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Cooperative Dissimilatory Oxidation
of Sulfide to Sulfate

Shigeru Kawai, Naoki Kamiya, Katsumi Matsuura and Shin Haruta*

Department of Biological Sciences, Tokyo Metropolitan University, Hachioji, Japan

A thermophilic filamentous anoxygenic photosynthetic bacterium, Chloroflexus
aggregans, is widely distributed in neutral to slightly alkaline hot springs. Sulfide
has been suggested as an electron donor for autotrophic growth in microbial mats
dominated with C. aggregans, but remarkable photoautotrophic growth of isolated
C. aggregans has not been observed with sulfide as the sole electron source.
From the idea that sulfide is oxidized to elemental sulfur by C. aggregans and the
accumulation of elemental sulfur may have an inhibitory effect for the growth, the
effects of an elemental sulfur-disproportionating bacterium that consumes elemental
sulfur was examined on the autotrophic growth of C. aggregans, strain NA9-6, isolated
from Nakabusa hot spring. A sulfur-disproportionating bacterium, Caldimicrobium
thiodismutans strain TF1, also isolated from Nakabusa hot spring was co-cultured with
C. aggregans. C. aggregans and C. thiodismutans were successfully co-cultured in a
medium containing thiosulfate as the sole electron source and bicarbonate as the sole
carbon source. Quantitative conversion of thiosulfate to sulfate and a small transient
accumulation of sulfide was observed in the co-culture. Then the electron source of
the established co-culture was changed from thiosulfate to sulfide, and the growth of
C. aggregans and C. thiodismutans was successfully observed with sulfide as the sole
electron donor for the autotrophic growth of the co-culture. During the cultivation in the
light, simultaneous consumption and accumulation of sulfide and sulfate, respectively,
were observed, accompanied with the increase of cellular DNAs of both species.
C. thiodismutans likely works as an elemental sulfur scavenger for C. aggregans, and
C. aggregans seems to work as a sulfide scavenger for C. thiodismutans. These results
suggest that C. aggregans grows autotrophically with sulfide as the electron donor
in the co-culture with C. thiodismutans, and the consumption of elemental sulfur by
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C. thiodismutans enabled the continuous growth of the C. aggregans in the symbiotic
system. This study shows a novel symbiotic relationship between a sulfide-oxidizing
photoautotroph and an elemental sulfur-disproportionating chemolithoautotroph via
cooperative dissimilatory sulfide oxidation to sulfate.
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elemental sulfur

INTRODUCTION

The thermophilic filamentous anoxygenic photosynthetic
bacterium, Chloroflexus aggregans, in the phylum Chloroflexi,
is widely distributed in neutral to slightly alkaline hot
springs (Hanada, 2003). This bacterium grows optimally
at temperatures from 50 to 60°C. It is capable of growing
photoheterotrophically under anaerobic conditions in the light
and chemoheterotrophically under aerobic conditions in the
dark (Hanada et al., 1995). Genome analysis of C. aggregans
MD-66" found a gene set for carbon fixation pathway suggesting
that C. aggregans can grow autotrophically (Klatt et al., 2007).
However, no photoautotrophic growth has been reported in
C. aggregans, despite that photoautotrophic growth with sulfide
or H; as the electron source has been reported in other species
in the genus Chloroflexus, Chloroflexus aurantiacus OK-70-fl
(Holo and Sirevag, 1986) and Chloroflexus sp. strain MS-G (Thiel
et al., 2014). Recently, we isolated new strains of C. aggregans
from Nakabusa hot springs in Nagano, Japan, and found that
some grew photoautotrophically and chemolithotrophically
with H, as an electron source (S. Kawai, A. Nishihara, K.
Matsuura, and S. Haruta, manuscript in preparation). However,
no strains of C. aggregans showed marked photoautotrophic
growth with sulfide.

Chloroflexus spp. are generally thought to heterotrophically
grow on organic compounds produced by cyanobacteria (van der
Meer et al., 2005). In sulfidic hot springs, however, Chloroflexus
spp. including C. aggregans are found to form microbial mats
in the absence of cyanobacteria (Giovannoni et al., 1987; Kubo
et al., 2011; Everroad et al., 2012; Otaki et al., 2012). Microbial
communities dominated by C. aggregans form well-developed
microbial mats in sulfidic hot spring water (~0.1 mmol L™!
sulfide) at Nakabusa hot springs (Kubo et al., 2011; Everroad
et al,, 2012; Otaki et al., 2012). Since organic compounds and
H, in the hot spring water are scarce (Nakagawa and Fukui,
2002), it has been the presumption that C. aggregans grows
photoautotrophically using sulfide as the major electron source
in the hot springs. A previous study showed bicarbonate-
dependent sulfide-oxidation in the C. aggregans-dominated
microbial mats under anaerobic conditions in the light (Kubo
et al., 2011). In addition, the C. aggregans genome contains
the sulfide:quinone oxidoreductase gene for sulfide oxidation,
but lacks dissimilatory sulfite reductase genes (Holkenbrink
et al,, 2011) and a gene set for the SOX pathway (Klatt et al,
2007). These observations suggest that C. aggregans can grow
photoautotrophically through oxidation of sulfide to elemental
sulfur under anaerobic conditions.

anoxygenic photosynthesis, sulfur-disproportionation,

hot spring microbial mats, sulfide,

Concerning the difficulty of the observation of
photoautotrophic growth on sulfide in C. aggregans, we
hypothesized that accumulation of the oxidized product of
sulfide, i.e., elemental sulfur, may suppress autotrophic growth
of C. aggregans, and the removal of the elemental sulfur by
other bacterial species may be required to stimulate autotrophic
growth. Antibacterial effects of elemental sulfur have been
known in various species of bacteria (Libenson et al., 1953;
Pestana and Sols, 1970). One possible consumer of elemental
sulfur, the sulfur-disproportionating bacterium, Caldimicrobium
thiodismutans TF1, has been isolated by Kojima et al. (2016) from
Nakabusa hot spring. C. thiodismutans TF1 grows autotrophically
on elemental sulfur and thiosulfate to produce sulfide and sulfate
under anaerobic conditions in the dark when ferrihydrite is
added as a sulfide scavenger to support the growth. Identical
16S rRNA sequences to that of C. thiodismutans TF1 have been
detected from the microbial communities with C. aggregans
(Everroad et al., 2012).

In this study, we established a co-culture of C. aggregans and
C. thiodismutans with sulfide as the sole electron source under
autotrophic conditions. We evaluated the growth of C. aggregans
when supported by the growth of C. thiodismutans consuming
elemental sulfur, which would be produced by photo-anaerobic
oxidation of sulfide by C. aggregans. Before the establishment
of the co-culture on sulfide, co-cultivation on thiosulfate was
conducted to start a co-culture without ferrihydrite, a sulfide
scavenger, that was required for the growth of C. thiodismutans
in axenic culture.

MATERIALS AND METHODS

Bacterial Strains and Cultivation

Conditions

C. aggregans strain NA9-6 was isolated from Nakabusa hot
spring, Japan (S. Kawai, A. Nishihara, K. Matsuura, and S.
Haruta, manuscript in preparation). This strain shows good
photoautotrophic growth with H, as the electron donor and
98.7% identity of 16S rRNA gene sequence with the type
strain of C. aggregans (MD-66 = DSM 94857). C. aggregans
NA9-6 was cultivated in a medium lacking an organic
carbon source. The autotrophic medium was composed of
(L7Y) 0.38 g KH,PO4, 039 g KyHPO4, 0.5 g NH,CI,
42 g NaHCOs3, and 0.5 g Na,S,03-5H,0, buffered to pH
7.5. 5 ml of basal salt solution and 1 ml of vitamin
mixture (Hanada et al., 1995) were added. Bacteria were
cultivated at 55°C in the light (incandescent lamp; 2~3 pmol
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m~2.s7!) under an Hy:N»:CO, (24:56:20, v:v:v) atmosphere.
C. thiodismutans strain TF1 (Kojima et al, 2016), kindly
provided by Dr. Fukui and Dr. Kojima, was cultivated
in the dark at 70°C in the same autotrophic medium
with added 2 mmol L~! ferrihydrite under N,:CO, (80:20)
atmosphere. Ferrihydrite was prepared as previously described
(Straub et al., 2005).

Effects of Sulfide and Elemental Sulfur
on the Growth of C. aggregans NA9-6

C. aggregans cells, cultivated in the autotrophic medium
containing thiosulfate and H; as described above, were collected
by centrifugation, washed three times with the autotrophic
medium and inoculated into 10 ml of the autotrophic medium
in 30 ml test tubes. The gas phase of these culture tubes was
H3:N;,:CO; (24:56:20, v:v:v). The initial optical density (OD) at
610 nm was adjusted to be 0.03. 0.05 g of sublimed sulfur (Wako,
Osaka, Japan) sterilized at 110°C for 1 h three times or 1 mmol
L~! of sulfide was aseptically added into the medium to evaluate
the effect of each compound on the growth. The inoculated
tubes were cultivated at 60°C in the light (incandescent lamp;
2~3 wmol m~2.s71). OD at 610 nm of the culture tube was
periodically measured during cultivation. Measurements were
made after allowing tubes to stand at 60°C for 5 min in the dark
to precipitate sulfur globules.

Co-cultivation of C. aggregans and

C. thiodismutans With Thiosulfate

C. aggregans NA9-6 and C. thiodismutans TF1 were separately
cultivated under autotrophic conditions as described above.
The two cultures were inoculated together into 5 ml of the
autotrophic medium containing thiosulfate as a sole electron
source under an N»:CO; (80:20) atmosphere in 30 ml glass test
tubes, capped with butyl rubber stoppers and screw caps. The
tubes were cultivated at 60°C in the light (incandescent lamp;
2~3 umol m~2:s7!) for 7-20 days. 1 ml of the culture was
repetitively subcultured in 5 ml of fresh medium under the
same conditions to remove residual ferrihydrite from the original
culture of C. thiodismutans. OD of the cultures was measured
with a photometer (Colorimeter ANA18", Tokyo photoelectric,
Tokyo, Japan). 0.3 ml of the culture solution was sampled
during cultivation for measurements of the amount of sulfur
compounds in the culture.

Co-cultivation of C. aggregans and
C. thiodismutans With Sulfide

After repetitive subcultures of the co-culture of C. aggregans
NA9-6 and C. thiodismutans TF1 in the medium containing
thiosulfate, 1 ml of the co-culture solution was inoculated into
5 ml of the autotrophic medium containing 1 mmol L~ ! of Na,$
instead of thiosulfate in 30 ml glass test tubes, capped with butyl
rubber stoppers and screw caps. The gas phase of the tube was
N,:CO; (80:20). The initial OD at 610 nm was adjusted to 0.03.
The tubes were cultivated at 60°C in the light (incandescent lamp;
2~3 wmol m~2-s71). 0.3 ml of the culture solution was sampled

during cultivation for measurements of the amount of sulfur
compounds in the culture and extraction of DNAs from the cells.

Measurements of Sulfur Compounds

Sulfide concentration in culture solution was measured using
a methylene blue formation method as described previously
(Cline, 1969) with some modifications. 50 pl of culture solution
was mixed with 250 wl of 0.1 mmol L™! carbonate-bicarbonate
buffer (pH 10.0) immediately after collecting from the culture
tube to prevent the loss of hydrogen sulfide. The mixture
was centrifuged at 19,600 x g for 2 min at 4°C to remove
bacterial cells. 200 pl of the supernatant was transferred to
400 pl of solution A (18 mmol L~! zinc acetate, 0.2% v/v
acetic acid) and stored at 4°C until measurements were made.
The solution was alkalized by adding 400 pl of 40 mmol
L~! NaOH. After centrifugation of the mixture at 19,600 x g
for 2 min, the precipitate was solubilized in 552 pl of
solution A. Finally, 48 pl of Cline reagent (16 g of N,N-
dimethyl-p-phenylenediamine sulfate, 24 g of FeCl3-6H,O in
1 L of 50% HCIl) was added and mixed well. After 20 min
incubation at room temperature, the absorbance at 665 nm was
measured with a spectrophotometer (Infinite 200 PRO, Tecan,
Seestrasse, Switzerland).

Thiosulfate and sulfate concentrations were determined by
ion chromatography. 100 pl of culture was diluted with
900 wl of MilliQ water and centrifuged at 19,600 x g
for 2 min. The supernatant was filtrated with a 0.45-pm-
pore-size membrane filter. The solution was analyzed with a
suppressed anion-exchange chromatography system (Shimadzu,
Kyoto, Japan) equipped with a LC-20AD liquid chromatography,
a DGU-20A3 degasser, a SIL-10AF auto sampler, a CT-
20AC SP column oven, a CDD-10A SP conductivity detector,
and a SCL-10A VP system controller. A Shim-pack IC-SA2
(250 mm x 4.0 mm; Shimadzu) was employed for separation
of anions. The conditions of analyses were as follows; column
temperature, 30°C; injection volume, 50 pul; eluent, 12 mmol L1
NaHCO3 + 0.6 mmol L' Na,COj; flow rate, 1.0 ml min~!.
Data were collected and analyzed using Smart Chrome (KYA
Technologies, Tokyo, Japan).

DNA Extraction From Bacterial Cells

DNA was extracted using the benzyl chloride method (Zhu
et al, 1993) combined with bead-beating. In brief, bacterial
cells collected from culture by centrifugation were mixed with
DNA extraction buffer (125 mmol L™ Tris-HCl, 50 mmol
L~! EDTA, pH 8.0), SDS, and benzyl chloride. Culture cell
suspensions were prepared in 2 ml tubes and incubated
at 50°C for 2 h with mixing at 5 min intervals. Next,
approximately 0.1 g of 0.1 mm diameter zirconia-silica beads
(Biospec Products, Bartlesville, OK, United States) were added
and the beating treatment was performed twice for 1 min at
2,500 rpm using a Mini-beadbeater (Biospec Products). DNA
was recovered by phenol and chloroform extraction followed by
alcohol precipitation with Ethachinmate (Nippon Gene, Tokyo,
Japan). Finally, DNA was solubilized in TE buffer (10 mmol
L=! Tris-HCl, 1 mmol L=! EDTA, pH 8.0) and stored at
—20°C until use.
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Quantitative PCR Analysis

PCR primer sets were designed to distinguish 16S rRNA
genes of C. aggregans and C. thiodismutans: agg-F (5'-
CAAACGTGGTCTCAGTGCAGATCGG-3') and agg-R (5'-
TTAGCACACGGACTTCAAGCATTAG-3) for C. aggregans;
C-CmicF (5'-TACAATGGGGGGTACAGAGG-3") and C-CmicR
(5'-TGAGATAGCGACTTCGGGTG-3') for C. thiodismutans.
Specific amplification using each primer set was confirmed by
DNA sequence analyses of the PCR fragments obtained using
a mixture of both genomic DNAs. StepOne Real-Time PCR
system (Applied Biosystems, Foster City, CA, United States)
was used with FastStart Universal SYBR Green Master (Roche,
Manniheim, Germany). The reaction mixture was composed of
10 ] of FastStart SYBR Green Master, 1 il of 10 WM primers,
7 wl of water and 1 ul of DNA solution. Real-time PCR was
performed under the following conditions; initial denaturation
at 95°C for 10 min followed by 40 cycles of 15 s at 95°C and
1 min at 60°C. Fluorescence was detected at the end of the
extension reaction. The purified DNA fragments amplified using
the primer sets, agg-F and agg-R or C-CmicF and C-CmicR
for the respective strain were spectrophotometrically quantified
using Biospec-nano (Shimazu) and used as a template DNA to
obtain the standard curve. The copy numbers of genome in the
culture were calculated based on the copy number of 16S rRNA
gene per genome, i.e., three in C. aggregans (NC_011831) and one
in C. thiodismutans (Kojima et al., 2016).

Sulfide and Sulfate Concentration
Changes by C. aggregans-Dominated
Microbial Mats

Microbial cell aggregates (microbial mats) that develop in hot
spring water at 65°C at Nakabusa hot spring, Nagano, Japan were
collected. The major member of these mats was C. aggregans as
has been reported previously (Kubo et al., 2011; Everroad et al.,
2012; Otaki et al., 2012). Approximately 1 g (wet weight) of the
mats was placed into 70 ml glass vials containing 50 ml of a salt
solution (1 mmol L~! NaCl, 1 mmol L~! Na,HPO,, pH 8.5)
under N gas, and the vials were sealed with butyl rubber stoppers
and aluminum seals. After pre-heating the vials at 65°C in the
dark for 1 h, NaHCOj3 and Na,S solutions were added to the
vials (final concentration, 1 and 0.3 mmol L™, respectively) and
the vials were incubated at 65°C in the light (incandescent lamp;
approximately 80 jumol-m~2-s~!) or dark. Sodium molybdenum
oxide was added to the vial (final concentration, 20 mmol L™1)
when indicated. Periodically 0.2 ml of the solution was collected
from the vials for determining sulfide and sulfate concentrations
in the cell-free supernatant, as described above.

RESULTS AND DISCUSSION

Effects of Sulfide and Elemental Sulfur
on the Growth of C. aggregans NA9-6

As shown in Figure 1, photoautotrophic growth was observed
in the axenic culture of C. aggregans NA9-6 with H; as the sole
electron source (closed circles). However, no marked growth was

observed with sulfide (crosses), and the addition of sulfide on the
growth with H, showed some inhibitory effect (closed triangles).
No significant increase in OD was detected in the absence of
sulfide and H, (data not shown). From these observations, we
supposed that the absence of the growth on sulfide as the sole
electron source is possibly due to the early formation of elemental
sulfur from the oxidation of sulfide by C. aggregans. This was
partly supported by the observation that the H)-dependent
growth was largely suppressed in the presence of sublimed sulfur
(open triangles, Figure 1). Elemental sulfur has been known
to inactivate sulfhydryl groups in enzymes (Libenson et al.,
1953; Pestana and Sols, 1970), but its inhibitory mechanism for
bacterial growth has not been elucidated yet. Abiotic production
of polysulfide from elemental sulfur (Kamyshny, 2009) may
also inhibit the sulfide-dependent growth by suppression of the
enzyme reaction of sulfide:quinone oxidoreductase.

Co-cultivation of C. aggregans and

C. thiodismutans With Thiosulfate

The culture solution of C. aggregans NA9-6, cultivated under
autotrophic conditions with H, was mixed with the culture of
C. thiodismutans TF1 that was cultivated in the presence of
thiosulfate as the electron source and ferrihydrite as the sulfide
scavenger. The mixture was cultivated in the autotrophic medium
containing thiosulfate but without ferrihydrite under N,:CO,
(80:20) atmosphere. After more than 10 subcultures in medium
without ferrihydrite, microscopic observation of the culture
found no particles of ferrihydrite and iron sulfide. Only cells
of both bacterial species, i.e., 200-300 wm length multicellular
filamentous cells (C. aggregans) and 1.0-2.0 pm x 0.5-0.6 um
rods (C. thiodismutans) were observed (data not shown).
Bacterial growth of the co-culture was evaluated by measurement

OD610

0.01 . .
0 5 10 15

Time (d)

FIGURE 1 | Effect of sulfur compounds on the autotrophic growth of axenic
culture of C. aggregans. C. aggregans was cultivated in the autotrophic
medium without sulfide and elemental sulfur (closed circle), 1 mmol L~ of
sulfide (closed triangles), 5 mg mi~! of sublimed sulfur (open triangles) under
Hy:No:COy (24: 56:20, v:viv) atmosphere, and 1 mmol L~ sulfide under
N2:CO» (80:20) atmosphere (crosses). Mean values of OD at 610 nm for three
culture tubes are shown.
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of OD at 610 nm (Figure 2, open circles). OD increased
almost exponentially during 8 days of cultivation and reached a
maximum of 0.25 after that. The axenic culture of C. aggregans
did not show such growth under the same conditions in the
presence of thiosulfate (open triangles). No marked growth of the
co-culture was observed in the dark (closed circles) and in the
medium lacking thiosulfate or CO; in the light (data not shown).

Figure 3 shows changes in concentrations of thiosulfate,
sulfate, and sulfide in the co-culture along with the changes in
the culture OD. Consumption of thiosulfate during growth was

Co-culture in the light

0.1 |

ODs10

C. aggregans

Co-culture in the dark

0.01 . .
0 5 10 15

Time (d)

FIGURE 2 | Symbiotic growth of C. aggregans and C. thiodismutans with
thiosulfate in the co-culture. C. aggregans NA9-6 was cultivated in the
autotrophic medium with thiosulfate under N2:CO» (80:20) atmosphere with
C. thiodismutans in the light (open circles) and in the dark (closed circles).
Axenic culture of C. aggregans is also shown under the same conditions with
open triangles. Mean values of OD at 610 nm for three culture

tubes are shown.

ODg1o

Sulfide, Sulfate, Thiosulfate (mmol L")

Time (d)

FIGURE 3 | Changes of concentrations of sulfur compounds in co-cultivation
of C. aggregans and C. thiodismutans with thiosulfate. Optical density at
610 nm of the co-culture (dashed line; closed circle), and concentrations of
thiosulfate (solid line; crosses), sulfide (solid line; closed triangles), and sulfate
(solid line; open triangles) in the culture supernatant are shown. The
autotrophic medium contained thiosulfate and CO». Mean values from three
culture tubes are shown with standard deviations.

confirmed. Thiosulfate consumption was accompanied with the
production of sulfate; approximately 1.8 mmol L™! of thiosulfate
was consumed and 3.1 mmol L™! of sulfate was produced during
8 days of cultivation. 0.3 mmol L™! of sulfide was detected at
6 days of cultivation, but the sulfide concentration was below
0.08 mmol L™ ! after 8 days.

No accumulation of sulfide in the co-culture in the light
suggested that C. aggregans grew using sulfide produced by
C. thiodismutans as the electron source. C. aggregans worked as a
biotic sulfide scavenger for C. thiodismutans through the photo-
oxidation of sulfide, as previously described in co-culture of a
sulfur-disproportionating bacterium in the genus Desulfocapsa
with a purple sulfur bacterium in the genus Lamprocystis that
oxidized sulfide to sulfate (Peduzzi et al., 2003). However, the role
of the sulfur-disproportionating bacterium is different from the
present study (described below).

Co-cultivation of C. aggregans and

C. thiodismutans With Sulfide

The co-culture of C. aggregans NA9-6 and C. thiodismutans TF1
in medium containing thiosulfate (Figure 4, closed circles) was
inoculated into medium containing 1 mmol L™ sulfide but
no thiosulfate and continuously co-cultivated (Figure 4, closed
triangles). Residual thiosulfate was not expected at the time of
inoculation as it was not detected at stationary phase as day 10
as shown in Figure 3. After inoculation with sulfide, immediate
growth was observed suggesting sulfide metabolism had already
proceeded in the culture with thiosulfate as indicated in Figure 3
and described above. After sulfide-dependent growth stopped
8 days after inoculation, sulfide was added again as indicated
by the arrow in the figure, and additional growth was observed.
Microscopic analysis indicated the growth of both bacterial

S o1t
3 E
0.01 : ' : '
0 5 10 15 20 25
Time (d)
I
Growth on Growth on sulfide
thiosulfate

FIGURE 4 | Sulfide-dependent growth of the co-culture after
thiosulfate-dependent growth. Cultivation of the co-culture with thiosulfate
(closed circles) and sulfide (closed triangles) as the sole electron source are
shown. The arrow indicates the addition of 1 mmol L~ sulfide.
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strains (Supplementary Figure S1). No growth occurred in the
absence of sulfide and thiosulfate (data not shown).

Growth of each bacterial strain in the co-culture was evaluated
by quantitative PCR (qPCR) targeting the 16S rRNA gene of each
strain after repetitive subcultures with sulfide. Figure 5 shows
the qPCR results and the changes in concentrations of sulfide
and sulfate in the culture. C. aggregans grew with the growth
of C. thiodismutans during 6 days of cultivation. The growth of
both strains was accompanied with the complete consumption
of approximately 1 mmol L™! sulfide and the accumulation of
0.5 mmol L™! sulfate. No further growth was observed after
8 days, but the growth of both strains was observed again after
the supplementation of 1 mmol L' sulfide into the culture.
Ratio of (C. aggregans cells):(C. thiodismutans cells) was roughly
calculated to be 30:1 ~ 40:1 based on the qPCR results. This
was consistent with microscopic observation (Supplementary
Figure S1). These results indicate that C. aggregans fixed CO; to
grow in the co-culture.

The growth of C. aggregans under co-culture conditions
indicated that C. aggregans grew autotrophically using sulfide
as the electron source. The doubling time was 41.4 £ 0.9 h1,
This growth rate was approximately 2.5-fold higher than that
of photoautotrophic growth using Hj in the axenic culture
of C. aggregans (strain NA9-6) as shown in Figure 1. The
growth of C. thiodismutans and accumulation of sulfate in the
co-culture suggested that C. thiodismutans utilized elemental
sulfur produced by C. aggregans as the electron source.
Chloroflexus aurantiacus OK-70-fl which is phylogenetically
close to C. aggregans grows photosynthetically with sulfide as
the electron source, but lacks the ability to oxidize elemental
sulfur (Klatt et al, 2007). Madigan and Brock (Madigan

o

Sulfate

Genome copy (copies / ml)
C. aggregans (x109), C. thiodismutans (x10°)
N W A e N ® ©
Sulfide, Sulfate (mmol L-1)

-

o

Time (d)

FIGURE 5 | Changes of the number of genome copies and the
concentrations of sulfur compounds in co-cultivation of C. aggregans and

C. thiodismutans with sulfide. C. aggregans NA9-6 and C. thiodismutans TF1
were co-cultivated in medium containing sulfide. 16S rRNA gene copies for
each species in the co-culture were determined by quantitative PCR to
calculate the number of genome copies of C. aggregans (solid line; closed
circles) and C. thiodismutans (solid line; open circles) in the culture solution.
Sulfide (dashed line; closed triangles) and sulfate (dashed line; open triangles)
in the culture supernatant were determined during the cultivation. The arrow
indicates the point when 1 mmol L~ sulfide was added into the culture.
Mean values from three culture tubes are shown with standard deviations.

and Brock, 1975) reported in the culture of this bacterium
that sulfur particles were observed around the cells with a
microscope. In contrast, the deposited sulfur particles were not
observed in the co-culture of C. aggregans with C. thiodismutans
(Supplementary Figure S1).

Chloroflexus spp. are widely found in sulfidic hot springs
and are known to possess genes for carbon fixation (Klatt
et al.,, 2013; Weltzer and Miller, 2013). Recently, thermophilic
sulfur-disproportionating bacteria were detected in various
phylogenetic lineages from thermal environments including
terrestrial hot springs (Mardanov et al, 2016; Thiel et al,
2017; Nishihara et al., 2018; Wilkins et al., 2019). However,
their function in situ and interspecies interactions have not
been examined yet. In the co-culture established in this study,
C. aggregans likely produces elemental sulfur and the elemental
sulfur seems to be simultaneously consumed by C. thiodismutans,
whose population was 1/30 ~ 1/40 of C. aggregans. Spatial
proximity of these bacterial species may be related to their
interactions through exchange of sulfur compounds in natural
environments. An observation related to the spatial proximity
was reported for purple sulfur bacteria that oxidized sulfide to
sulfate and sulfur disproportionating bacteria at chemocline of a
lake (Peduzzi et al., 2003; Tonolla et al., 2004, 2005). In natural
environments, the both bacteria form cell aggregates together
which are expected to increase the exchange efficiency of sulfur
compounds and to overcome sulfide limitations. At Nakabusa hot
springs, C. aggregans forms dense cell aggregates (microbial mats)
with other bacteria which adhere to solid surface (Nakagawa and
Fukui, 2002; Kubo et al.,, 2011; Everroad et al., 2012; Otaki et al,,
2012) in sulfidic hot spring water.

We also examined the photo-oxidation of sulfide in
C. aggregans-dominated microbial mats. Chloroflexus-dominated
microbial mats were collected from under hot spring water
at Nakabusa and a piece of the microbial mat was incubated
anaerobically in artificial sulfidic hot spring water at 65°C.

HS-
from hot spring water
N » hv €0
*y
Chloroflexus aggregans
HS- SO

Caldimicrobium thiodismutans

Cco,
S0,

FIGURE 6 | A schematic representation of the flow and cycling of sulfur (white
arrows) and electrons (black arrows) mediated by C. aggregans and

C. thiodismutans in vitro and in situ suggested in this study. The relative width
of the axes of the arrows expresses the relative amount of the flow of sulfur or
electrons approximately. Electrons are carried by the sulfur compounds
except the flow to CO5 in the cells.
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In the light, sulfide concentration gradually decreased with the
increase in sulfate concentration within 12 h of incubation
(Supplementary Figure S2a). The increase of sulfate was
inhibited by the addition of molybdate (Supplementary
Figure S2b) which is an inhibitor of dissimilatory sulfate
reduction as well as sulfur-disproportionation (Taylor and
Oremland, 1979; Finster et al., 1998). The addition of molybdate
resulted in suppression of the sulfide consumption which was
observed without molybdate in the light. These results suggest
that elemental sulfur produced by photo-oxidation of sulfide was
efficiently converted to sulfate and sulfide by elemental sulfur-
disproportionation in the natural microbial mats.

Figure 6 summarizes schematically the conversion of sulfur
compounds and the associated electron flow in the novel
symbiotic system with C. aggregans and C. thiodismutans in vitro
with isolated strains as well as in microbial mats in situ. Sulfide
is externally provided as the sole electron donor and C. aggregans
converts it to elemental sulfur using light energy autotrophically.
The elemental sulfur is used by C. thiodismutans with anaerobic
chemolithoautotrophic growth producing sulfide and sulfate
simultaneously through the process called disproportionation.
The produced sulfide can then be used by C. aggregans again,
and with all of these processes, externally provided sulfide is
converted to sulfate by the symbiotic autotrophic system with two
different autotrophic organisms performing photosynthesis and
chemosynthesis. The electrons externally supplied with sulfide
should mostly be used by C. aggregans to fix CO; finally and
only a few percent of electrons will be used by C. thiodismutans
based on the observation that the amount of genome copies
(Figure 5) and cells (Supplementary Figure S1) of C. aggregans
was about 30 times larger than that of C. thiodismutans and
the cell mass should be roughly parallel to the electron input
to CO,. This explanation is consistent with the idea that
most ATP is supplied by light-induced cyclic phosphorylation
in C. aggregans and, on the other hand, ATP is produced
by energetically unfavorable and electron-consuming process
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