X5
A FHSZEWMD LT, FOXREHNEL TV AHMEADS
TOBRL LUz 0B AERED 72 b OIS O RE %17 -
fo. FEREOBIE I IEFBEMEEEE, ol e A, B
MEE (Amm?) Hfch BB L 7, KEELE, 39
O3 HEMEFE28 &I, B D40 HEE 10 H T & pH
& Eh ZAIE L 7o, 158, BIERIARHCIE, RR/KD Eh (331
T ORIEHR® 503mV & HELT, 620mVIic LA LTV
7z,

#& R

1. BENXMF7y PELKUKE

HBROBENA A<y NI Fig. LAIWCRT LT, B
MEBEEFcE L Tw3, fFio, BHOTHE, R4
A<y bOEEIHH 2mm 1TEST S (Fig. 1B). 5k, &
LTWwaKILIARS - B - iEES L ORIt 72 &
OFEHICE-TRE, FOEEH05~15mm LIFIFTH
5.

HIBRIFER B L O KB ERED#EKDKERERR &
ICP-MS S #r4E £ % Table 1 1IZ/R”9. RiE D pH 3 1.7 £ 58
Fe A R L, Eh 12 496mV T, EC i3 12mS/cm %753, DO
BEHIBHED 7.0 mg/l LT 2 &, 24mg/l L{EVEE
Utz F£1, B 44.4°CIcxt LT, KB 52.7°C 2R L
to. RiEMgROBKOERBEIC>WVTIE, pHIZS82, Ehi
150 mV, ECi349mS/cm D FhFhofEAE/RL, KB
29.9°C TH -7z, ICP-MS HfkER» S, WESRDOFRICE
Sild Tdppm &% h, INEKNBEEOHBKED 4ppm &
HEd 2 &, H220EOSIiNEEATVS, T, BFEKIZ
i3 Al & FenE< &%h, —4, #KICENa-K-Mg-Ca
MELEENBE T EDNBEHETH B,

2. ABPEUMHIEE

HIRROBEIREEDIFE A & < v+ ANFIEMEEE AV
TEISE L 7-f5 8 % Fig. 21”9, B 3um DERIROMAE
inoo=—2FEKLTEBY, RELwao=—ONEDH 3
WA ILBIRD S BOREICI » TV B, TS HIALTER
L, 7ua 74 ik -oTwWbHEELONS (Fig 2A-
L2, Ihsoan=—DARE LI LITAKRD, Fig. 2A-
1 DA ESP Fig. 2BIicRoN 3 &) WEEERT. TJ0=—
IR LTV B AT ER %D (Fig. 2A-2, 20),
DAPI THE LT, BAETTBE TS L, Z0 DNA OF
HEARTEHRIOEERT S, £/, 7007 4 VOFEAR
THDO®RX B Shic, T 5D &p» 5, Hirose
(1950), Fukuda (1958) # X ¢f Doemel and Brock (1971)
DERE LTV B & DT, MEY & ERROIFEEN: - IFBME DB
MIERTEEMRA 72 3 I % (Cyanidium caldarium) &[EES
N3, 5B, IoFEASI LTy bEAFaaTATHES
NTHEY, TLENTHT MBI T ) TIEEDMOMAEY)
DEESN 5,

3. X igRyREHT

HRROFENA A<y M, BERMEOELEERT 7
o— FE— 7 HBBEETH Y, THhEEERT 2z 3 vF -8
SR G EET L LEEREO Y Y EELZON S, £
foo 7 WA R/NTA b (4054 - 28447 - 2494), BXU,
Yro# A+ {KFe; (SO, - (OH)g (5.10A - 3.08A - 2.30
A) oE—-7 DS B (Fig. 3).

BB, 2rHEBOBAEBERICBI 2/ 73T 40D0
v =—0 TEM it X 2EEOERic I, BEFREHTTE
JERED/ ey — v ERLI. ZDI EFA T2 a4 O/
BEOFEFICIIcERT 2MEREEE Y ) A EEL SN
3.

4, FEENEFREUBEERS IV RIVF—HHIHT

OS2y b OB RER X OTe MR A NS o
12, SEM ic & 2818 L U EDX &7 - 72 (Fig. 4). %
54 4 <2 Fid Fig. 4 A IRT L AT, REBSHA F2 2
Tk - THEREh, 2FMEE LTS #F LT 5K
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4.0 X
Energy [ keV ]

4i§natgy [keV]

Aljl 8 K Fe
.0 6.0 8.0
2.0 E’:ergy [keV]

Fig. 4. SEM micrographs and

EDX spectra showing the bio-
Si mineralization processes of Cya-
nidium caldarium from amorphous
stages (A ~ C) to crystallized
stages (D and E). At the amor-
phous stages, the colony mainly
contains sulfur, whereas the
crystallized angular colony is
composed of almost only Si

a8 E Arrows indicate analytical points
';_c__ﬂ_’gp 4.0 t.0 -1 for EDX. Note that Si counts are
Energy [ keV] increased due to biomineralization

processes.
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Transparentpartsk

Fig. 5. Optical micrographs of Cyanidium caldarium cells cultivated in hot spring water (pH 1.7). The cells
occurred after 4 days aging (A). The colonies were formed about 30um in wide after 19 days aging (B), and
synchronously developed about 40um in wide after 49 days aging (C). Finally, the colony became more than 80
um in wide after 70 days aging, and the inside parts of colony decolorized, and became transparent (arrows) (D).

KB ickbh s (Fig. 4A, KHD. 4, 4 7233
A3 o= -0ET, EREERE L TIARDEED bt - 728
DDA IEDONE, ZORKEXE5~200um ST X &
THb. an=—0EkL#ERRR Fig. 4B~EITRT &
RN 151 A G AT1: DNERVA LN S EAS - I T [ A O A o )
5. Fig. 4BITi3A ¥z 2 3 2 OEEA 2 o = — i HHRE 1T
B-THD, FigdCoao=—cb4 7233 % OJHEN
SEMICE->TWE, F£4z, Fig 4D D2 o=— 3tk var
HENCI Y, ARLAE-T, HRILOETBRTHL &
PRI, 4572332 OFESEEL TV B84 Fig.
4CIKHREEHEDALNKL VL, Fig dAED 30 =—12H
WTi3 Fig. 4D LLLicisg b asitE A, MR- 1280k L OSE
SUEMBELCHESN, 1 F2a37A0BEFSEL TV AL
FRELALEED SNLL, FHRILOETICS>VLTIEZER
ENORTICOVT XRD A& 5 & L\, #DSEEHSEEE
TH -7z,

NS DIREAALITHEY, b2k & LITIZ38Bd 5 & 5
KET 5. BIRWEICEEN A F2a3 T 2ICBEZEBD S

DPELEL, DBDAL-Si-P-Cl-K - Fe ODFfEATRTE—
7bRHOoNDB. Fh, BRYIOGEEE RISV Ny 775
vV NDKTH S (Fig. 4A, KHD. Fig. 4BH» 5 4E T
i, SioA Y v P RO ER»PLIRENB LI, GEMIOHE
EHDIECHY, X SikKELE DI B, Fig. 4B Tl
Fig. 4 A L[AREIC, S Al+Si-P-Cl-K-Fedt —n
BHONED, IhoORTHEIICSI DBMMIT D BT
% (Fig. 4B, KHD. &7, Fig. 4C KBTI, X5ICSioD
HiNE S+ Al-P- K- Fe DEDHED SN S (Fig. 4C, &
). Fig. AD BL U 4EICBWTIH P AHLL, Ny 225
7Y RGBS, RED Fig. 4E ODBEICIE 2 E P DA
57, FeDE—7 bBHONIELBY, SiABE SictE
nd 5 (Fig. 4E, &HD.

5. BAREEER

IRIRKD pH 1.7 LIBE/KD pH 2.7 DLHEITB VT, 70
HE D HAEHEBROFEE A Fig. 5-8 I0Rd. HERKDA
THZELY 7V (pH L) 13, i~14 ABECldon=—
RS A ST, Fig. 5AIRT LI, A54 KA 5 2E
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Bttt R O HifileEE 72 2 T x D a v = — RIS ) A ORI LI ER 603

Fig. 6. Optical micrographs of Cyanidium caldarium cells cultivated with a mixture of hot spring water and sea

water in condition of pH 2.7. The cells slightly appeared after 6 days aging (A).
and bacteria (arrows) appeared after 23 days aging (B).

increased after 67 days aging (C and D).

KA FaaadxnEEcsmLTwAS £ LT 19HET
i3, #30pum O o =—pphxicizkansd (Fig. 5B). 49
AETW®’, 20 =—»%40um <75y (Fig.5C), 70 HHT
349 80um @ 2 v = —[FLOGENEEF T D, AR
BT A HRAA L (Fig. 5D, KHD. $4b5b,
pH L7 DEMHETRTIE, FHEATA F2aa 4030 =K
DD SN Fo. —, KiFHREOHKT pH 2.7 ICHBE L 75
HTHE, YWO6HBIZXSA P IR EIRBIEAEAF
2334 DRENED SNEh -7z (Fig. 6A). LL, 23
HETRA 723 3 X OFEFEESEMLUIED, 254 K85
2 FcHBINET 5L oI, A Fxadx biEd S
Ny FYTOEGEZTL S (Fig. 6B, KHD. £L7T, 38
HETIE, 472332080 EL¥ndTs (Fig. 60).
6THETIE, 4 72332 EHEFT LI 7Y TOHMNED
o4 3 (Fig. 6D). D& 51z, HERK (pHLY) T
RELIZESCE I g =—ERI N, wKkTHELL
BE (pH 2D @2 ARIEE > T 2 hidRE -
7. 9B ETOHEOHEZED X 54 % Fig. 717”9, pH

Number of the cells increased

Both number of the cells and bacterial colonies gradually

1.7 DIREKTE, 9 HEHTITRRAF2aTADI0=—
MEEFETERL TW5E (Fig. TA) Oixtl, pH 2.7 T,
FEAF2TTABSHLTEY, 6THETO 70 =K
B SN (Fig. TB). £/, pH27 TldA 723X
LT AN F ) TOau =~ (Jy50um) DERENS
T L TH 5 (Fig. 7B, KHD.

h o OEFEERICHE VT, BAEE (1mm?”) 27D O
N DRE S S OKEEL DR (pH - Eh) % Fig. 8 IZ7R
7. HBRKOADEETE, FEMEE{ERL, 3HET
TTITA F2 a3 X DEIE 7,860 cells/mm? 12750, 4 HHIC
12 11,230 cells/mm? 275 3 7%, £ D% 3 0 = —JERIBES
N519HEE TN, 50 HEIZIZH 2 £ 0 28,390
cells/mm2ic75 v, 70 HEIZI3# 5 2D 51,610 cells/mm?ic
75 - o (Fig. 8 A). —7, Kili#gKic kv pH 2.7 iIC5E L 1«2
R, 4723321326 HET3.360cells/mm?icti v,
ZOHEPURDL, 22HETRBU N7 FY T EE HICHE
Z, 4,030cells/mm?ic# %, £0fk, DL Fo8ML, 67H
%1213 12,900 cells/mm? 275 0 (Fig. 8 A), EEHHE O pH ©
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100« m
pH 2.7 : hot spring water + sea wate:

Fig. 7. Optical micrographs of Cyanidium caldarium
cells cultivated in hot spring water (pH 1.7, 49 days) (A)
and with a mixture of hot spring water and sea water
(pH 2.7, 67 days) (B). A : The colonies of C. caldarium
cells about 40um in wide developed after 49 days
aging. B : C. caldarium cells failed to form any colony
even after 67 days aging, and bacterial colonies
developed (arrows).

ZERORBEDRIC L > THIEOHKPL 2 0 = —ERIc K E 8L
(L3285t

EAEEBEFERIC L 5 pH - Eh OREZ LIc BT, BRR
KDIGE T pH 78 1.8-2.2 ORI cHERE ¢ 5 Dot L, KiFiig
KT pH 25-29 OEIZHE L, KEEEHOSNEH - K
(Fig. 8B-1). —7, EhitoWT b, lEE & E2NFN 620~
660 mV - 540-580 mV LR L TH Y, KEEFZEDSNK
» ot (Fig. 8B-2).

E 2=

1. 4523 T4D30=—FERIZES > U Wik oRkE
B LUERBRE

RHRIC L - T, K50°C OBESKICEICEENT
WBIREANA =y b DEAIC, EESEEY ) A0 Y 2N
NI RDBERLTWA I EDNHSHITE -, T, XiF
AR - SEM BIZ - = 2 L F — B0 s L O BREE
EEBROHER, 1 Faagi0ao=—ERICE-T, fLEE
WO TW 3o =—3REICHIED, Zhictk- TEBYS
LUS-P+Al-Fe DR IIERL, SiZIEREE Y H, K
FERE ) A, 7Y RPN A FOEENEELL TV C

2000—9

o pH1.7: Higashi Hot Spring water
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Fig. 8. Changes of the number of Cyvanidium calda-
rium cells on the glass slides, pH and Eh of cultivated
solutions for 70 days aging. Note that the growth rate
of C. caldarium cells under pH 1.7 condition are faster
than under pH 2.7.

EDTRBEENT. E61T, EEEEELIcTo=— (Fig 4
D, BE) IZEAfFET B/DED Al- S - K - Fe b, JEEEDRESEL
KX LTRSS LONENS L EBRBINL. £,
Ferris et al. (1988) O#jEIcBVWTY, M A<y +hDdHh
LZEDN7FYTIE, FOEMAEIC Fe 2FEFEL, HEYOLH
ReBod AL Lo 50N H 5 LS hT
W5,

2. AFAITAQI0=—~FERICHES LU HDORE

4 FaaTACEB VY HOBEICE, KX 2o0D/EA
BEZONE, ZO—23, HNEERRE® M 42y Fafk
RS BERWIE < B 2 EKEMLERTH D, b5 —>
iE, MERANO pH EEHEEETH 5. 1 720 I % OFEfEEC
V) AWNESCHIERB X UOMNET 2 T &1, LITOWES)
DOORBANS., 472332 OB RESED S o3
VB ELVBOEFEENPEENTEY (Bailey and Staehelin,
1968), ¥V ADOKIERERILEBVYA +r25bbLELD
N 5. 72, Renautet al. (1998) O L niE, Mty
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Crystallization Colonization colfny Amorphous silica =3 Cristobalite
Fig. 9. A schematic diagram of biomineralization processes of silica minerals associated with colonization of

Cyanidium caldarium cells.

Crystallization of the colony changes from amorphous silica to cristobalite.

sulfur, Si : silica minerals.

BZDORETY ) HOKERERI LPd <L, ks oy
A HNEER T BRI S BEN G 5. S5, KBRSk
WT, T ARREEUIKERPIC, IRIFESM 7 v —vE
ZBITT, BEALLDT AR A o DLE 5 NP6
Bifiz & 2 GBI OESENBEICTE 5 2 &% Kinrade
etal. (1999) BME L. F/, phbdid, CORSIEY
U 3 YEEED KD AR EY O Y E IO EEE HERE Y
DIEEEALE L ORI ERICEERREEZE - TWE LWV
RO TV ARREIFHFLTVWE I EE2RLIL.
KFEIcH T 5 SEMBEEER T, vV hOBENAF
2aTRAOaE = —JEENFEL TORLESICIED SN
9, 3u=-FEROENICED St (Fig. 4B-E). 47356
B, Bl—D 1A=y b EizBOTY, MEDSHOEREIC
XoTY ) HOBEOHHANERLE S I EAEREL TV S,
DT &, MlEEsticks v ) AOBEL I TRIBATEY
WIEAERLTWVAS,

iz, A 72332 OffaNO pH FHEREEIC L ->T, v
U A AT B EfEEMEIC > W TER T 5. P-31 DOERESILE
# ('P-PNR) i2 & » T, 4 F2 33X ORER pH AL O
BEhugfeEThd - Th, HT AL T, Hicklamn
% pH 6.8-7.0 ICFHELEL TWAB I &%, Enamietal. (1986)
WAL 72, COBBER R LTV AR EDICA T2 a3 2 3K
ROBHEET CORBEMNICERTE3ELEZ LTV
(GHh - MR, 199D, CoREEED 12, 1 F2a T4 F
o= —%ER EiIck T, FEHOBEICHL T pH OF
BAFIEEIL, 370 LNV TYY HOBREAELS
T, ZOBRVIVABUETEEEIOSNS. COMERHIE
ROMFIC L > THHHahsd, BliLRcBI5s 4D
BRREAATHALE, VU HiddEicb~Trrs )
(>pH 9) CEEMEFEIR (pH 1~3) O 5N LDELET S

n

The morphological change of the colony depends on sulfur and silica concentrations.

Number is developing stage. S:

(Alexander et al., 1954 ; #8%%, 1956 ; Tarutani, 1989).
7o, BUAHEO 304 Koy by A4 A v AU TES
CETAHEEE T LA ) IR TIEE ICE Y (87,
1956 ; Iler, 1979 ; Tarutani, 1989).

HIERD S O 74 ppm (Table 1) 2 fth D B4R R
(87, 1963 ; Langmuir, 1997) &HESLTH 2 &, —#ic
BEIFN D 2 DIERBAFNTIE > TV B E S T X730,
Lirl, COBRAEMTH-ELTH FdoER» 1
FAaTAFIn=—EKICE - T, ¥ HEHEEEECh
SHLDILTRRETHEEBLONS.

3. BABEERINOCMEMERERNDERH

3-1. 3Io0=—REOFAILEL > U hD#ERE

A F7Fragxdan=—DNEIR, BHHLVEREVER
=29 (Fig. 2A-1, 2). £/, BAREEER CEKaINI-o
o=—0—-FanERcEsHELALNS (Fig.5D). <
D& D 1ERS 3] S OB TRBIEESE DN, s oo
T A VDB LI EEZ SND, FOBHRE LTI, BAK
DIHDNE - “FLRZEOARE, HDVIE, FROKHD
RFEANE - KBEAENEZ o0 B. F12, ) HOREHMIEL
KT EIFDIL, 472334 OHEIANRSBTE L -
iR EOEBHMAEZL 5N S, Heim et al. (1994) REESR
2L TWwAMERIZ, Gfp (green fluorescent protein) DJERL
mFEE L T, MEEENMEC B EMETH 5 EWMELT
W3, UL, Sternberg et al. (1999) 3 Gfp DIIKICHE
REFEZBEL T, RGED 1B UTOBETIZ s, 20
EREEES NSV ERNT WS, F£7, Gfp AHEERES
YRF LT, N7 F)TO 30 —oduMETIcBWTKE
NEHIREE L, 2 OFADBHEAEPHELY D3 0= —DAR/N
TIFEL, NI F Y TOEHEBED O OKEFOWET
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HBrE, HORWELTVWS, ThoOWRELZES S L,
{1 Faraax0an=—-OFFCLD, 20=—RNHEOAFK
HALAZAE L T, MlERIET 52 & T pH BBFRICEL &

v, YU HOEREMILER LGS EEZ SN
5. ZNFT IR VMBI G A2 ) B OO KIEHE
WZ itk » T s s (Mizutani, 1970,

3-2. pHABLI-EETOAF213IT4230=—0DFE

|5

pH 2.7 IR L 7 AR RERICBVWT, 41 723343
2P HEFZBL TS 30 = —ZERETITHH L Thioh,
ZDAF2aT 20, $50um OX7 FY TOIR = —
Bt iceak s e (Fig. 7B, RHD. T/, MMIEEEEE
HEERK (pH 1Y) 2ZF0F IBHEHIC L bDITENT
B -z (Fig. 8). T3, pH FAFICA L 72EKES TR
RELESEDY, oy ) 7o RE, oty s oftadic
LT, 41 F2aTAOREEESENT, 2o=—2Ek
Liddpotctzb EEZ SN D, RERET/ X7 57 1) 7 OB
B, v A EBEEIICHEHEXNK W EBirnbaum and
Wireman (1985) 3G L TV 40, KEBRELTOV ) A
DB - 72 C & SEEFHEENGE L 15 - ERO—D & &
Zohb,

Urrutia and Beveridge (1993) (3#Ea% {30 L T,
pH 55 OEBT T3 37 7Y 7THEEE % LIcAE & T hid,
MHERH T Ty A 2SO TFPEREL SV & 2RI
RLTWE, Fi, HEEDEEHIEOV S AEHME L pH 2
THWEYERH»P L E»ICIEICHEET 5 T &£ % Marshall
(1967) (F7RL, BEHESEVWLDIE, TOEREICH VEF L
HLrEATORBLOINL, BENBEOL DT I/ ED
BATWBIELEREL, TOIEEAFTLITAILHT
BHTHBE, pH LT THEELbOFMIERC Y ¥ /&%
&%, RABAVPEICHELTEY, 2L --Tao=—
TER S v ) /1 DRES K URER(L pH 27 @ & D & 0 (2t
L1cdBEABEBTES.

4. LU NOEKFYILIER & EEL

AHFFTIC L - T, Fig. 9ITRd oI, @t Ticki) 5
FRE S A 2y PR THEMIEEES T2 o403 0 =~
FERGITRE S & ) A OB BBREAHE S )T s o o, RN
14 <y bHRO I = =% L TORVHEFTTE, SEE
Ay & BRI b T WA (Fig. 9-1). £ Tld,
Jo=—EROMBEERI, YU ADRBEBENSAD
(Fig. 9-2), ZOao=—MRELMLBICONT, HAHZEH
UTWihao=—3REICHE->TL 5 (Fig. 9-3). =L
T, 30=—DBEERLTEENSGL BERBTE, ThdK
X AN - TRENICHE b Rl L, s a0 7
WhES - TEMRICIE B (Fig. 9-4). $7z, WHE LT3R
AL, THNICE-> TEEIIBLUP S Fe OnHHEE
BiRL, JERE YY) H B EERE L5 (Fig. 9-5). Z0D%
E5iC, TOFERMERY, 7 ) X b3 4 b OGRS
LT < (Fig. 9-6).

TOXHBMAEYO a0 ==k E v B OEEFYMIE
FIcBEd 251713, HEHBYOEEL L L URERIER%

2000—9

EZZLETEDLDTEETHD, KH v 7 ) THRICBIT S
F v — MURE S N TV BRI SR ORI A LD AR
BLUOBBENEREECCOHSEEEZONS, T, Abf
FEER AN E X TV B & i, BhiciEshTw i3S
L) HORBIIBES N TV AEAICE L TENBIERE S
A1,

ES & o]

AWFEIC & v, BREBEEERESOBIER GUER
ICB BTN A=y T, BHEAEES Faa o
(Cyanidium caldarium) ® 30 =—JERKICES ¥ Y A5
DEFGRESRETE N, BESA A<y bhoA F2ad
Aid, pH2 P FTav=—%ElkL, ZOBEENEG K5I
SNTHIIKE N CHIEESERL, 7907 4 LEKST
FEHICs B, F1, O30 = —TEROMEITICEY, ke
EHOAERSE D, YV ANBEELT, £0v ) AIEdE
EEPS 7Y R RNT A P ANEERESED, S5, 2
O AREEOLEER ), S, pH - KEFH - v ) 7 EBE -
TENHEREEE - fho A & ot OB LT, 172
aTADaI 0= —ERIIAE BRI, V) A DAL
YU ERICEESEE AR LTV EEEA LN 5.

E il i

HARTR AR O WIERE 2 E i i ICP-MS a7 T8
IR 72, F/, RFRATS CHic, HIBFRED
Bed - SEEOERRICHE - EROMIBLUZOBEEL
ferZwic, P bkoF 2B HLE L B A, 1B, KK
O—Ei I SCERERFHIFTERBS (B B) (RFEE, HIn
VLD MER S .

X ik
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AR ko, BRAEBREEREEORERER (FRR KB skgE M+ <y tihT, B
HHROAL AR A 72 2 T £ (Cyanidium caldarium) O 3 v = —JERICPES v Y A YO A GEE
PRI En, BNt <y ROA F1 3T 203, pH2L FTao=—ERETH, £0
BEXEZL BRI ONTHIICE N AMIBEATLEL, 7007 c VvAEE->TEBICK S, £
7z, @3 o= —JEROETICEY, MECHABY BRI EC Y, v ANBEIhT, 20
YUARIEREN ST ) R bS5 A P ANEERSED. X5, 2 O HARREEO IKER
M5, pH - KER - v ) 1 BE - HESEMEEE - thofEy E OREDHEICX>T, 172
TR0 =—RIRKESEELZY, V) HOEKREYHERICERSEIER/ LT
EEFBAON5,
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