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⼤きな問い

1. 初めは，どのような光合成だったのか．

酸素発⽣型︓独⽴栄養
酸素⾮発⽣型︓従属栄養
酸素⾮発⽣型︓独⽴栄養

2. どのようなエネルギー代謝の⽣物群集の中で，
光合成が始まった．

発酵
嫌気呼吸 好気呼吸
嫌気化学合成 好気化学合成



最初の光合成⽣物の候補としての Chloroflexus

1. 光合成⽣物としての最⾼温度（70℃付近）
まで成育する．

2. 16s rRNAの 系統解析で光合成⽣物で
⼀番深く分岐する．

3. 従来は，従属栄養光合成と好気呼吸で良く成育することが
知られていた．

4. 2019年, Chloroflexus aggregans は in vitro で独⽴栄養光合成でも
良く成育すること，化学合成でも少し成育することが
明らかとなった． ⇒ 次 2 枚のスライド



C. aggregansは⽔素を電⼦源として光合成と化学合成で成育する
Kawai, Nishihara, Matsuura, Haruta, 2019

嫌気光合成成育 微好気化学合成成育

初期倍加時間 1 ⽇程度で
よく成育する

初期倍加時間 5 ⽇程度で
少し成育する
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C. aggregansは硫⻩不均化菌との共存で HS-を電⼦源として成育する
Kawai, Kamiya, Matsuura, Haruta, 2019

共培養系HS-依存嫌気成育 共培養系での電⼦と S の流れ

光と不均化菌との共培養依存で成育した
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Kawai et al. Symbiotic Growth on Sulfide

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). Nomarked growth of the
co-culture was observed in the dark (closed circles) and in the
medium lacking thiosulfate or CO2 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

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:CO2 (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.

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 CO2. 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�1 of thiosulfate
was consumed and 3.1 mmol L�1 of sulfate was produced during
8 days of cultivation. 0.3 mmol L�1 of sulfide was detected at
6 days of cultivation, but the sulfide concentration was below
0.08 mmol L�1 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 di�erent 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�1 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

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�1 sulfide.
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イオウ不均化化学合成細菌

S の流れ
電⼦の流れ



イオウ不均化菌の電⼦移動とエネルギー変換︓模式図
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本研究の問い

1. 温泉⽔中の微⽣物群集中にイオウ不均化菌が⼗分量存在して，
C. aggregans の光合成成育を⽀えていそうか

2. C. aggregansを含まない⾼温側 (>70℃) の化学合成微⽣物群集は
低温側 (<70℃) の光合成微⽣物群集と代謝的類似性があるか

3. 化学合成から光合成出現の仮説モデルとして，中房温泉の
独⽴栄養微⽣物群集の研究をさらに進める意味があるか



中房温泉の光合成微⽣物群集と化学合成微⽣物群集
合戦の湯 :泉源8 6℃ ⽔平に近い流れ 古事記の湯 :泉源8 0℃ 垂直に近い流れ

86℃ 78℃66℃ 63℃



光合成微⽣物群集の中の主な微⽣物の構成

C. aggregans

HS-酸化化学合成細菌

イオウ不均化菌

その他
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光合成微⽣物群集と化学合成微⽣物群集の微⽣物構成の⽐較

HS-酸化化学合成細菌

イオウ不均化菌

その他
66℃ 86℃

その他 イオウ不均化菌 HS-酸化化学合成細菌 C. aggregans
63℃

C. aggregans

66℃ 86℃

その他 イオウ不均化菌 HS-酸化化学合成細菌 C. aggregans
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環境条件と微⽣物の含有量

温度 (℃) 86 78 66 63 66

硫化⽔素 (μmol/L) 238 239 109 146 2

酸素 (μmol/L) 16 39 16 42 66

C. aggregans (%) 0 0 52 40 21

HS-酸化
化学合成細菌 (%) 68 87 1 24 34

イオウ
不均化菌 (%) 29 8 14 11 10



光合成微⽣物群集 ( < 7 0℃ )  
での電⼦と S の流れ

化学合成微⽣物群集 ( > 7 0℃ )  
での電⼦と S の流れ
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光合成と化学合成微⽣物群集での主な電⼦の流れと Sの流れ

イオウ不均化化学合成細菌



本研究の問いに対する結論

1. 温泉⽔中の C. aggregans を含む微⽣物群集中に
イオウ不均化菌が⼗分量存在して，
C. aggregans の光合成成育を⽀えていそうか →YES

2. C. aggregansを含まない⾼温側 (>70℃) の化学合成微⽣物群集は
低温側 (<70℃) の光合成微⽣物群集と代謝的類似性があるか

→YES

3. 化学合成から光合成出現の仮説モデルとして，中房温泉の
独⽴栄養微⽣物群集の研究をさらに進める意味があるか

→YES

謝辞︓百瀬孝仁様（中房温泉）︓中房温泉の温泉⽔中の微⽣物の利⽤の許可と諸便宜
広瀬侑様（豊橋技術科学⼤学）︓光合成微⽣物群集の 16s rRNA アンプリコン解析
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