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Abstract

This is a review of microbes which live in extreme environments. We focused on natural
hot springs with high temperatures and/or acidic environments. Rod shaped bacterium,
Bacillus acidocaldarius with spores from Kuroyu, Akita Prefecture were cultured at 55C
under acidic conditions. Sulfur-oxidizing bacteria were cultured from Yunohanazawa,
Kanagawa Prefecture. These bacteria were associated with the quality of sulfur in the
springs’ flow. Irregularly formed archaea were cultured at 70C under acidic condition from
a hot spring pool in the Hakone-Oowakudani geothermal area. The strain was a new species,
which was then named Metallosphaera hakonensis.

Then, bacterial and archaeal community structures in Japanese hot springs were revealed
by 16 rRNA clone library analyses. It has been noted that only a small fraction (<1%) of
the microorganisms found in nature can be cultured using traditional cultivation methods.
Therefore, a culture independent method, 16S clone library analysis is useful method to
reveal the bacterial and archaeal communities. For example, Satoh et al analyzed and
compared the 16S rRNA gene compositions and environmental factors of four distinct
solfataric acidic hot springs in Kirishima, Japan. As a result, species compositions and
biodiversity were clearly different between the ponds showing different temperatures and
dissolved elemental concentrations.

Moreover, hot spring microalgae such as cyanobacteria, green algae, diatoms and red
algae were examined. They live in about 20C to 80C, and in acid (pH2-3), neutral (pH6-7),
and week alkaline (pH8-9) conditions. Unicellular red algae Cyanidium caldarium, Galdieria
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sulphuraria, and diatom Pinnularia sp. live in acid hot springs such as Noboribetsu hot
springs, Hokkaido and Kusatsu hot springs, Gunma prefecture. Cyanobacteria Mastigocladus
sp., Phormidium sp., and Oscillatoria sp. live in neutral and weak alkaline hot springs such
as Shima hot springs, Gunma prefecture, Tsurunoyu hot springs, Akita prefecture, and
Atagawa hot springs, Shizuoka prefecture. Micro algae capable of photosynthesis form the
hot spring ecosystem among bacteria, protozoa and other microorganisms.

Key words : bacteria, archaea, extreme environment, hot spring, 16S rRNA analysis, microalgae
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INFE TOHADTERBMAEWIRFED E RO OWTEBB L2, 97, RHEREES, A
N OFMRY 7 ALTIRR, FRKWMA I V28R, ERT 527707 (W) <
T—%7 ONHW) #oEREL, WEOELE GrCHRERSICLY, /NF IV R Bacillus
acidocaldarius, F 7 NF v A Thiobacillus thiooxidance, ¥FE Metallosphaera hakonensis 55 %
FE L F/, EEEBRESRAOEAMFT I VEONAHE LD 16S TRNA 20— 5
4750 = X BRHERGEMIT 2 B 2 v, KR ORE BT RIRE L MEWTROS
FREEFR S E OBRA S AC Lz, S50, A8 i, BT IR, S I s
W EOMMERE DS, BHERE O A F23 T X Cyanidium caldarium %2 7V F 4 L)
7 Galdieria sulphuraria, YE37 F 5 % r 4 V7 Pinnularia sp. 7z &, FEEELDU 7R LB H
OB, RIS 22 EORERis 7 v A ) EDIRR = & 513, B 7T A
3 Y Mastigocladus sp., 7 + )V I T 4 7 5 Phormidium sp., LV E Oscillatoria sp., ¥+ 3
I v 1 A Synechococcus sp. R EDAT LTV D I EPH LN R 7.

Fo—U—F:inzF07 (ME), 7—F7 GhMiw), MERESE, R, 16SrRNA i, #

1. &EYMRO=ZFAA 2

EPFIIKRE , MIOBITEIED e WIER AR L, BB AR 22BN RIS 5 2 LAt
T&5%. VAY— 2 RNA OIFHEEAINEDS RHEBIT L 2 &, FEEAY Prokaryote 1X, E 512
M (EIEMIE) Bacteria KX A4 » LMl Archaea KX 4 V2 6, B4 Eukarya R
AL VEMIZEDOD N AL VR T A, ZOFIE= N A4 Vil Three Domain Theory & L TJA
{ZIFANSLNTWS (Woese, et al, 1990) (Fig. 1). M@ N2 570 7) dfiE (7—F7)
RZEY CHA B ZIER L, Skl SRRERICB W CH AT WL AT 5.

2. BRICERTIHE NV T7VU7) EHHE (7—%7)

Zrlal, BARICE D 40 4 L Sh R ZIRRMAEW OO R T, ISR IRIREL & SREEBREEC
HEHL, BREHE - BERRR, AR 2 R LHRKMAIC AR L T b Ak a 522
L, % OBEROHERICOVTERLZNEEZIRET S, bILbNOJHBITII 4 4 FEERBR A
HFIELTHBY, —HAEGIERLTWZWE I ICAZZEEICYH, ZOBEIHM L -k B
LCWwa. EETIE, HK3000m 2802 EWEHE (Gold T, 1992) R 7 WV H VI TO4
itk (=2 =R 2y M) FoMELH Y, FAGHEREIHBRMCO B2 TSN, £
Fi% ke By O MR O VDR SN TV 5.
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Fig. 1 Phylogenetic tree of life as defined by comparative ribosomal RNA sequencing
(Woese, et al., 1990)

1 YUKRY—L RNA OIEERFICE D EYRORGE

2.1 ESERICERTIWEY ®,
FRH I BRI EE L LTS hCw b 3LE
BRI E ST, REEIBURHERETHS. VL

OhHLHHREHOFROPT, WHIFARIEOR 3 -
WHIT (662C, pH3TO) £ BUBAE L RIRL  EE AR 5
7z BHE Bacillus medium No. 573 % v, 55T (2 o 5 e N
THA R RATz. SRR RO T O3 r ..

VD7 T DROHESREORE (PA XA, Ml .o e
BRI T, EBPEDEBO SN T, itk Photo 1 Bacillus like bacteria isolated from

RRPHERR E OB L O G+C & & (DNA 451 Kuroyu Hot Spring (Bar ; 5 um)
horT = UkE Y Ny UEEROEE) L, K

Wi Bacillus acidocaldarius & [R5 L7z (Photo 1). FE#efkE JEWICHEMMENE L, T2 &R
DOEEMEEREICIL CAEB L TV B ARMITEILAMIC O RIS 2MIETH L (BHEDS, 1988).

2.2 FER - B/ TERERICERTIHED

PNZNIRFERRGS 2 FEPURR O PR L, FERE - IHEOBICAE L, REEBEmERTHS. B
FBHLTWAER (397C, pH228) 756 10m Ll EiZh7-) BROmNZ K L, HEICIEmE
DB NIz R, ROZOmBED SEBRLN 04 QMR I N/25, o 3t
BRELCD b S 920 pH 2% pH6 12 THH A e R RS M A (Thiobacillus. sp) TH -7z (B
D, 1989a; =MD 1989). Z oMW IEIE ZBILT AROZAVF—ZFHL, KRBT A EZM
LLTERLTWA, —JF, BEBRLHIEIE L v Ao/ BRI IS CERT A WAV
b, FIEEEOKIHICA R LT3 Thiobacillus thiooxidance (BAAE TId Acidithiobacillus
thiooxidance & X1ENTW53) THY, MW EHWLRESFLI AT N F)VT7)V—=F 7D
DED) I > TWAMEE LTHOASN TS, RRIEMAFORY) F 4 VB (HS,05) % FIH

4



570 % (2020) AAROERMAEINZONWT  ~ g~

LCTHEFEDOZANF—2HF TS, TEARILIOE
% (20T, pHIO~18/H) a7 - A AFx
HEEORY) — - LI T7F =7 KK (G0~
89T, pH099~118/K) I TZDAEEMHER SN
TH Y (Photo 2), T D HIH TiE 10°cells/ml,
#%EHTix 100~10°cells/ml 2o L7z, HEK LD S
OPERICBITL2EELRMELT HOLAEGETH S
(Sugimori et al., 1995 ; Takano et al., 1997).

PBBBB4 1.0 kV X25.8K 1.20prm

2.3 FEIR - KiRBOMKICERT SHMEN Photo 2 Sulfur oxidizing bacteria isolated
FERRKIMA AR O KINHENC L > TTE M from Yugama Crater Lake (Bar ; 0.5 um)

T, BKT = V% L ORI TR SN T3

72E THREORLIZH % 100CEVEIK T — VTl
B2 (@TH) 2MESNBGES TV 525, £
D@ TIPES N TV BIKEDOFIK I S AW
ERLTwA. BE2E&ARHKEEIZ BY-medium
ZHWTIOCTRERELZE ZA, HbOREIHRD S
N7z B % A, T O R OV"C&Z; &,
77 DG DEEE O EE (B 5 IZIFTERIRT
EH DA, e MAPRSNG) ’5:33[/, FH R
e E XA SN H o7z, T id Metallosphaera
sp. (2> TI& Sulfolobus sp. &£ XN Twiz) w

- R Photo 3 Metallosphaera hakonensis iso-
SWT, 7—F7 (Archaea) THfiHE & XiThTw lated from Hakone Oowakudani Hot

5—MBOEGRTH S (5% 1994 5% 2010). Spring (Bar ; 5 um)

LA DEFOREAS LTS, TRHET—FT

LXiEN TV —HoEMKIL, Wb REOME CUEME) S IxXpShEZosmiEe L
TEREINTWDS (Fig ). 2F0, 7—=FT7RIEFROMAETIEID 5725, ZO5HTEIRIERZ LY 12
HEWDOT, MilgAEFHTRINIZEBY, 73 TIMoEGERISAE, WETLIEICLDH
TEOIHMIEOILA NIz STV S, FRKIE O BRSO 538 & N7z Metallosphaera sp. 1%
ZOFHEIRR 16S rRNA IZDOWT AL TAHREHEKREOHBIZL D, HHETHL2FHIDLID,
Metallosphaera hakonensis & 7% S 172 (Photo 3) (Takayanagi et al, 1997). kD7 —F 7127
T 5 IFERF BN R 1S H AR DO &l - BREEVEORME 2 5 L BRI N TS (BHEDS 1989b).

3. BRICERTBNITUF7ET—FT7D16S rRNA
TA-274 77 ) —RICK D HEMERIT

R REERILO X 9 e EiREREE, MOMIRICET 2 KILTESOKRBICEM L Twb &%
Z BN b (Pace, 1991 ; Miller and Lazcano, 1995 ; Baross, 1998). ZEBZ, R 7% &b aHES
TeHFBMEDON T 7)) TRT —F 7L, GRS O W ATEWEGICME DT 5 b (Pace,
1991). MM OLREPEE, 1990 SFE E TIIEREIC X VT SN CTE DS, ZOHE TSN
ZBNGHELTLE D) S epbhoTwsb. —F, VARV =2/ 722y O RNA #EZT (16S
rRNA & fxT-F 7213 18S rRNA #EfxT) %*“E’J & T B0 F AW R A MR SRR R RAT T, B

5
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RN R MAED 2 GO TEREZ T2 2 LAk 5.

T, OEo0fIE LT, 16SRNA 70— 54 75— X Wi Szl BEa -
BRBRIIBILZNZ T T LT =37 OWEME ROTCENSOLBEENRESCREL &0
LR L T BT W THIRERE, SRS O (Satoh ef al, 2013a, 2013b) %3 %

3.1 BERRICERTHIWEY

HBIMAO TR X O M AT 2 RKNOABRD S B, Rk E B ITCRREN R D
4ODWRE D D OISR E N, N7 7)) T LT —F7OMEREIRS N, wiho
Wb, 7 a— 390 282 THB Y, Coverage DD ST S N L MNTOMEED 08 =
BZTWAIZENS, HEMESFEMIT sz rs s (Table 1, Table 2). Shannon
index (FEZREMEIRED) »OFEM L7202 7 7 ORI, R E EFEICEIEED L S IHE
BN WIRIRICB W TR D Eh o 72 (Table 1). Z DR TlX, Acinetobacter JEMT & KX D
8-Proteobacteria ()& 2 MBS B EE LTz, KaHc, Rl & EAcRIBENE b ICH
WCHWIRIZBWT, FMERENS o L o7z (Table 1). 2TH5DMWMRITBVTY,
Acinetobacter JEM W A B EH L Tw/z28, K- IMEFACHEBEORRTELE L TV
Acinetobacter B L IZPFETH D LHEE SNz, T—F 7OV THAL L, HRAIZRIRAML
CEAFTEHRBEDS R VIR ICB VT, LSRN RE 2> 72 (Table 2). 2 OHRITB VT,
Sulfolobales H1ZJg 3 2 O PIERIICHEE LTz, R E BEHAICHRBRENL L ICH VIR
I2BWTH, Sulfolobales HAYE S L TWizAs, ZOLHMEIIHRI IS -7z (Table 2). —77,
AR ISR CHEA TR BEE DR VIER ICBW TR SN 7 —F 7 D 99% &, 1B D AR KE
FHOMIZHRT 2 LHEE S 7.

Table 1 Diversity index scores for bacterial clone libraries at Kirishima hot springs.
x1 BERRICETBAINITUTF7OESHIETE

A Shannon index (i 414 48%0) Coverage (HEF/EE) iRt o— %
Pond-A (93°C, pH 2.6) 1.38 0.85 95
Pond-B (66°C, pH 2.0) 125 0.88 94
Pond-C (88°C, pH 2.4) 1.48 0.90 92
Pond-D (67°C, pH 2.3) 2.04 0.86 91

Temp. approx. 90°C

(Pond-A + Pond-C) 1.66 0.89 187
Temp. approx. 70°C

(Pond-B+ Pond-D) 2.23 0.89 185
El conc. > 1600 ppm

(PondA + Pond-B) 2.00 0.87 189
El conc. <350 ppm 233 001 63

(Pond-C + Pond-D)
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Table 2 Diversity index scores for archaeal clone libraries at Kirishima hot springs.
*x 2 BERRICHET27—X7OESHMEM

Ve Shannon index (FEZ AR 40 Coverage (17 EE) AT e — 3
Pond-A (93°C, pH 2.6) 0.53 0.95 106
Pond-B (66°C, pH 2.0) 2.06 0.88 12
Pond-C (88°C, pH 2.4) 123 0.94 109
Pond-D (67°C, pH 2.3) 1.45 0.91 104
o ey 158 095 215
.
xg&gTﬁxigf 220 0.91 216
(Egsz‘éffpiflg‘_)é’)pm 1.99 0.92 218
B o <si0pm
3.2 SHOERE

VL Eofigeoft, w5, ERBRBERREOERRS (RIR56~83C) B FE /N7 T
TET—FT7OMEMELY, HMNLREERLELSTAEYWENTFEOWE 2 HWTHIT LTS
(Nishiyama et al, 2014). ZOWFFEIZBNTD, FFIH TAWZENFEIC X 2 BT TR ZoM
DEBHRBEN TS,

T0CZBZ 5 &9 HiRGITETE OEWICE > TIEFITEBREE BRI TH ), FICROBHIEEHE DM
THRBRDZ LI, TOL) ZREETIIESEWIIEFTTE LY. =, NI TFIVTRT—F7
X, S0CZBALBRBICHLEMLMPEBT L TCWAI EDNbhoTE. FLTENLDE LR
RRMAMTH Y, DFFENTDISHMED NI BB R E h>Twab. ZLTHAE
W FERZEZLZ L0 BERFTARLN TR WIRE" BEEL, bIvb oA 4l d L
Ehwnwklbhs.

4. mBRICERT MRS

4.1 BRMEHOESR

WA E LT3 N2 7)) 77 —F 7 OMICHHI I Microalgae 23F4E 3 5 (Fig. 2, &5,
2008). MMIEEIL, KPP CTUEREZITY, ZELREFLZWINUBEEZ LT 5. MR EEE Y
7 /37 71 7 Cyanobacteria (Bi#:) % EOBEBEEM L, fRdE, HdE, ALEZ% COBEBERIS
Feuhs.

TN T ) TIIMIE KX AL PR T A0S, BEKEAT) O THIE Algae O—FliE LT, Bk
Cyanophyta & b XIENTWB. £ 7274 I N Mastigocladus sp., 7 #+ )V 2 I 7 A Phormidium
sp., L. L E Oscillatoria sp. 7 EH MBI LTW5A (BB, 2008). EALHHE OFL#3E Rhodophyta
TlE, B0 A 72133 X Cyanidium caldarium, 7 V7 4 TV 7 Galdieria sulphuraria, ¥/
v Cyanidioschyzon 72 &, H:#JH Diatom TlI/NA 7 4 V' 7 Pinnularia sp. 7 E D3R5 LT
w5 (Fig. 2).
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4.2 ERBEHOSRERRT

Kilid# 20C D F A H 80CHE S DFIRE TEBELTWVLN, YT/ N7 70 T e EDEBKHE
BUIHK 75CA < T, ALEE, HpEA EOFALERIIH 60C £ THEFMATH S (Madigan 5,
2003, B, 2010) (Table 3).

4.3 BRBEHOREE pH 2
5 & BAEE O BRI Z T, AFEA 4 V1% GRIZ) T, 8% (pH2-3) 7 5% (pH6-7),
§57 VAV (pH8-9) FTIAL A MiLTwa (KK, 2006 & hti%) (Fig 3).

Fig. 2 Some microorganisms living in hot springs (Nagashima, 2008)

2 BRICERTIMEHOREE
1-4 : Bacteria, 5-6 : Archaea, 7-14 : Microalgae. 1. Thiovibrio, 2. Thermus, 3. Bacillus,
4. Acidithiobacillus, 5. Sulfolobus, 6. Thermoplasma, 7. Pinnularia, 8. Cyanidium, 9. Galdieria,
10. Synechococcus, 11. Mastigocladus, 12. Phormidium, 13. Oscillatoria, 14. Cyanidioschyzon.

Table 3 Upper temperature limits for growth of living organisms
*® 3 HEYOEFEIIHT 3ERMER

&% Group EIEFR A Upper temperature limits (°C)
HEi%#AEY Eukaryote

JRAEE)  Protozoa 56

FAKEE (fkie, EESE, F0BE) Algae 60

F#H (HE#) Fungi 62

FEPRAEY  Prokaryote
HIEME (W, Bacteria)

## (Cyanobacteria) 74

YA G # *Phototrophic bacteria 73

{b2EE i # ** Chemotrophic bacteria 95
W (Archaea)

I EWERTE Thermophilic bacteria 122

* Bacteria that synthesize organic matter with light energy but do not produce oxygen
**Bacteria that synthesize organic matter with the oxidation energy of inorganic matter

(Madigan et al., 2003, Nagashima, 2010)
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Distribution of Microorganisms in Hot springs

() dwie, @ §f — YSTH 3t

MOT ER

Acid thermophilic Thermophilic
hFads
Cyanidium Mastigocladus
Galdieria Oscillatoria
Phormidium 5
4 7
% )
h
1)
%
Acidophilic Alkaliphilic
1(EiE) 7 (hiE) 10(7ILHVE)
Acid Neutral Alkaline

pH (RERAF4E%)

Fig. 3 Distribution of microorganisms in hot springs (Nagashima, 2006)
3 BRROEBE - pH EWMEHDORH

Photo 4 Micrograph of a red alga Cyanidium

caldarium

Cell size, 3-5 um. Isolated from Kusatsu hot
springs, Gunma prefecture. (Nagashima,

2008)

Photo 5 Micrograph of Cyanobacteria, Mas-
tigocladus sp.
Cell size, 5-7um. From Mine hot springs,
Shizuoka prefecture. (Nagashima, 2012)

Photo 6 Micrograph of cyanobacteria, Oscillatoria
Sp.

Cell width, 2-4 um. From Atagawa hot springs,

Shizuoka prefecture. (Nagashima, 2012)
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RS BT 2l EO B 2R3 &, diEE SRS, BREE IR, R IR s
7 EOWEMERBITHAMISALE A 23 T X Cyanidium caldarium (Photo 4) R NVF 1 )7
Galdieria sulphuraria, ¥E37 F 7% 1 4 V7 Pinnularia sp. 7z £ (5, 2008), #EEILI LR
RO G, BRI R LB IRR 2 EOP RS 7 v A ) EORRICIE, BiEA 72
7 A 3 Y Mastigocladus sp., 7 4 V3 74 7 & Phormidium sp., LV E Oscillatoria sp., ¥ 33
v 1 A Synechococcus sp. (Photo 5, 6) REDGH LTS (KR, 2012).

ZD L) REREEREEIL, HMICARLTWAEDO TR, £33Ny 7y 7REARY &4k
BB OWRE (FR) O4RER Ecosystem 2B L T 5.
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