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Silica scale, one of the major problems for geothermal power development, was formed on 
the copper test plates in geothermal hot water (85±2 'C, pH 7.:3). Numerous bacterial shaped 
structures were observed and mixed bacterial population of genomic DNA was stably extracted 
from t.hi" silir.a sr.<lle. Tlw amOllnt. of silica scale "mel extracted DNA inrreased exponentially 
"With the time of incubation in the geol.herrnal hot walpf. The molecular phyogenetic surve.y of 
extremely thermophilic bacterial diversit.ies in silica scale was carried out by using the 
PeR-mediated small subunit rRKA gene (rONA) sequencing. The community was composed 
mainly of three phylogenetic types in domain Bacteria. Cluster I was affiliat.ed \vith the 
Aquillcalcs and cluster II was closely related to the genus Thennus. Clust.er III \vas homologlls 
\vith Gram-positive anaerobic thermophilic bacteria. These bac:lerial communities may possibly 
contribut.e to the rapid aggregation of silica. 

INTRODUCTION 

Silicon is the second most abundant element in the earth's crust, which interacts ,""ith 
living organisms in geothermal wat.er environments. The microbial presence of 
biogcological edifices coated with amorphous silica has been observed in geothermal and 
hydrothermal environments (Cook et al.,}995; Ferris el al., 1986; Zuerenberg et al., 
HH)O). The type of microorganism involved in the mechanisms of the siliceous 
biom..ineralization, however, have remained poorly lU1derstood. 

TVole sho\,i' here the microbial participation in t.he format.ion of silica scale in 
Otake-geothermal power plant, Oita Prefecture, Japan, and its molecular vie' .... of 
extremely thermophilic bacterial diversity. The silica scale formed on the surface of 
equipment. and in pipelines of geothermal pmver plant.s present.s serious economic 
problems, related to efficient of energy produclion (Fig. 1) (Yanagase et ai, 1970), The 
main object.ive of the present study was t.o analysis the microbial diversity based on t.he 
small subunit rRNA gene (rDNA) (Oyaizu 1992). Recent molecular phylogenetic study 
using the rDNA have indicated that the microbial diversity in variet.y of environment.s is 
IllllLh greater thall previoLlsly assumed by the standard cultivation and isolation methods 
(Barns et al., 1990). This research may contribute not only t.o the clarification of siliceous 
biomineralization in thermal systems but also to the regulat.ion of silica scale formation in 
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Fig. 1. Occurrence of (';ilica scale deposited on th e ~urj'ace in a pipeline. 

geothemlcu electric power plants. 

MATERIALS AN D METHOD 

Sampling of silica scale 
Research on sil ica seale form ation was carried out at the Otakc-geothermal pu\ver 

plant, Kusu cOImlry , in Oita Prefecture, Kyushn, Japan (Yokoyama et aL, 1993). Thin 
copper plates were immersed in the aging tank (85 ± 2"C, pH 7,2) , from September to 
December, 1995. The hol wat.er was injected into the aging tank at the flow rate of 350 
tons per hour and was passed through tile aging tank for I h. The si lica scale formed on 
the surfaee of copper plates .. vere gently removed from the lank, and then were frozen 
immediately in liquid tlitrogen prior to storage at -20 'C. 

Microscopy 
Scanning e lectron microscopy (SErv1) was carried oU{; us ing an electron probe 

microscopical analyzer (ErMA; JEOL .IXA-733). Silica scales were freeze- dried 
overnight (fr eeze dryer FDU-810; Tokyo Ricakikl Co., Tokyo, Japan) and t.hcn viewed 
with EPMA. For transmission electron microscopy (TEM) , approximately 1 g of frozen 
silica scale was suspended directly in 1 ml of deionized distilled water. This suspension 
was negative- stained and observed using TEM (JEM 2000EX). 

Extraction and purification of DNA from silica scale 
Genomic DNA was extrac ted from the frozen sitka ~ r:alc using the lysozyme and 

freeze-thaw method (Tsai at at ., 1991 ). hilt with the following modifications: I g (wet 
we.igh t.) of fr07.en siliea scale was gell t.iy raked oJf the copper pla te and crushed using a 
stcrilizp.d porcelain mortar. Five cycles of freezing in a - 80 3 C deep freezer for 30 min ann 
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thawing in a 65 QC water bath [or 15 min were run to release genomic DKA from bacterial 
cells present in the silica scale. After phenol-chloroform extrac t.ion and ethanol 
precipitation (Sambrook et al., 1989), pellets of DNA were suspended in I ml of TE buffer 
(lO mM Tris- HC1, 1.0mM EDTA, pH 8.0) and then purified wit.h QIAUEN-tip (D1AGEK 
GmbH, Q1AGEN Inc.) following the manulacturer 's instructions. 

peR amplification and cloning of 168 rDNA. 
Partial 16S rDNA segments were amplified by peR, using primers .. vhich eorresponcl 

1.0 lLucleotide positions 1101 to 111 5 of ft"'schen:chia. coli 168 rHNA (fonvard primer: 5'­
A.ACGAGCGMRA(;(;(; - 3') and to the complement of positions 1392 to 1407 (rcverse 
prime r: 5'- GACGGGCGCTGTGTRC - 3') (where R represent /\ or G and M represents A 
or C) (Oyaizu 1092) . 

The DNA mainly used for this examinat ion was extracted from deposit.s whidl formed 
while the pla te was in the tank for 40 days. The 100 }1.1 of amplification reaction mixture 
c:ontaincd O.l }.<g of DNA, 101"1 of lOX reaction buffer (500m:'l KCI; 100mM Tris- Hel, pH 
9.0 ; 1% Triton X-1 00), 1.5mM MgC]', O.2mM of each dATI" dCTP, dGTP, and dTTP, 
1 mM of each primer , and 5 U of Taq polymerase. The reaction mi..xture \vas incubated in 
a DNA Thermal Cy<:ier (Astce Co.) for 1 min at \J6 ' C, and then subjected to 25 ampli · 
fIcation cycles of 30 s at !J6 'C, 15 s at 58 'C and 72 T for 4 min. The amplified fragments 
were gel-purified on 1% agarose gels, blunted using a DNA Blunting Kit (Takara Shuzo 
Co.), and inserted into pUCI19 digested with Sma I, using a DNA Ligation Kit Ver. 2 
(Takara Shu?o Co.). Partial 168 rONA sequences of random ly seleeted clones were 
sequenced using a Sequencing PRO Autosequencer Core Kit (Toyoba Co.) and a DNA 
sequencer (D::)Q- 500; Shimadzu Co.) in acconlancc v...1th the manufacturer's directi on~. 

Phylogenetic analysis 
The homologous sequences of 16S rDNA, 275 bp corresponding to position 1116 1.0 

139 1 of E . coli sequence, were scanned using the data registered in GenBank by the 
DNASrS program vcr.3.5. Comparisons of t he sequence with GenBank and t~\1BL 
data-bases were made using the BLAST network scrvi(',p' (A lt.schul el aL, 1990). A 
softwarc package. ODEN ver. 1.1.1. (National Institute of Geneties, Mishima, Japan) was 
used to generate t.he evolutionary distanee and to reconstruet. a phylogenetic t.ree based 
on the unweighterl pair-group method with arithmetic mean (UPGMA) from distance 
values (Kimura !DBO). 

Nucleotide sequence accession numbers 
The sequences reported herein have been rleposited in the EMBL, GenBank and 

DDBJ databases under accession numbers ABOOO6B4- AB000691, AB000692- AB000696 
and ABO(}0697- AB000698 corresponding to t.he sequences of cluster I, IT and m 
respectively. 

RES ULTS A'ID DISCUSSION 

Chemical properties of geothermal water and silica scaJe 
The concentration of total silicic acid in geothermal water was about 71 0 ppm at inle t 
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Fig. 2. Photograph of the silica scale formed 
on lite copper plate for 4U days ill geot* 
herm::tl hOl 'Nater at 85± 2 ·C, pH 7.2. 

point in aging tank, which was supersaturat.ed VIoi th silicic acid (ller 1979). Fig. 2 shows 
the silica scale sample formed on the copper plate for 40 days. Mineralogical analysis of 
the silica scale showed that. the predomin::l.nt mat.erial was 90.3% of amorphous silica and 
the t.race amount of Al (0.75%) and Fe(O.27%) was also detected. 

Microscopic observations 
The dendritic, tube shaped st.nlctures were found in phol.omicroscopic observations 

of polished thin section of silica scale, preliminary ( Fig. :JA). We assumed that these 
clendriLiI: structures were derived form the bacteria covered with amorpholls silica. The 
ERMA observations revealed t.ha t the s ilica scale formed on t.he coppcr p late was 
composed of aecurnulations of spherieal amorphous silicate particles and numero us 
tube-shaped structures (r'ig. :lB). The EPMA signals from the si lica scalc indicated 
almost total silicon. These Lube- shaped materials were l - l O)tm long and O. 5-5~m wide. 
The bacteria- like structures are probably [urmed by the attachment of silica grains to the 
surface of bacteria. Small spherical particles of amorphous silica ,,,ere also present in tlLC 

silica scale. 
For purposes of confirmation, TEM observation of negaUveiy sta ined preparations 

was also performed . Indeed, rod- shaped bacteria were detected in Ule supernatant of the 
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Fig. 3. (A) Phot,nlllk rograph oj" a polished lhi n s~ction of silica seale. Hactcr ia-)ike de ndriUl: 
struct. ures were ohs~r\' ed. (U) l!: PA-IA micrograph of s ilica scale showing rod-shaped 
bact.e l'ia· lik t=! £.I tIlK:turCS of amorpJlOus sil ica. 

suspension of silica scale pla(:ed in distilled wat.er (data not. ~hown). 

Relationship between silica scale formation and extracted DNA amount 
Mixed bact.e rial population of DNA could be constantly and stably extraeted form the 

silica scale, direcUy. Fig. 4 shows change in volmne of silica scale fo rmed on one copper 
plate and the amount of mixed genomic DNA from the same sample. The volume of silica 
exponentially increased \vith the Lime of incubation. The amounts of ext racted DNA 
paralleled the rate of increase of scale formation. 

Scale volume and DNA ext.racts were decreased by increasing the temperature from 
85 "'C to 95 "'C. At 85 "'C, the average concentration of extracted DNA was approximately 
7.51'g per I g of silka seale, whereas a t 95 'C, it W <lS half or less and the rate of fonnation 
of silica scale was also half to one-tJlird lower than at 85 ·C. We therefore estimated that 
the population of living bacteria in the hot water contribut.e to the rate of silica scale 
fonnation. 

Characterization of bacterial rDNA compositions r ecovered from silica scaJe 
Jl:licrobial populatjon in the silica scale was composed of three types (clusters J, li and 

ffi ) in domain Racleria (\'1oese et cd., 1990) by PCR- lIIadiated rONA composition using 
universal prim ers for par t.ial rDNA (Fig. 5). The clones of PCR products from the 
env"i ronmcntal salI1ple sometime contaminate no environmental DNA (Tanner et (Ll., 



314 F. h Ulgaki et al 

80 700 

70 / 600 

co - 60 

t SOD ;,-

50 
51 

" ~ '" 400 

J 
a 

40 ~ 

300 e z ~ 

30 ;,-'5 
i 'i? 

200 e 
"ll 20 
~ 

10 100 
,/ 

0 0 
0 10 20 30 40 50 60 70 80 

TImt>(Days) 

Fig. 4. Wt>ight varjation in siliceolls df>posits (.6) formed 011 OI1t~ copper 
pla t.e and t he amollnt of hulk DNA (0) ex l.rac: l.ed from the deposit, 
Averag~s of :3 samples at eadl incubation tim e are giVPIl with 
c<=licuiations of st.anrlan l (Ieviations. 

1998), but all sequences of clones in this study .. vere derived from extremely t h p-rmophilic 
bacteria . A1Y;haea or l::ucaTYo. were never detected. 

Cluster r consi ~ting of 8 clones was closely related lo tlH~ obligatory ch emoautotrophic 
hydrogen- oxidizing baeterium Hydroge'"tw bacle-r lherm.ophil1.L8 isolated form Japan or it.s 
close rdative Aqu'ife:t: pyrophilus ( l'i tuUe el aL , 1994). These clones sequences had a 
98-100% similarity 

Cluster IT , consisting of 15 clolles, was the dominant spicces in the silica scale. These 
sequences affiliated with the phylogenetic tree of genus Therrnus. Among Therm:us 
isolates, lhere arc geographic grouping in the phylog~netic t ree of 16S rDNA analysis 
(Saul el at., 1993). All sequences were grouped in the group of Japanese isolates and 
close ly related to T. lhennophi lu.s v,ri th 98.7% similarity. 

Cluste r m was minor composi t ion in the population of silica sca le . The d oned 
sequences of 2 clones \vere h omologous with those of anaerobic thermoph ilic 
Gram-positive bacLe ria. These organisms are extremely Lhel1nophilic, non-spa re- forming 
and polysaccharolytie (Rainey et al ., 1093). However , the sequences of these c1ulle~ 
seem to have litt le similarit.y (8:3%). 

Distributio n of d usters I, II and ill among the 25 clones analyzed ",{as 8: ]5:2. None of 
t.hese clones correspond to the sequences previously reported. It was suggested that the 
bacterial communi ty in L.hc sjJica scale formed at 85 °C was dominantly comprised of 
autot.rop hic hydrogen- oxidizing bacteria 3Jl cl heteroLrophic bacteria of the genu~ 
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Fig. 5. Phylogenetic. l rl'?e of domain Bru:leriu and I.hrel-' clusters of thermophilic bacterial com­
munity dete(:T,pc1 from t.he silica scale by analysis of 168 rDNA sequences 

The1'm,})s. Chemoautotrophic hyd rogen-oxidizing bacteria (cluster 1) may have a 
significant role not only as nutrient donors for heterotrophic: bacteria as Thennus but 
also as substrate for silica aggregation at the initiation of formation. Tn many natural and 
manmade thermal systems! Therm:us strains (cluster II) are the most common aerobic 
heterot.roph (St rame r et at., 1981 ; Marteinsson el aI., 1995). However, there is no 
evidence that the ratio of dusters I, n and III indicat.es pxactly those phylotypes in the 
silica scale. 
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