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ABSTRACT

An aragonite travertine at Nagano-yu hot spring, SW Japan, exhibits clear

sub-millimeter-order lamination that resembles ancient ministromatolites. Thirty-three hours of

continuous observation showed that the lamination is formed daily with no changes in

physicochemical properties except light intensity. Phylotype analysis and fluorescence in situ

hybridization indicate that Hydrogenophaga sp. is dominant and concentrated in diurnal layers

containing abundant extracellular polymeric substances. Growth of Hydrogenophaga sp. is

activated in the daytime, likely due to extracellular polymeric substance production by

cyanobacterial photosynthesis. Daytime development of Hydrogenophaga-dominant biofilms,

and the concurrent inhibiting effect on aragonite precipitation, explains the daily lamination

observed.
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INTRODUCTION

Stromatolites, macroscopically laminated benthic microbial deposit (Riding 2000), form the

most reliable evidence of early life on the Earth (Allwood et al. 2006). These microbial deposits

potentially hold information on the early biosphere and environments. The textural and compositional

features of fossil stromatolites, however, are insufficient to understand their formation processes

(Grotzinger and Rothman 1996; Riding 2000; Sumner and Grotzinger 2004).

Indeed, the study of stromatolites in modern marine settings, such as the Bahama platform

(Reid et al. 1995; Reid et al. 2000) or Shark Bay (e.g. Reid et al. 2003; Burns et al. 2004), is

commonly considered to provide crucial information on geomicrobiological processes that may have

operated also in their fossil counterparts. One early model of lamina formation in modern marine

stromatolites was proposed by Monty (1965, 1979). He suggested that in Andros Island tidal flat

stromatolites lamination forms daily and is related to the phototaxic behavior of filamentous

cyanobacteria growing rapidly and trapping suspended sediment grains during the daytime.

Alternatively, lamination may reflect cyclic changes in the composition of the cyanobacterial

community (Monty 1976). Golubic and Browne (1996) observed that the multitrichome

cyanobacterial genus Schizothrix in subtidal stromatolites changes its growth orientation dependend

on the burial by sediment. Recent investigations of similar particle-rich marine stromatolites suggest

that lamination may result from a dynamic balance between carbonate particle trapping by

cyanobacteria and intermittent lithification by sulfate reduction of bacteria in the biofilm (Visscher et



al. 1998; Reid et al. 2000; Andres et al. 2006).

These processes observed in modern marine stromatolites cannot be directly applied to

Precambrian stromatolites, because trapping and binding of detrital particles was only a subordinate

factor in their formation (Altermann 2008). Rather, they exhibit in situ mineral precipitation

(Grotzinger and Knoll 1999). Consequently, stromatolites consisting of in situ precipitated minerals,

such as silica sinters in Iceland and New Zealand (Konhauser et al. 2001; Jones et al. 2005b) and

lithified microbial mats of saline lakes and lagoons (e.g., Vasconcelos et al. 2006) may represent

closer analogs. The formation of distinct diurnal couplets of light and dark laminae by in situ

precipitation, however, is best observed in travertines.

Travertines form in thermal spring waters containing high concentrations of calcium ions

and carbon dioxide (CO,) species. CO, outgases rapidly from the hot spring water because of the

disequilibrium with the atmosphere, thereby inducing supersaturation of calcium carbonate minerals

(Kitano 1963). Alternative definitions of the term travertine include thermal as well as karstwater

spring deposits (e.g. Julia 1983, Pentecost 2005). In this paper, we confine the term travertine to

carbonate precipitates from hot spring water, as opposed to "tufa" which is formed in water of ambient

temperature (Ford and Pedley 1996). A further distinct difference between the travertines and the tufas

appears are the precipitation rates: Travertines grow very quickly (several 10s cm/year; Takashima

and Kano 2008), one or two order faster than tufas (several mm/year; Kano et al. 2003).

The laminated travertines reported from central Italy (e.g. Chafetz and Folk 1984), Iceland

(Jones et al. 2005a), and Japan (Takashima and Kano 2008) commonly consist of dendritic calcite



crystals (dendrite; Jones et al. 2005a) intercalated with bands of microcrystalline components. The

processes of such daily lamination have been interpreted in relation to microbial activities that

induced calcite precipitation (Folk et al. 1985) or left organic fabrics (Guo and Riding 1992). The

details of the process forming lamination was recently shown for a calcite travertine in southwestern

Japan, in which the bands were formed around sunset when cyanobacteria formed glutinous biofilm

on the surface as a response to decreased light intensity (Takashima and Kano 2008).

In contrast to calcite travertines, aragonite travertines have been studied focusing on

mineralogical change and geochemistry (Fouke et al. 2000; Renaut and Jones 1997), but less

intensively with respect to microbial communities and their effect on precipitation and fabric

formation. Lamination is also common in aragonite travertines, but its microtextures differ from those

of calcite laminated travertines (e.g., Kano et al. 2006). In this study we focus on an aragonitic

travertine at Nagano-yu hot spring in Qita Prefecture, southwest Japan. The purpose of this study is to

elucidate the mechanisms of lamina formation in this aragonite travertine, and to discuss this

travertine type as a modern analog for ancient ministromatolites (e.g. Seong-Joo and Golubic 1999).

MATERIALS AND METHODS

Geological Setting and Study Site

Nagano-yu hot spring is located in Oita Prefecture, SW Japan (Figure 1a). A number of hot

spring facilities in the Nagayu area are aligned along the Seri River, roughly corresponding to the

Oita-Kumamoto tectonic line (Figure 1a). Spring water is discharged from depths of 50-250 m, where



the aquifer of weathered rhyolite is sealed by thick welded tuff of the Aso volcano (Figures 1a and 1b).
This cap rock contributes to maintaining intermediate temperatures (~43°C) and a high partial
pressure of carbon dioxide (PCO, ~800 matm at vent; Kano et al. 2006). Isotopic studies indicated
that the hot spring water in this area is meteoric in origin (Yamada et al. 2005), and that heat and CO,
came from active Kuju volcanoes located 10 km northwest of Nagayu (Iwakura et al. 2000). The
bedrock in this area consists of volcanic rocks lacking calcareous rocks (Figure 1b). This setting
differs from other travertine sites with calcareous bedrock, such as Mammoth hot spring at
Yellowstone National Park, USA (Sorey and Colvard 1997), Matlock Bath in the UK (Pentecost 1999)
and Egerszalok in Hungary (Kele et al. 2008).

The appearance and texture of travertines in this area vary between the different spring sites
dependent on hydrological and physicochemical conditions, as well as microbial associations (Kano et
al. 2006). We investigated a travertine at Nagano-yu (Figure 1a; 33°04° N, 131°22’ E), which forms
the largest mound in the area and exhibits distinct alternating laminae. It is located along a steep (30°),
30-m-long water passage beside the Seri River (Figures 1c and 2a). The water flowing on the mound
has a neutral pH and is enriched with cations (Na*, K*, Mg*" and Ca?"), anions (SO, CI" and HCO3),
and dissolved CO, (Kano et al. 2006). The appearance of the travertines is variable depending on flow
conditions. At high flow passages, they are hard and light yellow in color. At adjacent low flow sites,
thick microbial mats of dark green color leave loosely consolidated deposits (Figure 2b). The rapid
growth rate of the travertines shifts water passage on the mound within several months, and can

change mound configurations.



Analytical Methods

To trace the cyclic laminae formation at the study site, 33 h of observation were performed
from 13:30 on 23 April to 22:30 on 24 April 2006 at the center of the travertine mound (sampling
point; Figure 1c). Samples of water and well-consolidated travertine were collected every 1.5 h and 3
h, respectively. The series of travertine samples were carefully collected with a chisel from the surface
of 20 x 20 cm? covered with the same hydrological conditions. Water samples were collected from the
same point immediately above the travertine sampling area. Water and air temperatures, pH of the
flowing water, and light intensity were also measured every 1.5 h. Additional travertine samples were
collected on 10 November 2007 for fluorescence in situ hybridization (FISH), 10 June 2008, and 30
May 2009 for genetic analysis near the sampling point. The texture of these samples was identical to
that of the samples of April 2006.
Water Analysis

The water sampling and analysis were conducted following the same procedures of
Takashima and Kano (2008). The cations (Ca*", Mg, Na*, K*) were measured by atomic absorption,
while the anions (CI, NOgz, SO4*) were measured by ion-chromatography within 3 days after the
sampling. Alkalinity was immediately measured by titration with 0.05 N H,SO, (Bromocresol
Green-Methyl Red method) after sampling (within 30 min.). PCO, and saturation index for aragonite
(Sla) were calculated using the equations of Plummer and Bosenberg (1982). Inorganic precipitation
of carbonate mineral (PWP-rate; Plummer et al. 1978) was also calculated with the equations revised

by Dreybrodt and Buhman (1991) and is expressed as a surface-controlled rate (mol/cm?/s").
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Fig. 1. Okumura et al.




Textural Observation

Sediment samples (50 cm®) were taken from the travertine surface. Thin sections were made
from the samples, which were pre-treated by three methods. (1) For textural observation, samples
were dried at room temperature for several days and hardened with 50% ethanol-diluted epoxy resin
(Maruto Instrument Co., Tokyo, Japan). Eleven sequenced samples collected during continuous
observation were treated by this method. (2) To observe the association between cyanobacteria and
aragonite crystals, samples were first soaked in 4% formaldehyde-phosphate-buffer-solution (PBS)
twice for 24 h, and were then fixed in 50% ethanol-PBS to avoid destruction of bacterial cells and
organic texture. To increase contrast of carbonate minerals in fluorescence microscopy, samples were
stained with calcein. The fixed samples were stained in calcein solution (calcein saturated in 50%
ethanol) for 30 min, and embedded with LR White resin (London Resin Co., Basingstoke, UK). Three
samples collected in December 2007 were treated with this method; two thin sections were made from
each sample. (3) To show extracellular polymeric substances (EPS) consisting of carbohydrates,
proteins and acidic sugars (Sutherland 1990) in sections, samples were stained with toluidine blue O.
Samples were fixed as in the above method, and stained in solution (7.3 g/L toluidine blue O, 2.3 g/L
fuchsin in 30% ethanol) at least 30 min., washed with distilled water and then with 99% ethanol, and
embedded with LR White resin. Five samples collected in 2007 were treated with this method; two
thin sections were made from each sample. The samples were sliced perpendicular to the lamination
and observed with optical and fluorescence microscopes.

Three-dimensional fabrics of the sediment samples were observed with a scanning electron



microscope (SEM; JOEL JXA-8200). The samples were etched by ethylene-di-amine-tetra-acetic acid

(EDTA) and dried at room temperature before observation.

Fig. 2. Okumura et al.

Genomic Analysis

To identify prokaryotic taxa that potentially influence lamina formation, 16S rRNA gene

sequencing was performed on clones retrieved from bulk DNA extracts of travertine samples. For

genomic analysis, the samples from the travertine surface were collected in the daytime, immediately

soaked into 99% ethanol and kept cool (~4°C) during the transportation. Approximately 200 mg of the

uppermost sample layers (~5-mm depth) were scraped with a dental drill and decalcified overnight
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with 0.5 M EDTA 2Na (pH = 8). The solution was changed several times. The cell pellet was then

collected by centrifuge and cleaned with sterilized distilled water.

Total DNAs were extracted with the QlAamp® DNA Micro Kit (QIAGEN, Hilden,

Germany). Near-full-length sequences (~1400 bp) of the 16S rDNA gene were amplified by

polymerase chain reaction (PCR) with the bacteria-specific 27F forward primer

(5-AGAGTTTGATCCTGGCTCAG-3") and the universal 1492R  reverse  primer

(5>-GGTTACCTTGTTACGACTT-3") (DeLong 1992). The amplification was performed with a

thermal cycler (TakKaRa Bio Inc., Otsu, Japan) for 30 cycles. One cycle consisted of 96°C for 3 min,

94°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min with pre-heating at 96°C for 3 min and

post-extension at 72°C for 1 min.

The amplification products were confirmed by electrophoresis (on 1.5% agarose gel, 100 V,

30 min), and subcloned using the TOPO TA Cloning Kit (Invitrogen Corp., San Diego, California,

USA) into the PCR 2.1 TOPO-vector, and then transformed into the TOP 10F’ strain of E. coli.

Positive colonies were selected and screened for the correct product insert. After initial screening, the

PCR products from each clone were sequenced. They were enzymatically purified (PCR Product

Pre-Sequencing Kit, USB Corp., Cleveland, Ohio, USA) and direct sequencing was carried out using

a Dye Terminator Cycle Sequencing Kit (Beckman Coluter Inc., Fullerton, California, USA),

according to the manufacturer’s protocol. Cycle sequencing consisted of 30 cycles of 96°C for 30 sec,

60°C for 45 sec, and 72°C for 45 sec with pre-heating at 96°C for 1 min and post-extension at 72°C for

5 min. Capillary sequencing was conducted using the CEQ2000XL DNA Sequencer (Beckman

11



Coulter Inc.) and data were analyzed using CEQ software, Sequence Analysis ver. 2 (Beckman

Coulter Inc.). Alignment of the sequence data was manually performed using MEGA 4.02 software

(Tamura et al. 2007). M13F (5’-GTAAAACGACGGCCAG-3?) and M13R

(5’-CAGGAAACAGCTATGAC-3") primers were used for sequences to obtain ~450 bp from the 27F

primer in one strand.

Sequence similarity was determined by the Basic Local Alignment Search Tool (BLAST;

Altschul et al. 1997) on the National Center for Biotechnology Information (NCBI) website

(http://mww.ncbi.nlm.nih.gov/blast). The resulting 105 sequences were grouped into operational

taxonomic units (OTU) on the basis of a nucleotide similarity > 98%. Representative sequences for

each common OTU (including more than three sequences) were further sequenced with two

bacteria-specific primers, 357F (5’-CTCCTACGGGAGGAGCAG-3%) and 1100R

(5’-GGGTTGCGCTCGTTG-3") (Lane 1991) to obtain near-full-length sequences (~1400 bp).

Chimera sequences were checked with the program CHIMERA CHECK at the RDP 1l (Cole et al.

2003) and Bellerophon Server (Hugenholtz and Huber 2003). The 16S rRNA gene sequences

obtained in this study were registered in the DNA Data Bank of Japan (DDBJ; GenBank accession

Nos. AB518478 to AB518482 and AB548033 to AB548045).

Fluorescence in situ hybridization (FISH)

FISH is a widely used technique that permits the identification and quantification of a

specific bacterial group (Amann et al. 1995). We applied this method to the travertine using the

catalyze reporter deposition FISH (CARD-FISH) protocol proposed by Shiraishi et al. (2008) for tufa,

12



the freshwater stromatolite developed in karst creeks. The protocol was applied to paraffin sections of
the travertines, as described below.

Paraffin section. Each 1-cm® travertine sample was decalcified overnight with 20%
Formical-2000 (Decal Chemical, New York, USA) and embedded in paraffin following the
procedures of Hoffmann et al. (2003). The samples were gradually dehydrated with 30%, 50%, 70%,
85% and 90% ethanol for 1 h each, and were finally soaked in 99% ethanol. Dehydrated samples were
soaked in xylol for 2 h and embedded in paraffin at 60°C. They were then consolidated at -6°C and cut
into 5-um-thick sections by microtome. Paraffin sections were mounted on silane-coated slides and
the paraffin was removed by rinsing with xylol twice for 15 min, then hydrated in 99%, 90%, 70%
and 50% ethanol and distilled water for 2 min.

Hybridization and observation. Fluorescence signals of conventional FISH are often too
weak to obtain clear images, and therefore should be intensified by CARD-FISH using tyramide
signal amplification (TSA), which allows 10- to 20-fold amplification of the FISH signal (Schénhuber
et al. 1997). Following the protocol of Shiraishi et al. (2008), we used oligonucleotide probes
targeting S-Proteobacteria (5’-GCCTTCCCACTTCGTTT-3’) labeled by horseradish peroxidase. The
hybridized samples were enclosed in mounting media containing DAPI (4,
6’-diamidino-2-phenylindole; Merck, Darmstadt, Germany) to estimate the ratio of the targeted
bacteria to all microbial cells, and observed with a Zeiss 510 Meta confocal laser scanning
microscope (CLSM). Areal counts of the probe signals were measured with Image-Pro Plus version
5.1 software (Media Cybernetics, Inc., Georgia, USA).

13



RESULTS

Texture of the Aragonite Travertine

The lamination in the sample from the high flow site was visible to the naked eye as

alternating dark- and light-colored layers (Figure 2c). Textural differences between the two layer types

were observed under the optical microscope (Figure 2d). The dark-colored layer consisted of a pile of

thin (~10 pum) laminae that are here called sub-laminae. A dark-colored layer is called an L-layer

(laminated layer; Figure 2d). In turn, the light-colored layer was composed of ~100-pum-height

vertically extending needle crystals (needle crystal layer: N-layer; Figure 2d and Figure 3a). The two

layers had almost the same thickness in an individual sample, but ranged from 100 to 250 pm

depending on depositional site. SEM images showed distinct differences in crystal length between the

two layer types. Sub-laminae in the L-layer consisted of rod-shaped crystals of the full length of the

lamina thickness ranging from 1 to 15 um (Figure 3a). While the N-layer consisted of longer

needle-shaped crystals were about 100 um in length (Figure 3a). Each L-layer contained 15-30

sub-laminae.

In addition to the distinct lamination consisting of L-layers and N-layers, another

characteristic texture was formed by knob-shaped aggregates of various sizes (KA in Figure 3b). The

aggregates were densely packed and separated by vertical cracks (VC in Figure 3b) that corresponded

to cracks truncating the lamination observed in thin section (VC in Figure 2d). On a horizontal surface,

the cracks and aggregation of the knobs appeared as tightly packed polygons ~500 pum in diameter

(Figure 2e). SEM images showed fibrous matter adhering to the knob-shaped aggregates, likely

14



corresponding to EPS or desiccated cyanobacterial body (F in Figure 3c and 3d). Lamination was

observed inside the knob aggregates (Figure 3b).

Fig. 3. Okumura et al.
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Fig. 4. Okukura et al.
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Daily Changes in Texture and Physicochemical Composition

Figure 4a shows the series of thin-section images for the specimens collected every 3 h on
23-24 April 2006. This series demonstrates temporal changes in surface texture. The surfaces of
samples collected during the day (at 13:30, 16:30 and 19:30 on 23 April and 7:30, 10:30, 13:30, 16:30
and 19:30 on 24 April) showed the L-layer texture, while those of samples collected at night (at 22:30
on 23 April and 1:30, 3:00 and 4:30 on 24 April) showed the N-layer texture (Figure 4a). The thin
section images also provide textural details of the L-layer, which can be traceable among the samples.
In the L-layer shown in Figure 4b, two relatively thick sub-laminae occur at the bottom, and the
sub-lamina thickness tends to decrease upwards.

Physical and chemical properties measured at the sampling point on 23-24 April are shown
in Table 1 and Figure 5. A clear day/night pattern was observed in light intensity (max. 4.95 Klux at
13:00 on 23 April, and min. 0 lux at the night time; 21:00 and 22:30 on both days, and 0:00—4:30 on
24 April) and air temperature (max. 23.0°C at 15:00 on 23 April and min. 10.0°C at 3:00 on 24 April).
The day/night pattern was much less distinctly registered by the chemical properties. The pH ranged
from 7.6 to 8.21 and was slightly higher during the day. Sla and PWP-rate changed correspondingly,
and PCO, changed inversely to pH. The water maintained a significant level of supersaturation (Sla >
1.2) and dissolved CO, (PCO,> 16 matm). No day/night pattern was apparent in the concentrations of
anions and cations, although Ca®* and Mg ** concentrations were variable.

Microbial Composition
The phylotype analysis revealed a low diversity in the travertine microbial assemblage and

16



domination by a single phylotype. The sequences (~450-bp) of 105 clones were obtained from the

samples, and among them 80.0% (84 in 105 clones) were related to Hydrogenophaga sp., a member

of the S-Proteobacteria (Figure 6). Other assemblage components were y-Proteobacteria (11.4%; 12

in 105), cyanobacteria (4.8%; 5 in 105 clones), a-Proteobacteria (1.9%; 2 in 105 clones),

o&-Proteobacteria (1.0%; 1 in 105 clones) and Spirochaetes (1.0%; 1 in 105 clones).

The genus Hydrogenophaga is gram-negative and belongs to family Comamodaceae.

Species of this genus generally exhibit rod-shaped cells of 0.3-0.6 x 0.6-5.5 um in size with flagellate

motility (Williems and Gillis 2005). Their optimal growth conditions are 30-40°C at 7-8 pH (Williems

and Gillis 2005), which fit well with the conditions of the Nagano-yu travertine site. 15

near-full-length (~1400bp) 16S rDNA sequences obtained in this study recognized high similarity

with Hydrogenophaga bisanensis strain K102 (EF532793; Table2) and Hydrogenophaga sp. TRS-05

(AB166889; Table2). Calculated genetic distances of these clones indicated that formed an

independent clade from other Hydrogenophaga spp. registered in GenBank (see Appendix).

The phylotypes of jProteobacteria are related to Pseudomonas sp. (11/12) and

Thermomonas sp. (1/12). 4 near-full-length sequences were related to Pseudomomas alcaligenes

(Z76653; Table 2). This species is a gram-negative, rod-shaped, and aerobic heterotroph (e.g., Anzai

et al. 2000).

One sequence of the cyanobacteria was related to Phormidium sp. ETS-05 (98.6%

similarity; AJ548503; Table 2) reported from hot spring mud in Italy (Berrini et al. 2004). The

sequences of the other cyanobacterial clones were examined, but similarities were insufficient for

17



identification.

TABLE 1. Water chemistry of the Nagano-yu hot spring water at the sampling point (Figures 1c and 2a).

Date Time Lumi Tair T water pH PCO, Sla PWP-rate Alk DIC ca* Mg? Na* K* cr S0O%
(Lux) °c) (°c) (matm) (mM)  (mM) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

23 Apr 13:30 4950 224 351 8.10 185 1.7 11.9 40.0 39.96 167 278 456 78 164 509
1500 4106 230 357 8.13 17.3 18 12.8 39.8 39.63 175 286 495 83 171 522

16:30 3500 21.0 34.0 8.01 222 1.6 9.9 39.8 39.93 158 291 488 82 169 520

18:00 370 16.0 338 7.64 53.1 14 6.0 40.3 41.55 172 313 513 84 181 563

19:30 1 142 326 7.81 34.4 15 6.9 39.0 39.73 153 286 493 82 173 539

21:.00 0 135 36.8 7.83 34.6 14 6.3 38.8 39.36 130 299 493 82 167 518

22:30 0 135 344 7.68 49.0 13 5.2 40.0 41.14 144 296 516 85 173 542

24 Apr 0:00 0 120 353 7.70 46.2 13 5.2 39.0 40.03 136 268 501 83 166 518
1:30 0 11.2  36.0 7.78 36.1 14 6.1 36.4 37.11 142 315 531 87 181 735

3.00 0 100 35.8 7.71 42.8 13 4.8 36.5 37.43 129 305 524 84 175 546

4:30 0 89 355 7.58 61.2 12 31 38.7 40.16 117 279 519 84 168 516

6:00 120 81 348 7.71 45.3 1.3 4.4 39.2 40.21 121 299 531 85 172 538

7:30 770 9.8 327 7.73 41.1 1.3 4.6 38.7 39.64 124 275 509 82 160 496

9:00 960 10.2 347 7.86 30.7 14 5.8 37.5 38.04 122 298 524 83 171 537

10:30 1500 121 356 7.68 46.7 1.2 3.8 37.3 38.30 116 315 524 83 170 534

12:00 3500 16.0 35.4 7.80 36.0 14 6.1 385 39.20 134 305 526 84 169 532

1330 3700 19.0 342 8.13 16.2 1.6 8.0 375 37.41 118 279 526 92 173 531

1500 2700 19.8 34.0 7.75 38.4 13 4.7 36.5 37.35 122 278 521 85 173 539

1630 2100 205 343 7.72 40.0 12 35 35.1 36.00 104 283 511 82 169 527

18:00 1210 13.8 336 7.73 43.1 14 5.4 40.3 41.22 137 273 529 84 175 541

19:30 3 11.8 332 7.88 29.5 14 6.0 39.0 39.46 125 315 524 84 171 532

21:00 0 105 34.4 7.75 39.2 13 4.6 375 38.35 120 331 521 83 172 545

22:30 0 105 37.2 7.79 39.6 1.4 6.0 40.3 41.04 130 286 526 85 170 532

Notes: Lumi = luminosity; T = temperature; Alk = alkalinity; DIC = dissolved inorganic carbon; Sla = saturate index for aragonite. PWP-rate is expressed in 107°M, cm?, sec™.

Microbial Distribution

A distinct abundance of microbial cells in the L-layer was shown by DAPI and CARD-FISH

signals (Figures 7a and 7b), using the probe for S-Proteobacteria. Comparison of the two image types

identified that 75-80% of the bacterial cells were S-Proteobacteria (Figures 7a to 7d). These cells

were rod-shaped of approximately 1 x 2 um in size (Figures 7c and 7d). The bacterial cells were

horizontally aligned and distributed in an area 100-150 pum thick (Figures 7a and 7b). The fabric of

this cell alignment likely corresponds to the sub-laminae of the L-layer (Figures 7c and 7d).

The results of toluidine blue O staining showed EPS concentrations in the spaces along the

sub-laminae of the L-layer (Figure 7e), similar to the distribution of S-Proteobacteria as mentioned
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above. The vertical cracks were also stained, which is consistent with SEM images showing fibrous

substances in these locations (Figures 3c and 3d).

Fluorescence images of the calcein-stained samples showed the distribution pattern of

filamentous cyanobacteria in the travertine (Figure 7f). Filamentous autofluorescence 2 um in

diameter occurred in the cracks, but did not form a biofilm on the travertine surface as reported for

calcite travertine (Takashima and Kano 2008). Weak autofluorescences were observed in the FISH

image (AF in Figure 7b) and stained by DAPI (Figure 7a). It is likely originating from cyanobacteria.

TABLE 2. Relatives of > 98% similarity with the ~1.4kbp 16S rDNA sequences obtained from the aragonite travertine at Nagano-yu hot spring.

Type sequence Accecion no. Phylogenetic group Closest match Similarity

(no. of clone) (Accetion no.) (%)

H3-9 (10) AB518481  p-Proteobacteria  Hydrogenophaga bisanensis strain K102 98.5
(EF532793)

H3-4 (5) AB548038 p-Proteobacteria  Hydrogenophaga sp. TRS-05 98.5
(AB166889)

H1-24 (4) AB518479 y-Proteobacteria  Pseudomonas alcaligenes 98.6
(Z76653)

H1-5 (1) AB518478 Cyanobacteria Phormidium sp. ETS-05 98.6
(AJ548503)
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DISCUSSION

The Process of Daily Lamination in the Nagano-yu Travertine

The series of thin section images for the 11 specimens collected in April 2006 showed
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temporal changes in surface texture, and confirmed daily lamination consisting of daytime L-layer
formation and nighttime N-layer formation (Figure 4a). The textural difference between these layers
indicated different manners of crystal growth. Long aragonite needles in the N-layer document
continuous mineral precipitation during the night, while short aragonite rods in sub-laminae of the
L-layer indicate that the crystal growth was discontinuous during the day time and variable from time
to time (Figure 4b).

In spite of clear day/night differences in texture, no significant day/night patterns were found
in the water chemistry associated with carbonate precipitation. The maximum values of Sla and
PWP-rate were recorded at midday, indicating a higher potential for carbonate precipitation during the
day. These higher values were associated with lower PCO,, and could be the result of CO, removal by
photosynthesis or more active degassing. However, the effect of these chemical trends was
insignificant for textural formation, as shown by similar growth rates for the diurnal L-layer and
nocturnal N-layer. Daily lamination processes thus appear not to be associated with the bulk water
chemistry. The textural difference between the day and night laminae is due to microbial processes
associated with the daily rhythms of photosynthesis.

In this study, we found evidence of microbial activities in the travertine, including the
presence of EPS stained with toluidine blue O (Figure 7e) and the abundance of p-Proteobacteria
(Figure 7a to 7d) and Hydrogenophaga sp. (Table 2).

The primary material of daily lamination could be EPS. The influence of EPS on carbonate
precipitation has been variously interpreted by processes such as inhibition by Ca®" absorption (Arp et
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al. 1999a, 1999b), promotion by provision of nucleation sites (Arp et al. 2003), and promotion by
microbial EPS degradation that releases HCO3 and pre-bound Ca®* (Dupraz et al. 2004). EPS
concentrated in the L-layers may have inhibited crystal growth on the travertine surface and resulted
in smaller rod-shaped crystals. The primary EPS producer was cyanobacteria, the only photoautotroph
recognized in our phylotype analysis.

The dominant microbe identified in this study was Hydrogenophaga sp. (Table 2 and Figure
6). This bacterial genus can be a heterotroph or a chemoautotroph using H, as an energy source
(Williems and Gillis 2005). Our observations indicated that the bacteria we identified are likely
heterotrophs consuming EPS as an energy source: If they were chemoautotrophs using H, in the hot
spring water, they would grow at night and should thus occur in the N-layer. The most closely related
bacteria (H. bisanensis, EF532793; Table 2) is also a heterotroph (Yoon et al. 2008). The
heterotrophic community was dominated by Hydrogenophaga sp. and accompanied by the aerobic
heterotrophic Pseudomonas (e.g. Anzai et al. 2000).

Piles of sub-laminae in the L-layer formed during presence and degradation of EPS. It is
suggested that these EPS, primarily produced by cyanobacteria, initially rather inhibit than promote
aragonite precipitation. However, their degradation, breakdown of inhibition by the observed periodic
blooms of the heterotrophic community (dominated by Hydrogenophaga) (Figure 7b and 7d) and
contemporary release of Ca”" is interpreted here to drive the precipitation of single sub-laminae. The
following decline in heterotrophs cell numbers on the travertine surface would allow renewed
accumulation of EPS on the travertine surface and, hence, temporary inhibition of aragonite
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precipitation. The duration of this cycle is estimated to be ~30 min., based on the number of
sub-laminae (15-30) in an L-layer. Our investigation of the Nagano-yu travertine thus indicates that
the microbial requirement for daily lamination is the co-existence of EPS-consuming heterotrophs and

EPS-producing phototrophs.

(Fig.7)
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Comparison with Previous Models

The model for daily lamination of the Nagano-yu travertine proposed in this paper differs

from models previously suggested for calcitic travertines. Folk et al. (1985) suggested that day/night

replacement of the bacterial community on the travertine surface was responsible for daily lamination

in calcite travertine in central Italy; cyanobacteria induced daytime calcite precipitation, while

heterotrophic bacteria caused a microcrystalline layer at night. Also from central Italy, Guo and

Riding (1992) found thin aragonite layers in calcite travertine and considered that the aragonite layers

were formed in the daytime under higher supersaturation induced by microbial photosynthesis.

Recently, 30-h continuous observation by Takashima and Kano (2008) showed that cyanobacterial

phototaxic behavior built biofilm around sunset on a calcite travertine surface in Japan, which trapped

suspended particles.

The distinct difference between these examples and the Nagano-yu travertine lies in the

distribution of cyanobacteria. These bacteria occurred on the surface of calcite travertines, while they

are limited to vertical cracks in the Nagano-yu travertine (Figure 7f). This difference relates to the

mineralogical processes responsible for the difference in travertine texture. Dendrite, an aggregation

of rhomboidal crystals with a branching fabric, is a general texture in calcite travertines (e.g., Jones et

al. 2005a) that leaves empty internal spaces and a rugged surface (Takashima and Kano 2008). These

textural characteristics provide substrates for settlement of filamentous cyanobacteria. In the aragonite

travertine, cyanobacteria probably occur only in cracks because the smooth surface formed by

tightly-packed aragonite needles or rods prevents the settlement of cyanobacterial filaments.
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Cyanobacteria have been considered the microorganisms responsible for daily lamination

because of their light dependency. Previous models have focussed on direct roles for the

cyanobacterial community, such as the trapping of detrital or suspended particles (Takashima and

Kano 2008) and alteration of the ambient chemical condition through photosynthesis (Folk et al.

1985; Guo and Riding 1992). This study suggests an indirect role for cyanobacteria, the secretion of

EPS that triggers Hydrogenophaga-dominant biofilm on the surface.

The Mg/Ca molar ratio (~3) of the Nagano-yu hot spring water is exceptionally high for

travertine site (e.g. Pentecost 2005). The high Mg/Ca ratio inhibits calcite crystal growth (Wada et al.

1999; Hardie 2003; Xie et al. 2007), although travertine mineralogy can be controlled a complex set

of variables (Renaut and Jones 1997). We examined only one study site in this study; additional

studies of aragonite and calcite travertines with similar fabrics (e.g., Lavrushin et al. 2006) are

necessary to test the wider applicability of this model.

A Potential Analog for Ancient Stromatolites

The regular, parallel and alternate lamination of the Nagano-yu aragonite travertine is

similar to that of ministromatolites found in Neoarchean (Sumner and Grotzinger 2004) to

Mesoproterozoic (Hofmann and Jackson 1987; Cao 1991; Seong-Joo and Golubic 1999; Sharma and

Sergeev 2004) components of Precambrian strata. This ministromatolite lamination consists of

large-grained light and fine-grained, organic-rich dark layers with thicknesses of ~10 um (e.g.,

first-order lamination in Cao 1991; Hoffmann and Jackson 1987; Seong-Joo and Golubic 1999).

These layers resemble the lamination of the Nagano-yu travertine (Figure 2d), with one order smaller
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geometry. Silicified material from Mesoproterozoic strata in North China preserves filamentous and

coccoid microbes considered to be cyanobacteria (Seong-Joo and Golubic 1999). Another similarity in

the fabrics is exhibited by filamentous microfossils in spaces between fan-shaped structures

(Seong-Joo and Golubic 1999), indicating that the microbes did not form a film on the surface of fine

lamination. We observed similar characteristics in the Nagano-yu travertine. Our model provides

information of daily lamina formation for interpreting the uncertainty in the time-significance of

stromatolite lamination (e.g. Hofmann 1973).

Without early silicification, Precambrian stromatolites seldom retain traces of microbes.

Cyanobacteria are commonly calcified and preserved in Paleozoic-Mesozoic limestone, but are

uncommon in Precambrian deposits. The Precambrian stromatolites and the Nagano-yu travertine are

also similar because they lack calcified cyanobacteria. These bacteria were not calcified in the

Nagano-yu travertine because: 1) they inhibited calcification by means of EPS secretion; and 2)

cyanobacterial photosynthesis did not induce calcification. The latter assumption can be ascribed to

buffering CO-assimilation by high dissolved inorganic carbon concentrations (Arp et al. 2001), i.e.,

conditions that may also applied to Neoarchean to Mesoproterozoic seawater.

The textual resemblance to the Nagano-yu travertine may also point to an aragonitic

mineralogy of the Precambrian ministromatolites, which provides another constraint on chemical

composition of ancient seawater. The Nagano-yu travertine precipitated from the water of high Mg/Ca

molar ratio (~3) and neutral pH. Hardie (2003) predicted that secular variation in the Precambrian

shallow-water carbonate mineralogy had been primary controlled by Mg/Ca ratio of sea water;
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favorable for aragonite precipitation with a ratio more than 2.

To our knowledge, this is the first model presented for daily lamination of aragonite

travertines. It differs from previous models for calcite travertines and several modern stromatolites.

Comparing the thickness of laminations between the Nagano-yu travertine and Precambrian

ministromatolites, ancient seawater was less supersaturated than the hot spring, but still supported

rapid precipitation of carbonate minerals, which cannot be observed in modern seawater. Further

investigation of ancient stromatolites to test possible daily lamination may aid understanding of

Precambrian seawater conditions.
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