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Microbial deterioration of stone monuments in Angkor site
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Microbial deterioration of stone monuments in Angkor site

REERLAENPH L BREKRET RKEE
UNEE i

XM THLI2BELN 2o EEEHICB T, RHICHMEMWNEETT L Z LI
X2 aMOBIERNBEA LB EERoTWVWD, Tra— LEWE 9 b 13
frflcriF CRESNZAEERETHY, TMOLIERNBEEFETHLHDZ EnD
FTOMRBFLEENAB > TS, KX TIX, a5 fl:@’ B F kA Ak &
FEEAHLIZERBL, ToHbicEETLIMEMEZH LI L, & OREIC
OB HRAEBLEEEBE L,

AT RIC LY, HEELILOEREL T, MBRE2AEAKT 244 VBILBAED
MERO 2L LTHERRIALTEY, LM RE PO AL v BRAEME L
HEEO S DHINLTE, BEHICOVWTIEERSALT VBRILERZFA IO T E O
D, MEIZ DWW Tl iﬂ%%%’if&)oto T2, XNAFT T 4N AITODWNWTIE, F0O
—HIZOWTHEMHEIFAISLNTWVDI OO, HAxRAHRONNAF T V4L
DAY OB IZIT DA TRV,

UEozend, KBxTix, 7ra—LEBOHBESLIL, BXOEGSL
WHEETOOMEORMHEBENE L, HEESIEL~DOFERREDNLD A 4 UEL
MEORBOMIEA (FH _2E) &, XA LA 74V L2OMEBEEMRKT (B =%), B X
ONRNAL T T 4 NVDIDDOBAF L, A FME (FUE) 2172 72,

BoETIE, HEELSILaMRABLL B I ME KO BER T, o
BETE 5 RRI1Z, WA A VICKET A REBEHRAEE L, BFoBILIZ L 51ERE
KEMNREHEEZAL WL, 206 b IZTT X T Mycobacterium JBIZJ)E T 5
MEICHRDMERERE P, TR oD D, DBE SKIIBEMND A 4 v
b O R EITER LV, ActinobacteriafllZ BT 2 2 &E N L MNIT 72 o 7=,



SEERE SO L, fRFEL L TEE L THIS03 %2, HEKA A v 2RML -
M ELEM CEELEAER, MMMBBIXOFFHB O ERK L, BHE O kR
S, UEo#REY, s o BE IV EEmIZCEWT, LT WA
o bormallidtneRFERICHY, APV AICETEREK A 4T U %
b L CTATP 24K T 5, LI KO ICRBEICADLDE TR#BFEZUYBE XL TWVD
Al f T$75>%7_%2h710 ZOLYICR#EARAALS T TETDHIREMIT, XREDDL RV
WEETOAEFTICANLE R WTREMEL D 5,

W wm TR, Tryra— BB AAS IO ERENLPLOERLEZ AL ST 4L
LOME®w DR 21T o7, NAF 7 405 OME T, J8ILZESKTOMEAE
g LT EERE <, BEAOME & XM RS WD EH oM E R S K
éﬁ“bfb\f:oif:,/*‘4’ﬁ74’/v,&@@§ﬂ ,BEH ORI I FEEN D o T,
Thbb, K&, a, BREAEOASA T 7 o VAT RBBRTCEDODRLER 2 OWE
@ﬁ@ﬁgéﬂélkﬂyﬂoto*ﬁ,ﬁ@@ﬂ4j74WA@,Eﬁ#%
L THHRCCERMPEERY BCEGTBHEIND Z EBEL, B0 N4 F
T4 AiF, ERTCTEDLDRLEAESERE LA YOmM G T EI N,

N4ﬁ74»A®é%3k®%i%%ﬁ®ﬁ%,ﬁé@ﬂ4ﬁ74wAmw
Rubrobacter BICER T MEIERL L Tk, B, L6, B, KON
A F 7 4V AIZIE, Cyanobacteriafl\Zh birfxeME NnE L L Tz,

INHL B5EDANALFT T 4NV DL, NAFTT 4 LAREL, 2O FOAH
DEENBEETH S TEHRFODORNAL T T 4L LAITONT, XAFT T 4 VLD BE
e Cﬁ‘lﬂi%%ﬁ?*ﬁbf:o%O)#% NAFT7 4 v O FERBEIZIE Cyanobacteria
., AMICE s o2 lx Chloroflexi DX E N ZEhmmiL Wik, £/, £8
N DA M AU T 7‘ T IX Deinococcus—-Thermus i & Rubrobacter & |Z fix b iT
% 72 MBS oy A LT Tz,

FUE T, AT T4 NVLOFHEBA A, BAFT 20 ELRL, BikA
DNRAF T 4NV L5, ERTELALTWIZRERE»OHER I N N A A
TANATE, BRABEL TWVWLIBDERBERO N A F 7 4L LAITHTEHIRE
DA Ay, TrMITUAALAF Y, ST XU AAF Y, AN TU LAF N
FHEh TV, 202 enb, MEADNSAFT 40 HIZE YT EREOD M
BRAERBL, WEaTOBA A ENENRL WD AREMENS RSN,

AKWFze Tix, HELILOFERNMED — 2L LT HBEISNTAF 7 ERL#HE
N, BHMA AT EBILL TATP ZAE KT OMIEREN R LULERBREENR
RombbrHEITLHI 2PNz Lz, £, L5 LICHEGTIHE XA
HIZL TR, FFIZHKRBEBALIL E Rubrobacter B DM E & OB 5 % H 5
ML, WAEAOHIAENBEERERADOANA LT 7 0V ATIHE, GREOMEBA
ot B AACOEBIBERINEZZENL, BREOHEBICL VS AT D
ERA TN EREINDZET, AaMOLERREIND ATREMEDN I LI,
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ARIFROE F L B
1-1-1  fAEm» L& T AMA1L

W41k (biodeterioration) 1& MO AEMIEBIC L - TOEBZ &nd, WEOLEEL
< 724k (Hueck, 1965) L ERIN TN D, D H b, FRIAEM N5 &k Z 941k (microbial
deterioration) 1%, PEZE, EESEFITMZ, ULMBEFOSH THRBEE 2> TN D,

AU T o 2 BE S e A ER G OEBNE, KELS T D & 3 DOERIT L - THILDET
LTWo, —DIISNEFPCEINER 72 Sl X 2WEFH Bk, o —DI3EEERRED
b5 7eHik, 2L TH 9 —ONEYMOLEFTIC L DEMFN R TH D, EMFENRAILD
o6, WEMOEFTITERT 24 DAL < OB CIRAZRMBE L 2> TWnD, MAEME
AR AL D BRI S W TERFIZEIN 2 s B % < @l STk Y (Warscheid and Braams,
2000; Scheerer et al., 2009), EMDEFT N AM OMELFRISBIL el 2 Z & bR s Tn
% (Papida et al., 2000) ,

WEMDOEBIZ LD AMOHIOEF L LT, MAEMDPERT 5 BEHERECHIEIC X0 Ak
PR EN5Z & (Sand and Bock, 1991), FUZEM DGR 220> b A M OEBIZ AV A A TH
BL, AMOMELZEET S Z & (McNamara et al.,, 2006) 72 EAHAE ST 5,

Mz T, AMEBERICIER SN DAL F T 4 VA B A OB ERET IBENH D, A F
T AN LT PNEE LTEER TH Y, A ERT DML bE (EPS: Extracellular
polysaccharide) W EEEEE LV EIC L, SR OEREE() SN OMAEY & R T 5 &5 2 31
2L TWD, AMREIC AL T T 4 VARSI ND L, AMEBRICHMEDOATHRROER
BN EL, HNBPERONDTZT TR, S AT 4V LANTIRBEE RIRER RTINS
T DA O ER PMERE S, AEMIZ XD ARSI D EEEE, AREBIC X 20O EME
EIND, £, N AT 4 NV LORIBAZIE L > TEMOREET VST LOE HAMEES
N5z ENRESN TS (Perry et al., 2004) ,



1-1-2 7y a— VBN BT 2 aM BBk

Tra— Uy MIREBENHT > a—/L il (Fig 1-1) 139 k26 13 hdiz g T
A—NVRBICE > TRESNCAEERHF TH DL, 7ora— Uy b7 ra—/b s fARE
26 EEFAY, 1992 FICHRSBEFE L L TR SN2, HIERFE LN &b, FRC [fakk
IR 28PE] L LTHRERINTZ, TOROBEIEHC LY Tfaficd 28E] VA b
A SN b o0, BUESHERSEOF — LRI - BEEHZITR>TWDH, ARDOEET
—LD—DOTh2DAKREBINT >3 — /VEBEET—2 (JASA) 1%, 1994 IR Sz JSA
AEiE L L, 7o a— LBBORSF - EEEBRE L TREMEEE 21T > TW\d, ZOIEE
I, RS, MURHVEIBREESS, HTRREY, (EERRGE - BEEIN, Bl S0, RERE,
EMTL R E 2T b o TWD, AR TIEED 5 LORGFRIZEO I V—TIZE L, MAEWS
DOBLED & BB OB O FH A IEIEB) & F i L 7=,

WH (2007) OWEIZE DL, Tora—ABOREICIE, FELTHEETT T4 FBEH
SNTWD, WEIEERm, Wi, BIEREOEELOEERE/SIZ, 77 74 MIFEEANM,
ZEHFIHEA SN TS, 7y a— VEERC IS LTl S TO0 A EE, IR~ arns
THY, TOFEEMERTIIAE, MEA, VY EAR, BER AER SR THD,

T v a— VB OMAERFRRRA L LT, T E TICAMEER OBEESCATE SRR ST
BY, ELRAKGBHNTEE TRRARRAEBRENEEL TWD ZERRE SN TWD CIi,
1994; HH&ILAE, 1996; [LF, 1997), £/, 7 v a— LEHOREELILLM D 10 FEICHY
A F A D F S TE Y (Lietal, 2008), HIBESHL & A A 0 B bR O B 3 R
SNTWD, ZORBEH AN S, 4 4 VERILER Fusarium solani THIFO1 #£7)5 57 B = 41,
DA F TBLREIZOWTH LT > TWD (Lietal, 2010), —F7, A A4 VE{LHEIZOWT
SN T DO, ZFEMRERCA A VLRI OV TS LTV iRd o Tz,

WNAFT 4 IV EOIEEMFEL, A T DA F T 4 )V AOBEDFEIZOWTIET a— T
RN L0 ZD—ERAH S T 722 > T 5 (Lan et al., 2010; Gaylarde et al., 2012), L L,
Bx ROGFHDNSA F T 4V ADPFELTWAICH D S, @i 2 & OMAEYEOREBIZ 451
REINTWRpoTz, £, BHDOHDHNAF T 4 VAN THMAEMD ED X HIZHHLTWDHOD
MR TH o7, A T NEEITEEm A BAR TEDONL TV DE ) &, BIRO—HA ATk LEE
N HFCERICESSNTWDESY E 2B D (Fig. 1-2), HEELOBRICLY, BROFEC



XV, BEEONAF T 4V AOEFRITENNS D ENBEINT, LiL, ZivE TICHREIEE
DEBRIBOFEIZ L DA F 7 4 )V L OWAEMFE DOV TRTHEGNT 20> T2,

CHNETONRAF T 4 )b L OWE BN DRER, A 3 OBEHEITAAET D310 A7 1 L L
T IR T IUTHREETDZ EIRENTWD (Lan et al, 2010; Gaylarde et al., 2012), 7
IR T YT O IMOMETBEREEEZITI ZEBMONTWD, RICAA AT 4 )V AR TEHE
BEICEDZERPOERZD LY ZHMToMTOIUE, MBBICE TRIbSh, AMIcEEE 5%
TWDRREMEN S 2 b7,



Angkor Thom
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;
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Fig. 1-1. Location of Bayon, Angkor Wat, and Phnom Krom in Cambodia.

A. Location of Angkor site. Asterisk shows Angkor sites. Bar indicates 500 km,

B. Location of Angkor site; Bayon, Angkor Wat and Phnom Krom. Bar indicates 5 km,



Fig. 1-2. Photo of inner gallery at Bayon in Angkor Thom, Cambodia. The roof still stands at some area,

but the roof was partly or completely missing at some area.



1-1-3 7 v a— Lo L LmsNZ mi T o e

T v a— VBB O S EIEIT D202, AMBILICEE T AMEMORE L HD X =
A LD, BLOZOAEBFTMHINEETH D,

T a—VEBNCR O D A OHBELILIZOWTIE, BNR L7 X 5o A T EbIEY O
BENRBRINTND, TROMAEHD I H, A& UVELEEILT TICHEESCRENH LS
o TWD—F, A FUVBILHEIC OV TEIREF ThH o7, £DID, 4 VERLMEN S
RO DR ITITZ TR T, A A VBRILBEIZ OV T HMERRLEZHA ST 52
&T, Ty a— VBHOHBELIC TGS D RO H D A 4 U B AEY OB O R EIC O
B0, HEEHICF ST HMAEHOMAETD Z LN TE D,

—J7, NAFT 4NV LDMNEFEIZLDAMDHUTHONTIE, FEDNAA T T 4 )V DDA
FIZOWVWTITFARLNTND b D, FEx REFADASA T T ¢ )V O 2 MRS
D2 EFITATW R hoTe, NA T T 4 )V AOEFHIZ L o TAEWE ORED I b 22 72,
NAF T 4 N RERLT DT 2 BLY CRIMEICHIB CE 2 TREME D B 5, S HIT, BRI
KoT, AM~DEEPRRENAALAT T 4NV E, ZIITETREDNRELSBRONALFTT 40
LARSBENIIE, IERBRBREHBO AL I BT, BRIEN 2o TIREPEEICETFT
ELAREMERD D LB T,

1-2 HHEEH

U EOBREZ 91T, RUZETIIRO 2 S5t R E LT,
FHIBEL LM D D ol STz A A4 7 BRALHITEE O 5% o iR
16St RNA FRHTIC X 0 TR 2 4578 L, HURA 4 7 2 WRI0 U 72 SERSHE 15 L C O B3 fE D 4
RAEFARD ZET, Tra— VBB ORBELILAMEICAEE T DA 4 U BIGHE O RS A B 5
T D,
INA T T v DR 3 O B R 7 iR
HIEEE OMEMTICIX, DGGE #% (Denaturing gradient gel electrophoresis) % fV>, Z24 o O FME
HELDEL, NAFT AN LOETIT L OMEROLE, NAFT 4N LDNE T L OMEE D

FEHIZ L0, A AT 4 v MO # A WROICEIET S,



1-3 ARG 3T DAL

A L ORERL A LA T IZRE T,

B2 BT, HEESLAMD O aBES LA A VBB IC O\ T, R 21TV, ke

L7z THI503 ¥R A A 7 BLREIZ D W TEEMIZ AR~ 72,

B3ETIX, A I ONBIEIZAE Lo A 47 4 vV AOME#E DR Z R 572012, &
BN ZE P OB # & N A A7 4 NV LOMEHE DL, SA 47 4 )V AOBETH L OME# O
B, NALT7 4 VLD EOMEFED KR ZIT/R T,

W AFETIE, NA I UBEEICAE LIS, T 7 4 VAP ORSERA A iR, B OKHEREA 4
v, BA T UVREEZMEL, MBS ANALTT A NVAICEZDEBIIONTELE LT,

95 ETHE, ERORMmIBIEZITR->7,
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F2F AMORBMSERICEETIT M4 VEBRIEME

REOHEE

RETIE, 7o a— VBN BT 50 ORBESICBIET 2 /REMD & 5 A A 7 BRALANE O FF
IO\ T U D,

T v — ViR O HIBEL L E T O A MEEN D B A A T BR AR O BRI A2 VTS Tz
A AT BACRIE S BRIZ, MEREA A4 0 ICRAF T D MNIR B R MR &, FEOEIC X D REm A& 72
PWEZA LT, BEE 5 BRIZ T~ T Mycobacterium J&\ZJ&$ % Ml 2 fe bAHFEMEZ 86 <, BEAN
DA FUBIGHEO R & TR Ry, HEREBEL LTHAONL I V—T BT D2 LML
MR o Tz, BEE 5RO 9 B THIS03 BRIC DWW T & DIZFEMMCIR /G R, A A4 7 B LA E o3
REEH P THBB X OFAMBEZ LR L T2 oA T UL EZ TR > TWD Z DR T
T, BLEXO, SBEEITRIA LT WEBMN S 255113 A RBEFICHY, AR

e

TIXEEE A A7 2T ATP 2R T DI H 72, ZO X ) ICEREIZEDLETREHZ2Y)

DEEZ SN AHMEIX, RENDZWAMER ETCOABICERE R D AEEENREZ LD,

2-1

EDE R & B

A A VLA (Sulfur-oxidizing bacteria : LA T SOB) (Ihilg a4 £ T 5 Z LD, HIEES
1t (exfoliate weathering) % 5| X Z THEH DD —> & L THE 2 BT X 72, 1960 ERITIE,
SOB T % Thiobacillus J&EDFME N T > 2 — /LiEHL 7 7 > ZADBEHRZ B W THM B
BHE LI TW D (Pochon and Jaton, 1967, 1968), L72>L, ZiLLARRIE SOB & Aad 4k DB
FRIZOWNTOHEITD e, FRIZAERR O FE S B 70 47 E R EEY) Tl a4k L SOB OB % 7=
W35 WA 172V (Sand and Bock, 1991),

T A= VRPNV T 2 E TIZ 2001 £WZE, 8L 2002 4FRLFIC, HLAMET
DA T VB ED OIEWRTHE SN TV D, @ERAM TIEA A VB LIEEARE S
WOIZR L, FBES LA TIEA A VBALIEER RV &, S I TIEA 4 VR ks
PETT2Z RPN ERST (LD, 2002), F£72, 1998 D 2007 FFI2b=D, %
FEOMZEZ LICHICAME DA A U BRLMZAEY S MPN #  (Most Probable Number method, 5
Wekii) TR ENTEY, 10'-10° MPN (g sample)' DA 4 U FALIRAM OIFENHER S
T2 (Li et al., 2008), A A vEg{bZ4H 5 OILi@E, Thiobacillus thioparus 73 E12FE S
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SOB Th %, LinL, 72— /LB OHEES (LA 2> 513 SOB 7213 T2 < A A U BRALiE
Z & OEE Fusarium solani THIFO1 BR723 73 B Shulc, T OHBEITEARA 4 7 Z2 300 L 7 R
TR L2 & X ICTF A MR L OB O AR T 5 Z EAMR ST D, £2, KKE
FE L~ (500pptv) DAL /LR =L (carbonyl sulfide: 432 COS) Z43 i+ 5 Z &b,
ERRED A A VIZMA TREH DA AU ThD COS BT DRENNEH D Z LB 5 )
2> T D,

—J7, 7T a— VBB OHRBEL{LAR D SOBS R ol STV, SR OMEES
R EDEIZOWTIIARATH - 7=,

Z T, KETIE, 7 a— VBB OREESL Lm0 6 53 S 172 SOB O R {# 2 i~
DT, ZNHDOA A USRI FIINLE 2o, BRI, HEESIL Lok
DO EE S L7z SOBS HROikaflils L OVERFR R MEE 2R ~7, S I A vkl d
DA ER A D 7201, SHROMREFEFKE LT THISO3 AR L, A 4 v oikliz kb
ERREWREE O #1772, AT, Fusarium solani THIFO1 £k CHER I T % COS
IIREEIC OV T HlAE L7z,

22 ERGE
2-2-1  HIBERE LA s b o3 B S u7z SOB

SOB & LT, 200348 1 (%) &7 va—W@fo7rra—n Uy h, g3y, 7
J e rvasd 3 SFRO, FEEAE LA REN D RS VoA 4 U e L#iE THISO0!L,
THI502, THI503, THI504, THI505 D&t 5 k& o, 2 b OMIEIE, MM SOB ThH 5
Acidithiobacillus thiooxidans D57 7K < {541 C & 7z Waksman 5l (Waksman, 1922) % %
WL U, £ pH % pH3.0 7> 5 pH 5.0 (2ckZE L7- WSS Bl (3.0 g L' KH,PO,, 0.2 g L7
(NH4),S04, 0.5 g L™ MgSO, * 7H,0, 0.01 g L™ FeSO, + 7H,0, 0.25 g L' CaCl, * 2H,0, HikA 4
10gL", pH5.0) ZAWTHEEShIZbDTH D,

WSS B D ERUG1E 2 LLTFIORT, A A2 A&8H#iK1Z 3.0 g L KH,PO,, 0.2 g L™ (NH,),SO,,
0.5 g L™ MgSO, 7H,0, 0.01 g L' FeSO, 7H,0, 0.25 g L™' CaCl, 2H,0, pH 5.0 & 725 X 5 ICF%&
L, A— b7 L—78E (121°C, 1543) LizDb, Bk 47 2 BEE L7-b D% 10gL™!
L2 D X OTHIRINN U Tz, BARA A4 0 ORIBRIRE 1T, 22 0 ARBRE ICHIKA T 2 07E L,
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ZORCRBRE 25 T 1 RpRAIKE T 28 E2 il LT3 BT R -7z,

2-2-2 SBES 72 SOB DB RET L OVERIMEE
SYBER OB REIL, 7T LAYk OBEBIEIC L R LT, MR o st o A EiT
FaPEyeta (BUJE, 1975) % OBAMBBIEIC L VR Lc, SR OB % 7 —BIHMHIE, 3%
FE LK F KO ICHIEEZ DT, KPR SN & S ITHEE W L, A% v & —BihHE
XA % &4 —V ik (Eiken Chemical) % FWCHIEr L7z, /BEE O BREZNAET OF K
I%, PYG #ER 1 (2.0 g L™ Polypepton, 1.0 g L™' Yeast Extract, 0.5 g L™' Glucose, 15 g L™ Agar, pH

7.2) T30°C, BT T3 HIARGET HZ & TR LT,

Oy BfE B O B B 1%, 4,6- diamidino-2-phenylindole (DAPI) ¥4 £ D ¢ BA M 85 (BZ-8000,
KEYENCE) BBRICL VB L7, 20L& XN O IT, WS5 M 13.5 mL 2 A7z 50
mL &7 7 AF v 7 F 2—7 (352070 Falcon, BD Biosciences) (Z/7BfiEE DO HTES IR 1.5 mL % £%

FEL, 30C, 120rpm T9 HERE 5 B L7=,

2-2-3 578 L 7= SOB @ DNA DOt 72 & QNI R ACARHT
1) BB : 53 HE R % PYG 55 (2.0 g L' Polypepton, 1.0 g L™ Yeast Extract, 0.5 g L' Glucose,
pH 7.2) 10 mL Z AN 73R8 THFAT, 30°C, 120rpm T24h iR & 9 E:#8 L7z, WKIC Z DRE#
W%, PYG B5H 100 mL % Af172 500 mL 8% 0 7 7 2 = T AT, 30°C, 120 rppm T 3 H iR
LR LT, BERBOEIRE = LYEE (8,000xg, 20 4y, 4°C) #%, EiE#EFRELCHEE
[F L7z,
2) HHEVABNIC X 2 AR © FIRIC, FEREEZT 10 f5&0 saline-EDTA Z 0N LR P,
wOoHE (8,000xg, 20 47, 4C) ZATVY, LRIEZEREL THEE L, BONAEEIC, HiK
MEETSHEEOHT ¥ 2L, %, KI5 oEE Lz, fER, =000
(8,000xg, 1574y, 4C) LTCTEEZREL, SOICHKEERD 5 52O saline-EDTA %R

MUTREE L, =008 (8,000xg, 15 4y, 4C) LT EEEZBRELE, ZOHEKEZEEED
2 {58 saline-EDTA THE# L, —20°C THRTF L7z,
3) DNA flitt : 2558, =D J51E (Saito and Miura, 1963) % V7=, 15 5 417= DNA Hliik ®

X, NanoDrop W Yt & #H(ND-1000, NanoDrop Technologies)iZ & > THIE L 72,

13



4) PCR : 168 rRNA & {z 7-fHIK & FEIE 9 % 72 $1Z, HotStarTaq Plus DNA polymerase (HotStarTaq
Plus, QIAGEN)Z HHW T, Tt 774 ~v—t >y 2 HWTx >y b7 h=2—/Li@ Y IZ PCR
RIEEZFE L2, F e, TROV—~ AV A I VG2 E LI —~ LA 27 F—(TP600,
TaKaRa PCR thermal cycler dice, TaKaRa) T PCR #1772\, PCR EW %= 157-,
<TITA~—Fv >
27F (5'-AGAGTTTGATCCTGGCTCAG-3")

1525R (5'-AAAGGAGGTGATCCAGCC-3'; Lane, 1991)

<th—=< LA 7 LS

(98°C, 5 sec)—(98°C, 5 sec; 50.7°C, 15 sec; 72°C, 15 sec)x30 cycle—(72°C, 10 sec)

5) PCR EEM DR & 5L 5 572 PCR EEMIX 2% 7 T v — A7)V Z W= B kEc L v,
HEY &3 55 1500 bp O FEER OMIEMEY % M8 L7, PCR EMHOFERIZIL GFX PCR DNA

and gel band purification kit (GE healthcare)Z H\>, ¥ hD 71 ha— /L@ Z{77 57z,
6) AR - K5I L 7= PCR PEMI &85 DNA & LT, DNA ¥ —4# A% v | (BigDye™
Terminator Cycle Sequencing Ready Reaction, Applied Biosystems) T 5 I(ZHERyfEIKICIS 1T D
PCR #1T~> 7=, Z#uZ, 16S rRNA Bix 1 DM A2 1500 bp TH L DIZKI L Ty —4
VY — O FRLSIRTERE S 2380 800 bp TH YV, —ED T —7 U A TREIE OfEFEHNT 278
W Th D, —~/L% A 27— (Thermal Cycler Dice™, TaKaRa) T PCR Z#1T72\>, v/ —
i AR ORISR E Tz, L7774 ~—, PCR BUNRIRDOFMAL, —~H A 715
& PRI LT,
<7 TA~—>

27F (5'-AGAGTTTGATCCTGGCTCAG-3")

907R (5'-CCCCGTCAATTCCTTTGAGTTT-3’; Lane, 1991)

785F (5'-GGATTAGATACCCTGGTAG-3'; Amann et al. 1995)

1525R (5'-AAAGGAGGTGATCCAGCC-3'; Lane, 1991)
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< BOGHRHR DAL >

2.5 uM primer 1.3 uL
Ready Reaction Premix 0.5 uL
BigDye Dillution Buffer (5 X) 1.75 pL
cleaned PCR template 1.0 uL
MilliQ water 5.45 uL
Total 10.0 uL

<V —=< LY A 7 V>

(96°C, 1 min)—(96°C, 10 sec; 50°C, 5 sec; 60°C, 4 min)x25 cycle

FS#EIEDNA & — 7 v 2%y b7 a ha—/L@ v IZFHE L, v —4 % —ABI
3130x genetic analyzer (Applied Biosystems)IZflicik L Co— 7 v AT — X 2457, v — "7 AT
— %X, GENETYX-MAC/ATSQ program version 4.2.1 (GENETYX Corporationn) CfwfE L C 1 A&
D —7r v AfdH| & L, BLAST version 2.2.24 (Altschul et al., 1990)% T GenBank D7 — %
N2 L L TR MRS WEMEZ T2, EBROY—7  ARIDOT T A A
LSRR OVERLIZIE, MEGA version 4 (Tamura et al., 2007) & 5 L, EF [ O b R EE X
Kimura @ distance & (Kimura, 1980) % FHVNTEEM L 7=,

ST BEE O 16S RNA i s B %| 7 — # (X, DNA Data Bank of Japan (DDBJ,
http://www.ddbj.nig.acjpIZ B S, FEKICKH L TUTOT 78y a rF o —TARK
SnTn5d

<16S rRNA Bin DRI OT 7 v g o N—>
AB605019: THISO01 £
AB605020: THI502 4
AB605021: THI503 %
AB605022: THI504 4

AB605023: THI505 £
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2-2-4 THI503 ¥R D A A 0 BT 2 HE TR A R
THIS03 kDA AU BIC L 24 F %, ATP IREOHIEIZ LV FHl L 7=,
1) B%3% miR%2E L7z THIS03 #EOEEHR 1.5 mL & WS5 55l 13.5 mL % /37F L 7= 50mL &~ 7 &
F v 7 F 2—7 (BD Biosciences, Falcon 352070) (Z#:ff L, 30°C, W5pT, & S/ L7-,
HRXE LT, |MEX (AiSE LZEREZERELRVWK) &, A4 (WSS-S KFHio B
KA AT ZIREIN, BIRGEER LEEREZBEE LK) 22Tt d-, &7 B, £
L3 ETIT o7,
2) JIE : ERETEE 7V 7L, LTORMEICHE Lz, 8%EO pH (X pH A —%
(Twin pH Type B-212, Horiba) THIE L7=, F#&#R D ATP £ X, bioluminescence method
(Stanley and Williams, 1969)IZ CTHIE L 7=, 57 #K D ATP % Rakotonirainy et al (2003)D#(Z
Mo THIH L, ATP Ay 72Uy, L7 =7 —PDORIGIE ATP assay mix (FLAAM,
Sigma-Aldrich)Z V>, SO & W 4 U726 &% LUMI-COUNTER 700 (Microtec) CHIE L 7=,
HIE Szl 25 O ATP disodium salt hydrate (FLAAS, Sigma-Aldrich)% W CTHERL L 72
HERERh SR A b LT ATP BICHE L 72,

2-2-5 THIS03 #ROEGE MY 5 FAHilg, 3B L OWifE O E

THIS03 Bk DA A U FRLARBE I DWW TEE L KRR D 721, H R O it & T A Wi i %
FRRFHICMIE Uiz, UL, WSS BTG I b G & Gl w, RPN
ENHWMBOMEEZ M CE 2\, £ 2T, WSSEHICE FNDMBEDILAEYE T T%
ENREOHEALMICET LT, WSS-SEMiZ W THEREIT/R-o7,

1) H43% : Aiik%#%E L7 THIS03 KRO IR 5.0 mL %, WS5-S B5# (3.0 g L' KH,PO,; 0.16 g L™
NH,CI; 0.41 g L' MgCl, » 6H,0; 0.07 g L™' FeCl, * 4H,0; 0.25 g L™' CaCl, » 2H,0, HfkA 47 10
g L', pH 5.0) 450 mL Z/EL7z 225 mL BRa=h LK) Fu L ®8F 2 —7 (BD
Biosciences, Falcon 352075) (282 L, 30°C, WFpT, IRE D EEAITRo7T-, MRX L LT,
MR (AR LR EERE L VWK) &, BA A4 UK (WSS-S KD HK A F 7 2 IEH
N, AIREEE LT ER AR L7 X)) 23RIT 7z, BT 7 ATV, EBRIX 3 ETIT 2R o7,
2) HIE B ITEE Y 7Y 7L, 022 um 7 4 VX —iKkE %, DLFORIEICHE L7,
B4 D pH IX pH A —# (Twin pH Type B-212, Horiba) CTHIE L7z, TAHiEA 4 B LW
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WA A BEOREIX, A1 4> 7n~ b2 F 7 +— (Model 861 Advanced Compact IC,
Metrohm) % MV, FREOFRMETHIE L7z, BONTREN S, REaERFH IS g 12 588
SN TFAHiEA A B X OB, 4 OMERELZ R LT,
<AAvrua~ 7T 7 4 —ORESRMN>

T h o fEAF T A 1-524A (Shodex)

BEE : 2.5 mM 7 ¥ )VEEIATR (pHA4.0)

ik 1.2 mL min™

JE/3 : 5.5 MPa

IR 40°C

2-2-6 THI503 £k D COS 77 fi#

1) 8538 @ THIS03 #RI%, 2-2-3 L[REROFIETHR Lo, HBROREEBEZERFT 572012,
BEAR R 2o 15 0 o0 BfE (5,000%g, 1543, 4C) L, BEIEZBRE L7, 7— M7 L—7 3 (121°C,
1545y) HFHD 25 mM U gy 77— (pH 7.0) Z¥siL TE# L, =0 (5000xg, 15
5y, 4°C) % BiEZBRET H1EEE 3 ARV IR L7, W% OEERIZ 25 mM U VRN 7 7
— (pH7.0) Z¥IMML CTE®w L, FEBRiCHd 2 EREZER L=,

2) COS Z3f# : B 10 mL XA — b7 L—7 B (121°C, 15 %7) A ORBRE (180 mmx18
mm) ([ZEEICHEL, FEICA— b L—TWE LT FLW v v 7 TEE L, Z
DOFRERE DEANN, COS JEEEN 25 ppmv (2725 K 912 COSEHEH  (10.5%COS, Balance gas:
N,, A Tanaka) 11.5 uL 23U > P THRM L7z, COS FEHEH Z RN 10 7y MEFE L TR
MR —fbLizt AL, 20L& OMME 0time & L=, LIRS, RBRENOSMH
DR ETAZA h~vA 7Y TS50 pLERELL, FPD (flame photometric detector) -
HA7 v~ 2777 (GC-14B, Shimadzu) (24 Y =27 ¥ 2 LT COSEEZHE LT,
HAZ v~ 777 ORIESME, 7 A1Z1% Porapak QS (50-80 mesh, Waters Associates,
MA)Z H >, Katayama et al. (1992) & [FERO HETHIE LTz, HIEKEDOFATDO =D,

i DA R W AR G- RN AT A AT EE TS (1978) & [RIBRD 51 TRIE LT,
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2-3

fERB L UEE

2-3-1 S ToA A VAR OVEE &SRB RAT

T v a— VIO FIBELL AR DD B S Ao A A U B LM 1, THIS01 %, THIS02 £%,
THIS03 £k, THIS504 #k, THIS0S BRDFF SHETH D, 4O DOBERA /7B S 7 FIBEL (LA
B OEREUG T OFEAMIE Table 2-1 1278 L7z, & HIZFEMIIZIX, Li et al. (2008)35 L U (2009)
IZFLHED LB TH D,

ITEEREIL, A A VERLAEE ORINES D pH % 2 L7- WSS 55 X OY WSS 28 K %
FAWTOBES L7z 7s, WSS ZEREHIT 30°C, Wy, 7 HIRIGER LI X OopBiEO 2 =—
DEFE, 0.1 mm BEE/NEhoTle, —F7, DHEZIRREMEM O TH S PYG %
KEEH T 30°C, W5PT, 3 HEEEZE L E0an=—0EZ X 1 mmEBETh-o 72,

B O am =— kA DL TICE T, WSS BRI T & L7246, SEkE bictoa
o =—XEAE 0.1mmRE, AITEW, MIE, &t (R Tho7lo, PYG EREGFHITHEE L
A, SHEE bICEOa e =—(TEAR 0.1 mm 2, ME, &% RTELRERE
ALTWe, 72, an=—0O@FHERKIC L > TR Y, THIS01, THIS04, THIS05 #IL#H
#n, THIS02, THIS03 #£1X 27 UV — A CToHh - 7= (Fig. 2-1),

SR BRI T HARA A 2RI L7 B, B X OV v a— 2 & E T PYG Ko
THUCBNWTHEEAETH ST Z &0 D, BHERPREROWE L HT D Z L AVURE
STz,

Table 2-1. Details of the sampling site of the deteriorated stone samples and isolates

Detail of the sampling site

Sample Isolate
Temple Sampling site Details
illar i Th ti f th
AW Angkor Wat Northwest p11.1ar in the e nea.r gro.und sec %on of the THI501
Northern library pillar in west side
illar i Th ti f th
AW2 Angkor Wat Southwest pll.lar in the e nea.r gro.und sec %on of the THI502
Northern library pillar in west side
.301 f th
BYe Bayon The tower of No. 30 in the Northwest corner of the THI503
Inner gallery southwest room of the tower
PK2 Pnom Krom The northern one of the North side wall of the temple THI504

PK3

three shrine temples
The southern one of the two ~ The base of the south pillar of

Pnom Krom
small temples the entrance

THIS505
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Fig. 2-1. Isolates strain THIS01 (A), THI502 (B), THI503 (C), THI504 (D), and THIS05 (E) at 5

days of incubation on PYG medium.
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OYBER S ERITWT R b b & T — B, AR X -V, 7T A, pisie
Bt T o7z, 7T DAYtk OBEIREEEIZRIC X 0 fERE L7 O RBIX Table 2-3 (2R L7z,

16S rRNA Az T O AR HNCE S < RIS OFE S, THIS02 # & THIS03 #K i
Mycobacterium cosmeticum (AY449728; Cooksey et al., 2004) 1Z 100%3Tfx CT&H VW, THISO01 £E,
THI504 £, THIS05 ££1X Mycobacterium pallens (DQ370008; Hennessee et al., 2009)(Z 99%3/T % C
& o7 (Table 2-3), Mycobacterium J&IIFERLE Mycobacterium tuberculosis 123 S 412 M
TN—TThy, MBI 2 — VBN L EICE ENTWD 7 DINEIZ K0 a2 Guth S 4,
— B F o - BREPBAK TRA SN WIRERTIEZ R TRER S 5, i EIcs
WCHTBERE S BRIZWT N BB TH Y BB A R Licie®, MRBEORE» O LI b
D5 BfEFE DY Mycobacterium JEHIE Tl D Z L NEHT Hivlz,

5SRO SBER & Mycobacterium JE\ZJE T D MU & O R FHINLIE % Fig. 2-2 DRI L
7o TBEEIE, Mycobacterium J&ED 5 HLRLE DR W7 /L—7" (Rapidly growers) (ZA0fE LT3
0, FEREERETH D M. tuberculosis, Mycobacterium bovis, Mycobacterium africans, Mycobacterium
microti BT D RE DN N —T LITRFHINT IR > Tz, REORWI L—F 2@
DA, TERAKBIEMEH ORI TR L7z L 12 7 HEUAIC a2 e =—FRA R
NDREN D D, B S HRIZPYG I CEEE# 3 A RICan=—BRR R o= Z L b
b, MEORWITNV—TITRT 5 Z LR MER I,

Mycobacterium JB\Z BT 2HEIZT—REIIC, b NOEOZER, IR P OBRES)D
SEES DA Th D, —HOMBE TIX, KFEZHW TN RENIZAEST T 5 2 & (Lukins and
Foster, 1963; Park and Decicco, 1974) <°, —[&{b/kFE (CO) #H—DRFBJRE L TEFTTHZ
& (Park et al., 2003) A#HEINLTWD, LL, A AU EHWTHMINEENICAEETT D
Mycobacterim JEBAREIIARE M PO TOHRE ThH o7z,
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Table 2-3. Cell morphology and phylogenetic affiliation by 16S rRNA gene sequences of five

sulfur-oxidizing isolates

Cell morphology Phylogenetic affiliation
Isolate Size, Similarity
length X Shape Related species

with (2 m) (%)
Mycobacterium pallens strain czh-8 99

THISO01 1.1X0.8 Short rod (DQ370008) (1415/1416)
Mycobacterium cosmeticum strain 100

THI502  1.2X0.5 Rod LTA-388 (AY449728) (1369/1369)
Mycobacterium cosmeticum strain 100

THIS03 ~ 0.8x04 Rod LTA-388 (AY449728) (1438/1438)
Mycobacterium pallens strain czh-8 99

THIS04  0.7X0.5 Short rod (DQ370008) (1343/1350)
Mycobacterium pallens strain czh-8 99

THIS05  0.8X0.6 Short rod (DQ370008) (1415/1416)

All strains were Gram positive, acid-fast positive, catalase positive, and oxidase negative.
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M. tuberculosis H37RV (AJ536031)

TTRG
] , M. chitae ATCC 196277 (X55603)
oa M. fallax ATCC 352197 (M29562) \

M. mucogenicum ATCC 496507 (AY457074)
M. fortuitum CIP 1045347 (AY457066)
M. alvei CIP 1034647 (AF023664)
73 —M. septicum ATCC 7007317 (AY457070)
M. porcinum CIP 1053927 (AY457077)
. senegalense CIP 1049417 (AY457081)
M. farcinogence NCTC 109557 (AY457084)

. pallens czh-8T (DQ370008)
99 | THI504 (AB605022)
THI501(AB605019)
THI505 (AB605023)

97 M. abscessus ATCC 199777 (AF480592)
M. chelonae ATCC 357527 (AF480594)
95 M. immunogen MN 3744 (AJO11771) RG
M. rhodesiae DSM 442237 (AJ429047)
M. komossense ATCC 330137 (X55591)
L M. tusciae F1-257967 (AF058299)
62_ M. wolinsky ATCC 700009 (Y12871)
— 55 _[TL—M. mageritense DSM 444767 (AJ699399)
53 M. peregrinum ATCC14467 (AF058712)
THI502 (AB605020)
| THI503 (AB605021)
98 M. cosmeticum LTA-388T (AY449728)
M.vdiernhoferi ATCC 193407 (AF480599)

50

M. frederiksbergense DSM 443467 (AJ276274)
53 ———M. neoaurum ATCC 257957 (AF480593)
97 M. tokaiense ATCC 272827 (AF480590)
L—M. murale CIP 1059807 (AF547950)
L M. gadium ATCC 277267 (X55594) /
M. hodleri DSM 44183T (X93184)

0.01

Fig. 2-2. Phylogenetic relationship among the five sulfur-oxidizing isolates and other rapid
growing Mycobacterium species based on a comparison of their 16S rRNA gene sequences. A
slow-growing species, M. tuberculosis, was included as the outgroup. GenBank accession
numbers are shown in parentheses. Numbers at the branch nodes are bootstrap values per 1000
trials; only values greater than 50% are shown. The scale bar corresponds to 1% estimated

sequence divergence. TTRG, thermotolerant rapid growers; RG, rapid growers.
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2-3-2 THIS03 ¥k DA A 7 L HE

LI 0 F2BRIZIE Mycobacterium sp. strain THIS03 #% (DL THIS03 ¥R) % 2y B oK kR
& LCEIR L7z, THISO3 #EA &R L-FRMIZ = >H 5, —2IF, THIS02 & THIS03 #H3
BEERE LTIV EEEORWVERTHLT > a—b - Uy hBLOARA I 006 oS
NTNL72OThHD, b9 —2I%, THIS03 BB HES Nz A 3 - DOFBES LA #E BY
cldA A TR AEM A EEE (10°~10° MPN (g sample)’) THEGHIICHE S LTV B9

(Lietal,2008) A OREELA~DOFENENEB X272 TH D,

WS5 il ¢ 9 H 3 L 7= THIS03 #% DAPI Ytttk Cd RHAMEE CHER LI- SR, BH
X (Fig. 2-3B) THHEO X IICHAZXDLHEEA A T ORFOREIZ, FEAOHENFTRINTE
THI503 ¥R DE KD % LT 7z (Fig. 2-3A) . B8 2 REHEEAIC DAPT 4uh L Cat e e E

295 L, HEMMRFIZIL THIS03 BROBKITIZ L A EBE SRV, &6 AH, 9AA
EREE AR EINT 2 Z L ICHURA AU ORI FITAE L TV D EROHRN ML, 7,
FEROIBNLER 10 u m 1F EOHIRA 4 7 O REICEEDSHE LTV end, 5538 B s
¥ 25E, EA30~40um O XY KREWHEKA F T ORAIZHEERIAHE LTz, THIS03
ROMILDIZ & A SILHEA DI E LT Y, HERIEHPICER L 72 MiaoBiidb2ho
7

ZOLEOEFE T BHROBEIROMET L, MR X CITE B AAIE & FERIC B A 4 0 238K
MRS, WRIRET O IZBARA A 703 FEL TV D DI L (Fig. 2-3E), THIS03 #koHs:
FRNT IR D AR A AT DR3840 LTV (Fig. 2-3C), T2 A5 ICME L (Fig.
2-2D), BAKPEDR KDL TWZ, ZO K5 REBRA A URF OBUKPEDIHARIE, THIS03 #R2
BARA AT ORI FREIZAHE L TEF L (Fig2-3A) 2H B2 65,

ZOXDIT, MRBSBAKEDRMKA AT REIAELTEFTL, ZOBKMEEZEDE L]
BUL, A A UBRLME T D Thiobacillus thiooxidans (Bl Acidithiobacillus thiooxidans; Schaeffer
etal.,1963) X°, Thiobacillus ferrooxidans (Bl Acidithiobacillus ferrooxidans; McGoran et al., 1969)
THHERINTEY, KRS T v o b RE L, MEORMKA AT DRV IALZREE L
TWbHEHEZ B TW5S (Knickerbocker et al., 2000), THIS03 (X 4. thiooxidans & [RIERIZ,
KA AR FREICHELTEETSZE TRV ERNA AT ERY AR, TFLF—
FHELTRALTWD EEZBRD,
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Fig. 2-3. Growth of strain THI503 with S’ (A, B). Fluorescence microphotographs of WS5 liquid

medium culture with S° after 9 days of incubation. (A) With strain THI503 or (B) without strain
THI503. Bar indicates 10 pm. (C, D, E) S” in WS5 media after 7 day of incubation. (C, D) with or (E)
without strain THI503. Cultures were allowed to stand for 5 min (C), followed by brief shaking (D). In

the absence of strain THI503, some S” remained to float on the surface of WS5 medium (E).
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HRA A0 20N U 72 SRR RS I C THIS03 BRZ K58 L7 & & oMb ili4A A oL k%
FRD 792, THIS03 FiZa WSS-S BEHli© 22 HHESE L, B3 pH, B:HiROF 4 Aile 1 4
VB L ORI A A R 2 RIS IE L7 AE % Fig. 2-4 1SR Lo, 854 22 HIFC, MR
X CIXEGH pH 239110 pHA.8 705 pHA4 ITIK T L, FAWEEA A4 36 L OWREE A 4 > I
BHRFYELL T Ch o7, —J7, THIS03 #HE X ClIEs# pH 2393 0 pH4.7 7> & pH3.6 IZ1K
T LU, Kb oo F A Wil A A R EEIX 22.3+5.7 mmol L, BiifE A 4 L 1T 2.3+2.5 mmol L™
IZ3E L7, 77205, 50 mL OEFRIR I F Al A 4> 1.120.3 mol 3 X OMithZ 0.1=0.1 mol
DEHICER S R,

T v a— VB O RIBEL LA D D Ay BES i A A U ERLE R THIFO1 £ % WSS5-S 5511 T
60 H[HIE53E L7255 (Li et al,, 2010) & Fele 3% &, THIS03 #RITHLA A A7 Z #{k L T THIFO1
BROK) 10 fEEmDOWREA A 2R LTz,

KIZ, THIS03 KROHRA 4 7 BRALREIC O TERT D, iR A T UBILMECTH 5
7T LEVEE O A ferrooxidans ° A. thiooxidans TI%, Wi Y4 F v 47—+ (Sulfur
dioxygenase: SDO) 2 & » THIAAS Aok, X (1) OISIZ XY i (S0 73
AR I N D, HREERIL sulfite:acceptor oxidoreductase (SAR)IZ X 0 iR ICERIL S D, HHiLEED
— IR EAR A AT RO L, FARBES AR IS,

[S]+0,+H,0 — SO +2H" =+ + + (1)

THIS03 Bk DA A ARG ORE R, Hilg LV & F A2 EEI ARk I NIcZ LD, HiER
AR L CRHIBE A AR S C— BT ARREE 23 A R S5 SDO ORHHREE Tk THIS03 KR A
FURBRE AT 20ZHETH 5,

7T WSPEEIC X DA AL DB HOWTIZH £ 0 I TWARWD, Sulfobacillus
thermosulfidooxidans 1% SDO & % O BB T OIFEME2 > Z L NS STV 5 (Egorova et
al., 2004; Rohwerder and Sand, 2007).

F 7=, &HHIE TIE, sulfur oxygenase reductase (SOR)NZ L 0 2 (2) DOKJSIT & » THAKRA A
T T AR & AR A AR T DB A STV D, BERRER LR AR A
ST DT LT X FARERIS, F720X SAR IZ X HLIC X 0 RBICE b S D,

5[S]+ 0, +40H — HSO; +S,0;" +2S+H" + + + (2) (Chen etal., 2005)

SOR % 21— N9 5% Sor BA& 1%, dHE ST T2 <M Acidithiobacillus sp. strain SM-1 |2
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TFET 5 2 & MRER ST 5 (Chen et al., 2007; Kletzin, 2008), THI503 £ DA #HR 1 O H &
IR EEFORELZHRLILERH D H DD, SOR OREHRKIIHMEE LV & F A iEEA
N AR S 7z THISO3 R DA A vt a 5 F<MBATE 5,

5.0 120
L
S
0 ~
23
5 3.0 11.0 g £
< O
S E
8 N
2.0 105 O
L
I_
1.0 0.0
25

Time (days)

Fig. 2-4. Changes in the medium pH and thiosulfate and sulfate ions during incubation of strain
THI503 in WS5-S medium with S° as the sole energy source. Cells were incubated in a 225-mL
conical tube containing 50 mL culture. Error bars indicate SD.

Symbols: circles, pH; triangles, thiosulfate; square, sulfate; filled symbols, with THI503 and with

SO; open symbols, whithout THI503 and with s’
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2-3-3  WS5 £ HL T THIS03 Bk D £ B RS

THIS03 #k > WSS 85 CO/EF AT 272012, ATP Z#E L=, ATP Z#EBDOFIEL LT
MW= B X, DAPI Ytk OBOEBAMEBIBIZE CTIX, HIKA 40 OB TR EHE R > TN D 72Dl
FEOMBENRETH VD, BEEDRE T2 Y =7 —3 a XD HEA TR0 b O O HIFfE
BITZ 2o 12729 Th,

WSS 57T, THIS03 #kZ B L 72X (THIS03 #RIX), MEEX, 51O WSS K5t oo Bifk o1 74
VERRELEX (A VERMX) CEEZITo7, 2L, A A UVERIKIE, AEEPLOL
H I ADOHMKA AU EETeloh, KR T THIS03 XD 1/10 DHEEA F T 25 AL TN D,

Fig. 2-5 \Z/R$I@ Y, Kiith pH |3 X TIIRE = B o pH 5.0~4.9 ZAfER L72DI2xk L, THIS03
FRIXCI3O pH 4.9 205, B3 12 H BIZ pH 4.4, B3 20 H HIZIX pH42 ITIE F L7z, A 4 VR
XTI pH 4.9 705, K53% 12 H HIZ pH 4.5, 553 20 H BHIZiX pH43 12K F L7z,

Bz 50mL > ATP &%, 5538 12 H HIZ THIS03 #£X T 313 pmol, A A4 7 HRIX T 144 pmol
IZEEL, Z0O®%B L (Fig 2-5), HEEX O ATP (XEEMM 28 L CTRIERBRELL N Th - 72,
A A UK CH THIS03 £RX & [ERICER# pH 23K F L ATP 238800 L7228 & LT, A&k

CEENTRLIAZOHMEA AT (91 gL") ZFIMA LT, THISO3 #2A4E L ATP 24 L7
HEEZ LD,

HIE 372 ATP = LEFHF OB S Z LL T O X 5 ITH5 LT=, Mycobacterium bovis (23T, 1
CFU (colony-forming unit) &7- 0 ™ ATP &% 1.014 fg E#HEIN TV 5 (Cooksey et al., 2004), =
DiE%E AW S &, THISO3 MEX O REE L, 3.0 x 10° CFUmL", A 4 7 BERMNXOHBEE I 1.4 x 10°
CFUmL', titHEIh7,

LLEDOFER LY, BRA A0 2000 L7 SRS S H WSS 55 ¢, THISO3 BE3AEE L, i
PEVESHE pH MR T 32 2 & AR T & 7o,
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500 16.0

400ﬁ::g;:g:-o____n___-§----II ------- 5 15.0
x

300

ATP (pmol/tube)

olo—ol o—90 1.0
0 5 10 15 20
Time (days)

Fig. 2-5. Change in amount of ATP in WS5 medium incubated with strain THI503 with or without S” as the
sole energy source. Error bars indicate SD. Symbols: solid line, ATP, dashed line, medium pH, filled circles,
with THI503 with 10 g S° L'; triangles, with THI503 without S’ (final concentration of S’ was 1 g L' due to

the carry-over from pre-culture); empty circles, without THI503 with 10 g S L™,
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2-3-4

THIS503 £ COS 43 fi#he

THIS03 ¥kD A 4 Vb EWOMREREDFH] & LT, KRAPIFET 24 4 v{kEWmo—
DOTHD COS ODFAMEF T, 7ra—nLBHOLILAMRENG SRt N ERH
Fusarium sp. THIFO1 #£1% 30 ppmv, 332 OV 500 pptv @ COS & 0 fig 45 Z L AR E, K
KD COS DRI L - THAERZ AT D Al R STV D (Z, 2009), £
7=, COS ZfEREx FOME & L CHRARTELL SIS T-MEKD 5 H 4 Bk
Mycobacterium JEHIE T - 7= (Kato et al. 2008) = & 72>5 %, THIS03 £kt COS 2y fRfE &
HITHEMENEZ N0, EBREITo7-,

Fig. 2-6 (27”918 Y, THIS03 #k O wARRE IR g 23N L 7= COS 133578 6.5 KFfE T 25
ppmv (40 nmol) 7>5 1 ppmv (2 nmol) (T L7z, = br—/ & L TRITEEEXICE
VT 24 ppmv (39 nmol) 725 18 ppmv (30 nmol) (ZI L7z COS % K~DIRMESY & 732§
&, THI503 RO IERKD COS 3 &ElE 29 nmol Th -7z,

W, 1EESHTZ O COS &z H M L, FHERBRERTO2KRFEREIT, 1.62mgC
EHIE ST, ME 1 lad=0 ORFEE LT, Pseudomonas putida THE ST\ 5
1.1 x 10" ~ 3.1 x 10" g C ( Bratbak, 1985) Oz M\ % &, 10 mL O E K& & T D
THIS03 RO H$ 1% 4.8 x 10° ~ 1.4 x 10" cells EHEF S 7=, LLEX Y, THI503 £k COS
OYFREEEIL 3.3 x 10" ~ 9.2 x 10" nmol COS cell 'h' L EH &Nz, —F, KKIBEEL
~L D COS 500 pptv & THIS03 #k D BB K O KA L7 & Z A, COS DHER

WD 3R S 72 > o 7= (data not shown) .
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Time (hours)

Fig. 2-6. Degradation of 25 ppmv of COS by strain THI503. Cells were suspended in phosphate
buffer. Error bars indicate SD, n = 3. Symbols: Filled circles, with THI5S03; open circles, without

THIS03.
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2-4 5 2

KETIE, A A TRICERAEDA 10 128D 10°-10% cells g ' FHEN T W=7 v 3 — LB O
FIFELLIBAIZIBNT, DX A A VBIEMER AR L TWHDONEH LT 272D,
HIBEL AL DB S 7o A aE D b 3l S i A A U B LR O SRR & A A4 T
REHC BT 2 HEE &R~ Tz,

FOFER, T a—LEBOFBEL LN OGBS D BES NI ME 5 BRI,
Mycobacterium J&DEE DRNT N—TIZJET LME Thd > 72, Mycobacterium JEIZJET 2 Al
(T2 ETA AU XD MNLRBEN BN O TV o Tol2), S EKD H HIvE &
LT THIS03 BRZ N L, & HIZFEMICEREZIT -7,

SRS H I B A A 0 23RN L 72 WSS £5H#1C THIS03 MR & K548 95 &, WSS 5l oo Hifk
A A 7T THIS03 #ROME M E L TEBF L, —RNRA A UBEE TR O D K DI, BIE
A AU DBUKMEDR LT DR PBIR S LT,

F 72, WS5 E:HT THIS03 ¥EZ 353845 &, 1M pH 2MEF L, 8o ATP 28800 L 7=
ZLinb, THIS03 BRODAEE & BRI RS STz,

WSS B & £ D HilEA 4 > ZFRA L7z WSS-S 5 HiIZ 35\ C, THIS03 fhaks& L& =
5, BERITHENT Thilk & RS AR STz, BRIZT TR F AN LER SN TND Z &
D, SORIT XKV HUEA A Ui b STV 5 ATREMED RIZ S Tz,

U EDFRERL Y, 7 a— @B oRBELALIZ I\ T Mycobacterium JEDEF L, Wil 4
AR L TAEMOHICEFE LTV D aTREME S RIE S LT,

WRETIE, 7ora— VB TR AMEILD I D, FEHLICERL, FEHLICHFE
FTOMENZ OV THMAZIT > T RIZHOW T L 5,
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FI3IE FUaA—I)LEHOMBE@EICMHEL-N\AA 74 IILLOMEZRENT

REOHEE

ARETIE, 7ra—n@Ehk, 7oa—in -« hAOFRRIINET D34 T 02BNV T, WaEBEHIC
METHRAFT 4 VBITEB L, N AT 4 VL EHERT DMEEIC OV TIHE LRI O
T U5, WARBEmICHE LI NA A7 4 VAOMEREIX, A 37 4 /v AEDOZER T O E TS
& HEE U CEARMED S K BTHLOMIBEFE D DL STV, ANA T 7 4 )V AOEFH T L IR %
PEHE UTEfE R, "A AT 4V AOEFHC LD ASA T 0 VA BT D MERE O R D Z
EDIREINT, WA T T 4NV LDJE T LI 2 RN LSRR, RE DA OEmIC
MEEDER L TWD I ENRINTZ,

3-1 MEROER L BH

NA I, Tra—ER, Tra—s RAOHRIMELTEY, Tra—nL U
v NEWATT v a— VBB ERET HEREEN, Tra— s Uy P LD HRFRENE

FANBEZETH D, /51 3 0%, SMElEE, NEER, 77 A, PREZ VBRI THD
ShElER, PRIER O S BEm L E I SNk E /LD (LY —7) 1%, FiERER &0z
BRYRMEEO—HHE R, HRFD A& DEFEOKFAHiAN TR, B BEREET
b5, LL, BUEZORFEWD REITIIAA T T 4 VAR EL, N7 4V LHK
DEBDELTWD, £z, —HMOBER TIIMAREANBRELIZELIIZHLLL THDHHSD
Roind, H1REICEHHLIZE I, AMREICAA T T ANV EBMET DL, A OEL
PMEHESND, V) =T ZRAFT D120, SAF T 4 VA BT DM@ E LML
ZOEFTEIHNT H-ODOMAE/L T ENEETH D,

FATIIIEIZ LV, Ao I U OREREEICANET 234 47 4 L AIZHONWT, 7 v — gt
B K0 BifiEre (fresh) SA 47 4 )V A E WAL F 7 0 L AOWAD#E P I Sz (Lan
et al,, 2010), F7z, BEEA, FLEFEADONSNA T T A NVNIEFET LT /I T I TITD
W CBEMEEBLEE & R EROMENTIC L 0 A BT 5 TV D (Gaylarde et al., 2012), L
MU, NAFT 4V DR DM & ORI R IEITIIT D TR,

ZEL P OMAEY (airborne microorganisms) 1%, SUAGIEFEDAMHLIZ LI LI E T 22 2
HZ TS B IRENOEMEIICE N TEDORENER S TV 5 (Wang et al., 2012)
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E>, EAZ UOKES (Petushkova and Kandyba, 1999) X°, m—~ D% & 2> X (Saarela et
al., 2004) IZBWThH, AMEBRICAHEH LIS A7 4V AEBRT2MED HERRE) &
L TR OMAEM PN EE 2 BEZ R T 2 e RE S T0D, LnL, 7 a—/Lihh
DA F T, THETEIBNOASA 47 L 5 LB 2R O # o BE % i~
e <, ZRPOWMER ENAF T 4 NV LOBHEITIAHTH 2,

NA B UNEIEETIE, xR EATHONSA FT AV APRFELTND, SNAFT 4L LD H
P LT, DHCHIRMB R DT PBE SN Lnb, "M FT7 4L ADEFIC
Ko TMEMHEN R, AMBIE~DREBENRRDAREND D EEXT, N F T 4
NADEF T EITHEBEEZHONCT D2 8T, "M AFT 4 NV LADEFHIN N F T 4V L
BARALT DM TR 2 HEH T E L, AMBE A~ O RBRE OVRL B &Il D FREHT R0 5 D
AREMEN B D

F7o, BINOFEFTIE, A=A M T OHEZANO 14 HERICH N7 L2 alie, K1Y
DEEND 18 HfICENNTZ 7 L A 3l EOFRE (rosy-pigmented) DA 47 4 LA L,
Rubrobacter J&\ZITH% 7o M & DFHBIA /R S TIH Y (Schabereiter-Gurtner et al., 2001), A
A ERN S TNDHCH DS Rubrobacter JEIZIT R 2B /3 BES TV S (Laiz et al.,
2009), F£7-, Imperietal. (2007) OHEIZ LY, Rubrobacter J&DFME N ERL T D OFEN, BE
H ORAN 72 REECHILDFRR E 2> TND Z EARENTZ, NA 3 ThH, FRADNSA A
T 4NV A K DEAHEDBE STV DA Rubrobacter JBIZIRT 2 Ml & O BIEIXH 5 )
2725 T 720,

AF T aDvYEIITIE, APREOAMORE (Epilithic) & WE (Endolithic) THEE #
NS D Z ERR ST D (McNamara et al., 2006), /XA 37 4 L AIZBWT, AHO XD
ESICEBTT2MEDL, A4 7 4 NV EAORBIZAEET DMEMITHASTHL~DREN
IO REWEEBZOND, LL, ZTRNETAAS I DAL FT L AIZBNT, N F 7
AV DR LN & TR #E 2 Tk L7 BiliX 722w,

UEOERLY, KETIIAAS AT 4V AOEH T & OB L O 7 40 A
DHIEE N OBBMEFEZ T2 Z LT, AMHILICTHS T2 ATREMO & 2 B FE 2 B 5
DT HZEEANE Lz, ZORBDEZDIZ, £TNENA A7 4 )V SO ORI % R
T DITEBINZE R OME % & O EIT o7, RIS, NA A7 4V LOEG T LI

BB
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EBALE LT, 512, HIENBEEROMEBEICMNE LI A 47 4V AITONT, NAF
T 4NV DFEEENERE THEE 2 LT,
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Fig. 3-1. Features of Bayon temple at Angkor Thom in Cambodia. A, Appearance of the Bayon temple. B,
Tetrahederal stone face on the tower, which cluster around the central tower at Bayon. C, Bas-relief

engraved on the sandstone walls of the inner gallery at Bayon.
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20 m

Fig. 3-2. Map of the Bayon. Bayon was composed of the outer gallery, the inner gallery, the upper terrace, and the

central tower.
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3-2

KR IE

3-2-1 BBl

AR 2 BRER U 72 Hidsk 0 4 ) &R 25°C (Twasaki et al., 1995), &M@z (5 H~10 A)
Lz (11 A~4 A) 85, FERIFAKEIT 1,300 ~1,500 mm (Iwasaki, 2003) T 5, /31 =
YWNIBIEED A EHEIRITFEM %28 LT 25~30°CTh 0, FRHEEIXZEIZ 60~80%, MZEIC
80~90% Td > 7= (Sawada et al., 2009),

AREBOEBRICELZRBHITRT, Do ARYT, 7Tora—LEks, 7oa—L - KAWN,

A F TR LT

1) ZBR P EE  EE N ZE R TP oA EEF BAL, BA2, BA3, BA4 (%, WNIalELRES f

7 2009 4= 9 AlZEREL STz, SEtOBEIGATIL Fig. 3-3 1R L7z,

RE OB EEZLLTICRT, £, A= b7 L—73E (121°C, 15 4y) L7izR U h—
RRA AT VL7 40— (FLEZ0.20 um, EAE 47 mm, Advantec) %, 70% (v/v) =X
J—=NVTHE LA =T 7oA AT N F— RV E—ICEF LT, 2ZDT7 4 VH—7KL
X—%, IR E25m, BEND 20 cm B 72 ATICBEM A M1 CE%E L (Fig. 3-4A &B), DMQ-V
TR N AT —ar ha—F— (model MQV0050, [LIE) BLOZ AT 7T LB KT A
HZ2R 7 (model DA-30S, 7/ 8w ZHET) ([Z#ki LTz, ~A7u—ar ha—7—TH
Gl Z —EIR LR NOR T TRERET2H 2 LT, BRPOMENERY H—ARx—
AT VLT g E—FICHE L2, 1 D7 4 V% —% 5L min ', 48 BRI L, 1.4x10°
L DZERTITE N DMAEMDE SN E 2 G, itk D7 4 V2 =13 70% (viv) =X
J—VTRE LTI 7 4 V2= — AN Tz, EEORET, 2 AZ &I 13 B &I L, 8

2T T 4 30E BA1, BA2, BA3, BA4 #157-.

2) NAF T gV LEREE S AT oV LERERE LT, (1) ZZRHPEn L oz, (2) A
FTANLDOETE, BEO 3) I L OMBRMAEN OO T- DI, 3 FREHO R4 HHR
L7,

(1) Z2R A L DD T 02, S A7 ¢ v 278k 8 BUBHZ, PIIEIEE e m s, IR
F25m , 2R IAEYRE 2 BRI LI WS BEFIC AT E L2 A 47 4 v KD, 2009
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F9 A (%) ICBRBESNTZ, ZOHFHE, BRITES T D7 R ASIY S RE I E 22
DEDRRNSEOD, WRRED &AM OFEIE D BRAKPYAIAR, WERERITIHANA LT
Wz, BB EUEITIE Fig. 3-3 IZR LTz,

NAF T 4 )V BFEHE, v BIAE A~ O K57 > — b (Yamaguchi et al., 2003) & T, K
FHifi (24x3.0em) ZEEFICH LA, FALEDHZLICK VML, ZoFEIZLY, BE
SO EL F/NRICIZ, FEMERICASAS T 4 VAERINTE T, "M AT 4V ADHE
i%, %€ (BF1, BF2, BF9), BAtf (BFS), B (BF3), Wifks (BF4, BF6), #ktt (BF7)
Tholz, dBHITIE T ITREAIZ WL RMFE IV L, BT AR TiE-20°CTE A R
7L, JmE#RIZ-80°CTHRAF LT, URICRHEHT 2T XTONAL AT 4 L 23K S, Kiag o —
k& W TRIBICERR, R L7,

Q) NAF T A NLDOET LT FT 4 VD ERERT DAY E T 572010, A F
7 4 v BEEFEE 21 BUBHZE, PYIE1ER SROVE R A4S T O VR E RV DS S T e BRI AT LT
NAFT 4V B 5, 2008 -9 A, F720F 2009 4 9 HIZERERS L, AT 7 4V ADHE
L, 777 —F v — bk (RAL Classic, German Institute for Quality Assurance and Certification) &
452 L CEFEL, Y—F - B2 7 [salmon pink (UL F P 1), RAL3022], 7 1AL« 7
) — [ chrome green (LLF G £2), RAL 6020], ¥ 7 /L « /3o 4 L N signal violet (LA T V
), RAL 4008 ], 7 7 7 « /'L —[ black-gray (LA T B ), RAL 7021 ], 7 /\'— 2" U —>/[ blue-
green (UL T BG ), RAL 6004 |®#ft 5 £ & L7z, P13, P20, P21, P39, P53, GO1, G27, G31,
V11, V15, V35, V37, V53, B06, B23, B24, B36, B53, BGl, BG4, BG5S Dl 21 i#kto

PR ATIE, Table 3-1 36 L Y Fig. 3-3 (2R L 72,

B) NAFTT ANVEDJEZ LI, T T 4 )V DEAERT DIEY 2 i3 % 7212, #BHZ
PNTEIJER T T 26 5 RN B O B 1 L 72 b4 B © 2008 42 9 HICHE S vz, 3%t BG4 %
BRI LT A A7 4V LDOR—@EFTT, MBS — F2lio THAL L D1FEL 23 F#RVIRL,
NRAFTT 4 IIVEDOEBNSHIT)T TO 1 HONSA F 7 4V AR EH 2RI LTZ, BRESITX
Fig. 3-3, Table 3-1 |Z/R L723E} BG4 L [Rl—ThH D, ZOEFD/NA F 7 4V %, o EiT

CHEE L TAA T T 4NV AIZELRZHY, A OLERE L,
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N 5om B53,V53 ||P53 | P20
| en - S . 4— | P21

n

.
»
-
i

*

‘ B24
GO1 ,
G27
]
BO6 631
V35
B36
V11 V37
P13 " | = — P33

V15|| BG1, BG4,BG5 | B23| BAl-BA4,
BF1 - BF4, BF6 - BF8

Fig. 3-3. Map of the inner gallery of Bayon, Angkor Thom, showing locations where
biofilm and airborne microorganism samples were collected. Sample names are prefixed by
the abbreviation of each biofilm color; sample identifications and biofilm characteristics are
given in Table 3-1. The number next to the tower is the tower number. Blue area shows the
area where the roof remained. Orange area shows the area where the roof was partly or

completely missing.
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the floor
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Fig. 3-4. Sampling site of the airborne bacterial
samples at inner gallery in Bayon. A. Photo of the
sampling site. The filter holder was attached 2.5 m
above the floor facing to the wall. B. Side view of the
inner gallery. An asterisk shows the area from which

airborne bacterial samples were collected.
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Table 3-1. Colors and sampling locations of biofilms used for phylogenetic analysis in this study

lor of : .
Sample C,O oro Sampling location** Roof
biofilm*
P13 Southwest area of tower 28 +
P20 ) North-facing wall between towers 35 and 36 +
Salmon pink
P21 ) Northeast area of tower 36 +
P39 Southeast area of tower 24 +
P53 North-facing wall in the northwest area of tower 36 +
GO01 Ch West-facing wall between towers 30 and 31 +
G27 ronzeé) South-facing wall in the southeast area of tower 37 +
reen
G31 gree North-facing wall in the northeast area of tower 23 +
Vi1 West-facing wall between towers 28 and 29 -
V15 ) ) South-facing wall between towers 27 and 28 -
Signal violet i
V35 V) East-facing wall between towers 23 and 24 -
V37 East-facing wall between towers 23 and 24 -
V53 North-facing wall between towers 35 and 36 —
B06 West-facing wall between towers 29 and 30 -
B23 West-facing wall in the southwest area of tower 25 +
Black gray i
B24 (B) East-facing wall between towers 36 and 37 +
B36 East-facing wall between towers 23 and 24 -
B53 North-facing wall between towers 35 and 36 -
BGl1 BI +
BG4 ue green East-facing wall in the southeast area of tower 26 +
BG5S (BG) +

Samples P53, V53, B53, BG1, BG4, and BG5 were collected in September 2008. The other samples
were collected in September 2009.
* Letters in parentheses are abbreviations of colors.

**All biofilms were obtained from the inner gallery of the Bayon. Towers are numbered as described

in Fig. 3-3.
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3-2-2

B S O DNA filiii D72 %12, FastDNA spin kit for soil (MP Biomedicals) % v 7z,

PR L7 & — M, KEmEZT 280 iRy, KEmEANRZ < & 2I8F 2—T7 I AR,

DNA fli & PCR H#1ig

TOHOIEEITxy b7 o ba— V@0 ZFEE L7,

DGGE i ® 7= @ PCR I, FRLO 77 A ~—%& v b, PCR ORUSEHEMK, —~/1
AT NEEEER LIz, —~ %+ 27 Z— (TP600, TaKaRa PCR thermal cycler dice, TaKaRa)
T PCR EIE #1772\, PCR EEM % 57=, 551 7- PCR EMN B & T 255 500 bp D FE D

HREE > £ D DT, PRENC &0 HERR L 72,

<TIA=—kv >

+ GCS8F [GC-clamp (cgcecgecgegeeccgegeecgteecgeecgeeeecgeeeg) & 5 AKmIZAT5- L 7= 8F

=
FEL X\

1.5% 7 Hua—A4 )L

(5'-agagtttgatcmtggctcag-3'; Yuki et al., 2000) ]

+ 520R (5'-accgcggetgetgge-3'; Lane, 1991)

<PCR B A/ A%, >

5xPhusion HF Buffer (Finnzymes) 10.0 uL

10 mM dNTPs (200 uM each) 1.0 uL
primer GC8F (0.5 uM) 1.0 uL
primer 520R (0.5 uM) 1.0 uL
0.1% bovine serum albumin 5.0 uL
dimethyl sulfoxide 1.0 uL
Phusion DNA polymerase (Finnzymes) 0.5 uL
Template DNA 1.0 uL
Milli-Q water 29.5 uL
Total 50.0 pLL

<Y—< YA T VM >

(98°C, 30 sec)—(98°C, 5 sec; 50.7°C, 15 sec; 72°C, 60 sec)x30 cycle—(72°C, 10 min)
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3-2-3  DGGE fi##r

DGGE (%, D Code universal mutation detection system (Bio-Rad Laboratories) Z i L, Muyzer
et al. (1993) /R L7z ik THEM L7z, Bidko )7 THNE L7- PCR OHEIEEY 150 ng %2, 2
PR O P FEABLAY 30%~70% denaturant (100% ZEMERIIT 7 M JRFE L 40% KAV LT I RadE
)b L OITERLIZ 10% (W) R T 7 UAVT I RFENVZT I, Lz, AX VX — R~
—#—& LT, DGGE marker I (Nippon Gene, Toyama, Japan) #fiH L7z, ZDORIV 77 VLT
I RSV %E 60°C, 75V, 14 KEfEEXIKkEI%, SYBR Green I nucleic acid gel stain (Eugene) 4:4
HIZiR L CHEAT T 30 w2 oicikRe 5> L, BN/ Vvae7 ) V777
(DT-20MP, Atto)lZC UV & T THRE L7-,

RNIT 7 IVNT I RTN EONRY ROMRRLE L B — 27 581X, CS Analyzer 3 (Atto) & U
THIE LTz, ooy RRZ—vinh, Ny RTLICy—7 v AR 24TV, s i
RHZET, "AFT 4NV LEHBET HMETELTNTZ, ZDLE, 2NV FOE—27RED
5%LAEOE— 7 REZRT N ROBENRE LIz, SHULTFOE—ZBED /NN NiE, B—

TRHERTETZHOD, [FEAEPCREEENMTZT, v —7 v ARNTIT A2 o1,

3-2-4 DGGE 7V EdDsx v KD o—2r o AT

1) DNA flitth : DGGE #*/v E® /3> KX, Gel Cutting Tip (Axygen) THI D i L 24T\, A — b
7 L—7WE (121°C, 1543) #% %@ TE buffer (10 mM Tris-HCI, 0.5 M EDTA; pH 8.0) 50 uL %
A2 15 mL ¥ A 7 v F 2 =72 A, WREARIZ XD TE buffer 1112 DNA ZbF#E L7z, %%
¥ L7, DGGE 7 /ViI/Ny RO Y H LETZIC UV B F T L, #—7 v hE LAV R
DY IZSNTenE D D EMER LT,

2) PCR H#AE L k5%, : = @ TE buffer % Template DNA & L T, 3-2-2 27K L7255 T PCR

g2 772>z, 7272L, 74U — R 774 ~—% GC8F 5 8F ITEE L7z, AL T 5
WEPEY) Cd D 2 & %, 3-2-2 \ZRC# D J7 {5 CTHERS L 72, PCR BEEW) O FETL D 7= |2 illustra GFX PCR
DNA and gel band purification kit (GE healthcare)Zfifi H L 7=,
3) VT U AR 223 O)ICREHDHIETY— T U RAEITIR ST, T2 L, 7T A4 ~—IX8F,
520R ZfEH L7z,

4) ZARARAT - BB e D HE AL S1E, National Center for Biotechnology Information (NCBI;
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http://blast.ncbi.nlm.nih.gov/Blast.cgi) 23 FEf7 % BLASTN 2.2.26 (Zhang et al., 2000) % IV TEE

HOT — 2= EOHEERS & g Uiz, 0B R O IERL Y & 2 0T igdE oo i FR AL 511

MEGA 5 (Tamura et al., 2011) Zf#H L T7 7 A > A > I L, neighbor-joining method (Saitou and
Nei, 1987) (2 L 0 Ak 2 1Epk L7z, & A 7B DA X, Greengenes (DeSantiset al., 2006,

http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) D#EHET 5 BLASTN (Altschul et al., 1997)% I\ C,

XATTF 2w VHEHOT —HZX—R LT 52 L THFE LT,
B R O 16S IRNA #1585 fHIk O M FEEL 517 — & 1X, DNA Data Bank of Japan (DDBJ,
http://www.ddbj.nig.ac.jp/)IZE &k L, Table 3-2, Table3-3 ([Z/RT T 7y a T "—TAK

SNTW5D,
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3-3

fERB L UEE

3-3-1  ANAF T 4 VAP OMEE L 225 ORI RS O Hig

NA I NEIERBEENC AT Lo, A7 4 VAR OMEE &, TONRAFT 4 )V LT
DZELR P OME#E % DGGE {12 L 0 el L7z, DGGE 7 /v LD/ R/R% — 2 % Fig. 3-51Z
R L72, DGGE 7 /v DR i, ZEMEAI DR EAFUZ X > T DNA ORI DOEVIZ LY
SEESN D, Ko T, B BT 1RO R 1 EEOMER A EW L, BRI, A7
IR CALEIC AN R SIS, 1 L—r BT O RERZWTE, JBH O #fE
DEZERER BN & &2 RT,

ZER T O 2 AR L 725Uk BA1~BA4 | WD 2ADAL R REAL, Wk
BAl, BA3, BA4 (X2 D 2 KD AA LN ROIHMSLMEREDIHER SN TV (Fig. 3-5A),
IOZ LD, EXHOMEREIL 8 HIflZ@ L CHLELLTEBY, 2 FEOMBEFREIE LS LT
WHZEBRRBEINT, —TJ, NAFT 4 VAN BERS B BF1~4, BF6~8 I%, ZEA
FOMERH & LT 1 RB D20 O RERL L, REHIEB T 2 8o e, §
FHZEEA DN R BIER I TV, ZOZENDG, NAFT7 4V AR OMEEILZEL S
DR # & el L C RIS E T 2 & AR Sz,

DGGE 7 /v Ed /3> K (Fig. 3-5A) 1%, Fig. 3-5B /RT3 R4 EDF, —7 2 AT

A0

ps

AT o7z, ZERAPOMETEN DS R AL A2, A3, A4, A5, A8, All1 D 6K, A 47
AV AOME R DN R F3, F4, FS5, F10, F12, F15, F17, FIS ® 8 &, it 14 KD —
TUAT =R ELNTE, 2D DNy FHROHIERLS O TR & AHRIPE A Table 3-2 12,
Ak % Fig. 3-6 lTR L7z,

NA AT 4V DO EDOEBOE STED 5 5, BT T & IZMEEIX, Rubellimicrobium &
(/S K F17) &, Rubrobacter J& (73> K F5, F12, F18) (2@ D MEFEIC & b Ui /Z > 7=
(Table 3-2), ZH 5 D/ FHEROHIEALA & T ixfl O Mg ELA Y] & O RIPET 92~94% & K
Wiz, R IIETROME CTH D AREMEN R S vz, F72, /32 R F10 1%, Cyanobacteria
FI @ Planktothricoides raciborskii NIES-207 |2 91% O FH[FIM: Tl ©irf% 72 > 7=, Cyanobacteria
X, U@ e b idn, EoaELZALILAREBZROMEDO I NV—TThb, »
Y RF101E, Bk NAF 7 4V AEEFBF6 IR THDL Z E0vn, ZOMED L DEFEN
WA FT 4 )V LOREHFEADED AR L TV D ATREMELR & 5,
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NAFT 4 )V AHKD N RIE T X T Actinobacteria [, Proteobacteria [, ¥ X O
Cyanobacteria FIOHIE 7V —712& £ TCWi= (Fig. 3-6), BEFOME & OFREMEE, —&6
DRy RERERUETIN~94% RN Z &5 (Table 3-2), /A 47 4 b A EHERLT HHIEE
ROREZIE, ZHETICHHESNTORWETHOME Th 5 itk R &z, RO
WAL, ~ P& (McNamara et al., 2006) Oft, 4— A K U 7, KA 7 (Schabereiter-Gurtner
etal.,2001), A= k7> K (Suihko etal.,, 2007) 72 & DOJFE LA ERLEY O AM LI %
LTeA F 7 4 )V b Z AT 2 M # O DGGE fiffr THRENTW D, AMEE &V D Figk

BT HMEIL, ZHETOREBETIIDHESNTIRPSTEME LB X bD,

—J7, 22K OMME O SFEIL, Pseudomonas panacis CG20106 12 100% ITi% 72 M (8
> K Al, A3, All) &, Phyllobacterium myrsinacearum STM 948 (2 100%:Thx 72l (/X
R A2, A5) 727z (Table 3-2), ZEKHHROMEIL, §XT Actinobacteria [, XV
Proteobacteria FIDOME 7V — 71 EEN TN, ZBRP LA F 7 ¢V A CIIAME 72
STWEZ Enh, ZEXRPOMBEENNA T T 4V LEHRT 2ME OB TH 5 alettix
& & 2 b,

NAFT7 4 VB EHZE TN D30 FEUE, ZEXHPAEDRENCE TN ANV L0

BIZZUNP< 0.05) 2000, NAFT T 4 VAT OMEEIZZELKTOMEE LY a2
MER LT,
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Fig. 3-5. Comparison based on partial 16S rRNA gene sequencing of bacterial communities in air collected
in the inner gallery and in biofilms formed on the sandstone wall close to the air-sampling location.

A. Bacterial community fingerprints of air (BA) and biofilm (BF) samples by DGGE analysis. The partial
16S rRNA gene was amplified with primers GC8F and 520R.

B. Schematic diagram of the DGGE band patterns in A. Labeled bands correspond to 16S rRNA gene

sequence types described in Table 3-2. Broken lines are DGGE bands that were not sequenced.
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Table 3-2. Phylogenetic affiliations of 16S rRNA sequences retrieved in the PCR-DGGE analysis of air and biofilm samples. Phylogenetic tree of

these sequences was drawn in Fig. 3-6.

Band name Accession Closest BLAST match (accession number) Identity (%)
sequenced number
Air
Al AB758608 Pseudomonas panacis strain CG20106 (NR_043195) 488/488 (100%)
A2 AB758609  Phyllobacterium myrsinacearum STM 948 (NR_043189) 437/437 (100%)
A3 AB758610 Pseudomonas panacis strain CG20106 (NR_043195) 506/506 (100%)
A4 ABT758611 Bosea vestrisii 34635 (NR_028799) 390/392 (99%)
AS AB758612 Phyllobacterium myrsinacearum STM 948 (NR_043189) 431/431 (100%)
A8 AB758613  Rhodococcus erythropolis N11 (NR_037024) 469/470 (99%)
All AB758614  Pseudomonas panacis strain CG20106 (NR_043195) 480/480 (100%)
Biofilm
F3 AB758615 Pseudomonas moorei RW10 (NR_042542) 3359/339 (100%)
F4 AB758616  Rubrobacter radiotolerans P1 (NR_029191) 384/410 (94%)
F5 AB758617 Rubrobacter radiotolerans P1 (NR_029191) 353/374 (94%)
F10 AB758618  Planktothricoides raciborskii NIES-207 (NR_040858) 354/390 (51%)
F12 AB758619  Rubrobacter radiotolerans P1 (NR_029191) 425/451 (94%)
F15 AB758620 Caulobacter sp. FWC21 (NR_041963) 247/254 (97%)
F17 AB758621  Rubellimicrobium sp. MSL 20 (NR_044275) 164/177 (93%)
F18 AB758622 Rubrobacter radiotolerans P1 (NR_029191) 275/299 (92%)
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Fig. 3-6. Phylogenetic tree based on partial 16S rRNA gene sequences derived from air and

biofilm samples by DGGE analysis. Sequences recovered in this study and corresponding to the

band names in Fig. 3-5.B are shown in bold type; “A” indicates bands derived from the air sample

and “F” indicates bands derived from the biofilm sample. Numbers in parentheses are GenBank

accession numbers. Neighbor-joining tree: bootstrap values based on 1000 replicates are indicated

for branches supported by 50% of trees. Scale bar represents 0.02 nucleotide changes per

position.
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3-3:2 ASNAFT 4V AOETH T L OMEEE D gk

NA A CNEIEE O EBEE IS ET DA A7 4 VD5, P, G, V&, Bff,
BG DGl 5 DA F T 4 L KITHOWT, ] T &I E 2T L7z, ke LT, #6
RDNSAFT 4 VB EZNEN 3~5 BORE BRI L, 321 3 k&7 (Table 3-1), 5
BDONRAF T 4V LOEFIE, Fig. 3-7 1R LT,

FNTENDARA AT 4V LOREE L TFICRT, £7, P, G, BGRDNA AT ()1
L, BRRTEONL TV DA CHEIND ZENEo7e, PEONAAL AT 4 VAT,
JEZS T mm LA T &<, RED L TV, GEDNAAF T 4V AFER T mm BT &<,
FAMICHRENCHEE LTRY, &Y — FCTHBELIZSWIEED H -7, BGED A AT 4 v
2E, BKI 1 mm P EEEL, S F T 4 A LADOREITIBY AR DT, KiEY— TR
SICHEE S, N AT A NADTOAMITHAHE LT VIR TH o2, —F, V
DA FT7 4V LG, BIRDETE LT HRORERSERER D CRER CHEIND Z &
%Zholz, B I, BRTEDNTWDEER L, B L CWDEER & O 7 ORER CHIE X
Nl VELEBEDNAAFT 4V LFED LS AR ENZBEM (T35 LTV Ay, Va0
AT T AV DOTFT SIS & — R THBEL L <, BAITHBELICSWRELTH 72,

INDDBERMDIEIRD NAF T 4 )V LOME %, 16S rRNA 8- 57 sk O M K/ 5112
H#:-5< DGGE fBHTIZ & v ik L7=, DGGE fHr ok, P, G, V, B, BGEADAN
AFT7 4V, FRE36, 17, 24, 33, 20 KONV RRELI, D956 24, 6, 7,
11, 18 KDFF 66 KD/ RILPCRIE, BRIV —F U AT 2475 Z LN TE, HEAER
FIT—2 B3G5 Te, 20 66 KON RIZHOWT, Nv R4%E TER4) - (BLES))
O, ENENDN Y NOBILES| O TR TR SR OfE R % Table 3-3 IR LTz, /N RO
BlH &7 —Z X—=Z2 OB OME & OMEMEIL, 81~95% LiKroTc, ZDZ Enb,
3-3-1 OFER L RIERIC, FRLOMBERIC X > TS 47 A VAR SN TN D Z EARE S
i,

Table 3-3 (2R L7230 R EZDIEEIZHOWT, MEOM L~ 7 )—7 T L\ Rk

ZVER L, MEHE: 2 ik U7, Cyanobacteria M@ T 2 ME i ik IZ > 72 7 /v — 7 D%

okt &, Fig. 3-8A /R LTz, ZDZ—7I2i%, Bfa, V&, G, BGED/NAFT 1L 14
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ZDOTNV—TIZiE, P, Gfa, BG DA 47 4 )V AFRELH RO S RRE iz, R,
Rubrobacter JEIZJET DMBEIZITRRR/N R 18 KD 9 H, 11 KL P AD/ASA F T 1L Likk}
Hisk D /N> K72 572, Rubrobacter J&IX, Rubrobacter radiotolerans, Rubrobacter xylanophilus,
Rubrobacter taiwanensis 0 3 FEDHINOREL S LD JETH D, R. radiotolerans 1%, TRV vy HRIfi
PREZFFSZ LB TS, £z, 3-1 THRAE X IIC, FIND R 5 Ko a1k
& ATIZEB T, Rubrobacter JEI\ZITHF/SMEFEN 7 L A I DJRENNA 47 4 L AL, =71
(H#E) ORAEL TWVWDIAREEBEHOLIICERE L TWSEEOEF N HREI LTV
(Imperi et al., 2007; Laiz et al., 2009; Schabereiter-Gurtner et al., 2001), KM D FHf| THE S iz
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250 7 AL =% L TWe, BLEDOFERDG, BRI O HEE] & [FERIC, Rubrobacter J&IZHT
RN RE DS, NA T UWEREE ORENAE T 4 NV AOFERIZER L TS Z L RE X
Nz, L, FORKFEHMEL, I—a v XOHEF L iZbTNncie T,
Chloroflexi [¥, Proteobacteria [¥], Acidobacteria ', Deinococcus-Thermus P2 & itka7a 7
N—T DRk %, Fig.3-8C IR LTz, ZOZNV—7Zi%, P&, B, BGEONA 4T 4
v BERBHH SR DN RINE £ 4072, Chloroflexi [, 3 X O Deinococcus -Thermus FZ &7 %
B, BOGHRRIME & SIRMER N SN TN D, 2D OMWEIE, BSREY E AR T
DEBIZANTH L BN H 5,

NAFT 4 )V LOEGH T & OME R DR AZ Y] T T 27201, DGGE it TR o7
AN ROFRERBORER L Z DN ROXRBOEIEG % Fig. 3-9 IR LTz, N ROER S
b OO0, IHRENFEE S ho7o3 RIZEND. LR LT, P BAONAF T 4 VAT,
Rubrobacter J@&\ZTH% 72 I O (5 2 EIG ) 46% % HOTWiz, B, VA, Gf, BGHED
NAFT 4 )V INTIX, Cyanobacteria P i & IT#% MM E LTz, G L BEAD/SA
TT7 4 IVATIE, T CEIEAAY FZEEDO N ROEBLU T Tho72b D0, T/
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Fig. 3-7. Various pigmented
biofilms formed on the sand
-stone walls of the inner gallery
of Bayon. Bar indicates 10 cm.
A. Salmon pink (P), black—gray
(B), and signal wviolet (V)
biofilms on the north-facing
wall on the north side. Samples
P53, B53, and V53 were
obtained from the positions
indicated “P”, “B”, and “V”,
respectively.

B. Blue—green (BG) biofilm on
the east-facing wall on the
south side. Samples BG1, BG4,
and BG5 were obtained from
the position indicated “BG”,
measuring 30 cm in circum
-ference. Sample BG4 was
used for analysis of bacterial
stratified structure.

C. Chrome green (G) biofilm
on the south-facing wall of the
east side. Sample G27 was
obtained from the position

indicated by “G”.
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Fig. 3-8. Phylogenetic relationships based on partial 16S rRNA gene sequences recovered from
salmon pink (P), chrome green (G), signal violet (V), black—gray (B), and blue—green (BG) biofilms
derived from sandstone walls at Bayon by DGGE analysis. Sequences recovered in this study are
shown in bold type. Numbers in parentheses are GenBank accession numbers Neighbor-joining tree:
bootstrap values based on 1,000 replicates are indicated for branches supported by 50% of trees. Scale
bar represents 0.02 nucleotide changes per position.

A. Phylogenetic affiliation of Cyanobacteria clade members. Bacillus subtilis DSM10T was used as an

outgroup.

54



Rubrobacter radiotolerans JCM21537 (UB5647 ) Color of biofilm
B G31-2 (AB679839) —G

o0 | BGA-T (AB679772)
—‘ BG4-8 (AB679773) BG
BG1-8 (AB679762)
P21-4 (AB679786) —p

Clone A6 (AM746684)

Clone A16 (AM746694)

87 | Rubrobacter sp. CO5_TP_Z26_S14 (EU512990)
Rubrobacter sp. VF70612_S1 (EU512991)
Band Hb7-K2 (AJ298575)

Clone A7 (AM746685)

Rubrobacter taiwanensis LS-293" (AF465803)
P39-5 (AB679793) P
P39-6 (AB679794)
G27-5 (AB679827)
P13-3 (AB679781)
P13-1 (AB679779)
P13-2 (AB679780)
P21-1 (AB679785) P
P21-6 (AB679787)
P39-7 (AB679795)
P53-4 (AB679800)
P53-7 (AB679803)
P53-5 (AB679801)
P20-5 (AB679784)
96 | P53-6 (AB679802)
Rubrobacter xylanophilus DSM9941T, CP000386
BG4-10 (AB679774)

77 P21-11 (AB679789)
Actinomycetospora chiangmaiensis YIM 0006 (NR_042562)

80 P39-8 (AB679796) P
Sphaerisporangium melleum 3-28(8) (NR_041302)

l||

@
a2
T
2
X
>
]
e
S
13120go.gny snuasg ‘v112120qoundy J3PJo

100

80

BG

1

66 ‘,_— P21-10 (AB679788)
Pseudonocardia chloroethenivorans SL-1 (NR_025213) e

sJ9Y10
‘D14330DGOULRIY
JapJo

0.02

Fig. 3-8.

B. Phylogenetic affiliation of Actinobacteria clade members. Escherichia coli ATCC 11775" was used
as an outgroup. Dashed box indicates 16S r RNA sequences derived from rosy discoloration of
European historical stone monuments (Imperi et al., 2007; Laiz et al., 2009; Schabereiter-Gurtner et al.,

2001).
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Fig. 3-8.

C. Phylogenetic affiliation of Chloroflexi, Proteobacteria, and Deinococcus-Thermus clade members.
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Table 3-3. Phylogenetic affiliation of sequences derived from DGGE analysis of biofilm samples in the Bayon.

Esggerr]%?de Aﬁjﬁfggn Closest blast match (Accession number) Identity (%)
Salmon pink biofilm
P13-1 ABG679779 Rubrobacter radiotolerans strain P 1 (NR_029191) 383/409 (94%)
P13-2 AB679780 Rubrobacter radiotolerans strain P 1 (NR_029191) 383/410 (93%)
P13-3 AB679781 Rubrobacter radiotolerans strain P 1 (NR_029191) 390/415 (94%)
P20-1 AB679782 Deinococcus peraridilitoris KR-200 (NR_044113) 331/371 (89%)
P20-4 AB679783 Deinococcus peraridilitoris KR-200 (NR_044113) 363/407 (89%)
P20-5 AB679784 Rubrobacter radiotolerans P 1 (NR_029191) 312/343 (91%)
P21-1 AB679785 Rubrobacter radiotolerans P 1 (NR_029191) 390/420 (93%)
P21-4 AB679786 Rubrobacter radiotolerans P 1 (NR_029191) 371/400 (93%)
P21-6 AB679787 Rubrobacter radiotolerans P 1 (NR_029191) 372/407 (91%)
P21-10 AB679788 Pseudonocardia chloroethenivorans SL-1 (NR_025213) 221/234 (94%)
P21-11 AB679789 Actinomycetospora chiangmaiensis YIM 0006 (NR_042562) 371/405 (92%)
P39-1 AB679790 Sphingomonas phyllosphaerae FA2 (NR_029111) 313/331 (95%)
P39-2 AB679791 Truepera radiovictrix RQ-24 (NR_043482) 313/347 (90%)
P39-3 AB679792 Sphingomonas abaci C42 (NR_042192) 338/359 (94%)
P39-5 AB679793 Rubrobacter radiotolerans P 1 (NR_029191) 397/417 (95%)
P39-6 AB679794 Rubrobacter radiotolerans P 1 (NR_029191) 259/273 (95%)
P39-7 AB679795 Rubrobacter taiwanensis LS-293 (NR_025220) 384/418 (92%)
P39-8 AB679796 Sphaerisporangium melleum 3-28(8) (NR_041302) 186/203 (92%)
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Band name

Accession

58

sequenced number Closest blast match (Accession number) Identity (%)
(continuation)
P39-10 AB679797 Thermomicrobium roseum (NR_044678) 321/395 (81%)
P53-1 AB679798 Orientia tsutsugamushi Karp (NR_025860) 173/203 (85%)
P53-4 AB679800 Rubrobacter radiotolerans P 1 (NR_029191) 346/375 (92%)
P53-5 AB679801 Rubrobacter radiotolerans P 1 (NR_029191) 312/346 (90%)
P53-6 AB679802 Rubrobacter radiotolerans P 1 (NR_029191) 353/384 (92%)
P53-7 AB679803 Rubrobacter taiwanensis LS-293 (NR_025220) 279/306 (91%)
Crome green biofilm
GO1-1 AB679824 Planktothricoides raciborskii NIES-207 (NR_040858) 310/335 (93%)
GO01-9 AB679825 Planktothricoides raciborskii NIES-207 (NR_040858) 332/363 (91%)
G27-4 AB679826 Rubidibacter lacunae KORDI 51-2 (NR_044104) 319/364 (88%)
G27-5 AB679827 Rubrobacter radiotolerans P 1 (NR_029191) 496/526 (94%)
G31-1 AB679828 Rubidibacter lacunae KORDI 51-2 (NR_044104) 319/364 (88%)
G31-2 AB679829 Rubrobacter radiotolerans P 1 (NR_029191) 216/229 (94%)
Signal violet biofilm
V15-1 AB679816 Planktothricoides raciborskii NIES-207 (NR_040858) 282/323 (87%)
V15-2 AB679817 Planktothricoides raciborskii NIES-207 (NR_040858) 287/333 (86%)
V15-3 AB679818 Planktothricoides raciborskii NIES-207 (NR_040858) 306/346 (88%)
V15-4 AB679819 Planktothricoides raciborskii NIES-207 (NR_040858) 306/349 (88%)
V53-1 AB679821 Planktothricoides raciborskii NIES-207 (NR_040858) 294/331 (89%)



Band name

Accession

59

sequenced number Closest blast match (Accession number) Identity (%)
(continuation)
V53-2 AB679822 Planktothricoides raciborskii NIES-207 (NR_040858) 212/235 (90%)
V53-4 AB679822 Planktothricoides raciborskii NIES-207 (NR_040858) 277/310 (89%)
Black grey biofilm
B06-1 AB679804 Planktothricoides raciborskii NIES-207 (NR_040858) 311/348 (89%)
B06-2 AB679805 Herpetosiphon geysericola GC-42 (NR_028694) 290/339 (86%)
B23-1 AB679806 Methylobacterium gregans 002-074 (NR_041440) 295/360 (82%)
B23-3 AB679807 Pseudacidovorax intermedius CC-21 (NR_044241) 255/307 (83%)
B36-1 AB679808 Prochlorococcus marinus subsp. pastoris PCC 9511 (NR_028762) 336/382 (88%)
B36-2 AB679809 Prochlorococcus marinus subsp. pastoris PCC 9511 (NR_028762) 354/402 (88%)
B36-3 AB679810 Prochlorococcus marinus subsp. pastoris PCC 9511 (NR_028762) 327/371 (88%)
B36-4 AB679811 Prochlorococcus marinus subsp. pastoris PCC 9511 (NR_028762) 336/382 (88%)
B53-1 AB679813 Rubrobacter radiotolerans P 1 (NR_029191) 416/438 (95%)
B53-2 AB679814 Chloroflexus aurantiacus J-10-f1 (NR_043411) 159/182 (87%)
B53-3 AB679815 Verrucomicrobium spinosum DSM 4136 (NR_026266) 178/204 (87%)
Blue green biofilm
BGI1-1 AB679757 Truepera radiovictrix RQ-24 (NR_043482) 223/235 (95%)
BG1-2 AB679758 Truepera radiovictrix RQ-24 (NR_043482) 356/392 (91%)
BGI1-3 AB679759 Rubidibacter lacunae KORDI 51-2 (NR_044104) 249/286 (87%)
BGI1-4 AB679760 Rubidibacter lacunae KORDI 51-2 (NR_044104) 256/288 (89%)



Band name

Accession

sequenced number Closest blast match (Accession number) Identity (%)
(continuation)
BGI1-5 AB679761 Salisaeta longa S4-4 (NR_044496) 302/353 (86%)
BG1-8 AB679762 Rubrobacter taiwanensis LS-293 (NR_025220) 380/413 (92%)
BGI1-9 AB679763 Mpycoplana dimorpha 1AM 13154 (NR_043388) 331/363 (91%)
BGI1-11 AB679764 Sphaerobacter thermophilus DSM 20745 (NR_042118) 197/217 (91%)
BG1-12 AB679765 Sphaerobacter thermophilus DSM 20745 (NR_042118) 354/432 (82%)
BG4-1 AB679766  Rubidibacter lacunae KORDI 51-2 (NR_044104) 305/345 (88%)
BG4-2 AB679767 Truepera radiovictrix RQ-24 (NR_043482) 2507275 (91%)
BG4-3 AB679768 Rubidibacter lacunae KORDI 51-2 (NR_044104) 290/327 (89%)
BG4-4 AB679769 Rubidibacter lacunae KORDI 51-2 (NR_044104) 308/349 (88%)
BG4-5 AB679770  Rubidibacter lacunae KORDI 51-2 (NR_044104) 305/345 (88%)
BG4-6 AB679771 Salisaeta longa strain S4-4 (NR_044496) 298/352 (85%)
BG4-7 AB679772 Rubrobacter taiwanensis LS-293 (NR_025220) 291/316 (92%)
BG4-8 AB679773 Rubrobacter taiwanensis LS-293 (NR_025220) 337/367 (92%)
BG4-10 AB679774 Streptomyces stramineus NBRC 16131 (NR_041198) 224/236 (95%)
BG4-11 AB679775 Sphaerobacter thermophilus DSM 20745 (NR_042118) 249/274 (91%)
BG4-12 AB679776 Sphaerobacter thermophilus DSM 20745 (NR_042118) 202/222 (91%)
BG5-1 AB679777 Roseibacillus persicicus YM26-010 (NR_041623) 259/310 (84%)
BG5-6 AB679778 Rubidibacter lacunae KORDI 51-2 (NR_044104) 290/327 (89%)
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Fig. 3-9. Comparison of bacterial compositions of pigmented biofilms formed on sandstone walls
in the Bayon. Sequences obtained from each biofilm sample were classified on the basis of the results
of a BLAST search of greengenes. Detailed affiliations are given in Table 3-3. P, salmon pink; B,

black gray; V, signal violet; G, chrome green; BG, blue green; N.D. Not determined.
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3-3-3 NAFT AL DE T L O AR

BG DA F T 4 )V DX, DR F T 4 VBT R TN F T 4 VB BRIE NS 12720,
INAF T 4V DDJEIR DR AN DO W TRNT 21T o 72, BN, BG4 &2 £/ L 72 [F—
EETC, = hEAbo TAA AT AN LEHNLEDLZ EEBVIRL, 23 ORI Z2ETZ, &
— FDIBEDASA AT 4 )V ARIED, 23 BE DB ANA AT 4V DD S AMITITWER Sy ORI
BAEKML TS, Z k% HW T DGGE it 21T - 7o/ R %, Fig. 3 -10 1Zx L7z, v
FRE—vEaRDE, =D LKH, SHEBIE AN RAZ—=U P LTV, —77, 10,
15, 23 A TIE, 1, 5 BMAIZHATAY FEDBSED LTWe, 2O Enb, A 37 1L
LOME L, 8O NEREEDR R <, BSOS TSR 2 & AR Sz,

NAFT 4 )V ADOFREITIE, Cyanobacteria PHIZIT R/R N RBEEAFEL, ZHNHD/NA R
[T — D 10 BB LBETII AN Y RBHE Lz, REPDRIZHT THICHFAEL TN DAY R
I%, Deinococcus-Thermus [ (/X2 K BG4-2) & Rubrobacter J& (/X2 K BG4-8) |ZJ& % Ml

R bR Tholz, ¥ — b 10 B LUEIZE N TN N BG4-12 1%, Chloroflexi FAIZIE T %
MBI btk CTh -T2,

PLEDZ LB, BGEDNAF T 4V ANTEBWT, XA 47 4 v ADFEEIZIE Cyanobacteria
M, AT 2IE Chloroflexi P, FRJED b AMATEIZ DT TiX DeinococcusThermus [ &
Rubrobacter J&\Zfg b TR ISR 23040 L TV D Z & VR S 4Lz,
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Sample name BG4

Sheet number 1 5 10 1523
B

Deinococcus-Thermus — BG4-2

Cyanobacteria | B64-1
BG4-3

BG4-4

o L BG4S
Proteobacteria— BGa-6
BG4-7

Rubrobacter sp. | gcag

Actinobacteria — BG4-10

. BG4-11
Chloroflexi BG4.12

Fig. 3-10. Changes in DGGE patterns of the blue green (BG) biofilm. The sampling location, BG4, was on
the south wall of a small room next to tower 26 on the south side of the inner gallery.

To examine in more detail the structure of the biofilm, samples were collected from the surface to the
deepest part by using 23 adhesive sheets. Phylogenetic affiliations at the phylum level are shown next to the

band names. Detailed affiliations of these bands are given in Table 3-3.
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3-4 e

RETIX, DGGE 7 /NVRHT FIEZ FHWTNA 47 4 )V AOME#EORNT 21772 o7, HE#
DT FIEE LCUX, 7 v — /i, &7 7 LMigtt, &8 PCR #MT72 EHk 4 Rt FIER &V,
ENENORFT LB ME L E TR 208 H 5, 4l DGGE fi#MT Tlx, PCR HEIE
RV — 7 VAN DR EETS o T — DN KT, V=T VAT 2B/ ENTET, T
NTOMEATEDIFITITIZE S Dol TORKE LT, AT 7 4V AITEEND T O
WAEC XY PCR OMIENIHE S22 &, DGGE 7 /WIRD AN ROGEENR R+ 37272 L7
EMBEZHND, LML, DGGE {EIFIMO FIEIHARTE = A b, FERR CHllEE 8 ORI 217
VIEMTEDLRTENZRIETHD, ¥R, "M AT 4NV LADRE T L OMENTCIX, MEED
BB EN RS = TRAD ZENTE 2, ARIOMHT TIXZN TN OME ORI Z K E
PICHRET 52N TE, —EOHMDBRIEINT, L, TXTOMEELEITT 2720
(2%, MOFEORNNBLETH D,

NA DDA FT7 4V LOMEREL, ERPOMEHE L TR0, BEAMOME & I3 R M
PERVHBROMENZ GEND ZERRBINTZ, NAF 7 4V LOEFHIE, BEHRORIIC
FORENRb -7, P, G, BCGEADNA AT 4 VAL, BRTEDLI-H S O AEREm T
BERINDZENREDoT2, VDA T 0 VA, BB L T HRSCRERDEREREY 1E
CEEMCHIEIND Z DL, BEEOANSF T VAL, BIRTEONIZEH S &, Btk LTcE

5y DT T TRLEE S Tz,

NAFT A IVENEL, ZDOTFOAMDHRZE L BG EADAA I T 4 /L HIZBWNT, MIE
MR BT LITIIT LT, FORER, SA AT 4V AORBITIE Cyanobacteria M, M ITERSY
(21X Chloroflexi Y, FRJ@M 6 AMAIEIZ)NT TIX Deinococcus-Thermus 1 & Rubrobacter J&\ZHx
HUTIR AW AN LT D 2 & AR S LTz,
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FTATE N A T4 ILBOWEA AV EE

KEDHEH
RETIX, A3 OREBERICANET D34 47 4V AHFOBBRICOW T L5, 3 EmOREE
MO, NAFT 4 )V NTHEBEDERET 5 AREENE 2 iz, A 47 4 )V A OREEEDB AR5
DEBEPFRD DI, NAFT7 4V LNOMBERE ZHIE Lz, TOME, BIRTEDATY
DU EBERICATE LIS 47 4 LV AT, BRI LTV DEYERER DO/ A A7 4 )L MR
TRBEOHBREEIN T\, A3 7a~v b7 7 4 —lX2 44T 4V ADREA F Y,
A A B E LR R, BAR CEDI TV D RERBERICAE Lo 7 4 v 82X, TR D
L, TRV T L, ANV AL RERECERBIN TN I ENnD, WEHOEKEKY TH D
IO DA A RN LT D ATREMEN R ST, MIREOMBRNER LIZRKO—2 & LT,
XA F T 4 )L AH O Cyanobacteria (2 X V) 285 O ZEFE DS E S 4L, LI IC & - THEBRICER{L &
RN B 2 B b,

4-1 WMEOERLEW

3EOFENS, B, V&, G, BGOADONAA AT 4V AOMEFE T, Cyanobacteria
FIC BT 2 M@ ST M E NS LT\ D Z 2R ENTZ, Cyanobacteria P JET 2 M
%, HARICE Y ZRBILRB DL ORI Z AR L, MOTERREMAEMIT R EZIR % fk
LEE DD, MAT, Cyanobacteria 1D —FROMEE L, BREEZITO Z LN BTV
% (Berman-Frank et al., 2003), ZRETIZL > T, ERFDOEEND, WMAEMIFIHATGELRT
VESTBNEREND, EHIC, TUESTIMEHMBEOBE I D EBRICERIND,
A F 7 4 )V 2T Cyanobacteria FIZJE T DHMIENGFAET H 2 &0 b, NAF 7 4 /L AN TS
PRI AR S VTV D AREMEDN B 2 BT,

ZIT, KETIE, AT AVLOMBRELZHTE L, A4 7 4V LANOGHIRI A
B2 DB AL Lic, N A7 4V AOMEHE & ORELZTRD DI
133 BETHRA LIS T 7 4 L DEB O WEIRIR E 2 ET 2 LBEN D o728, 3 BO/NAF
7 4V DREHIHEE U — N E AV TR L7220 B O BN+ Thahrotz, £ T, A
3 USERERERI D L ) — TR EE 5 2 R W EAT A RO, SO L OWEEE A A R

DREEATIR > T,
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4-2 ERGE
4-2-1 @Bt DERHY

NAFT 4 VAP OEEEA A 2R ET D720, A 3 HNEE, 38 KOS EE» D
2011 4 8 IS A7 4 v 2B A BRI L T2, SUBHRIREEATI Fig. 4-1 12, B2 BRI L7
NAFT 4V AOEHE, BEMHORROABIE Table 4-1 1278 LT,

AEHIF S UL EAMAEL T, XM ILHAOL Y —TIZREE 22 0WETING, D&
BRILL, v~ 7 a0F a—7IRE Lo, sEHIRIUE 3 <Ig, Biio 7 RI2T pH, L O
A F U IRE % 422 IRTHETHE Lz, £, B2 ARICE bR - 72 %RITFERIC 4t
KT D FET20CITMRIEL, 423 IR THETHA A, BRORRA A U IREZAIE LT,

Fig. 4-1. Sampling locations of biofilm samples No.l to No. 5, and No.7 to No. 10 for nitrate ion
concentration measurement in Bayon, Angkor Thom, Cambodia. Color of the biofilm was shown in

Table 3-1.
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4-2-2  FHERA A PR & pH HIE

FEF0.1 g 13 Milli-Q KIZH&E L, = /057FfE (5,000Xg, 5 min, 4C) L7z, ZTOL& X DF
BRAGEIE, pH MIERHCIX S £F, MHEEA A R EERIEREIZIE 5~100 {5 & L7z,

Ly B O EE %, compact pH meter (B-212, Horiba), 33 & OF compact NO; ™ meter (B-343,
Horiba) (2L, pH 35 X OMHMEA A IREZHIE Lz, RABHOAEELZRD2DIZ,

Student-t #2 & #1772 > 7=,

4-2-3  FREGA A v, BIORRA 4 UHE
AUEHT MilliQ 7K T 15~100 512 A& R L, m=m.0o0EfE (5,000Xg, 5 min, 4°C) L7z, EiE%
022 um 7 4 /LF—TAhiatk, HWEICHHA LTI, BA A2, BLXOBA AV REOHET,
AFrra~v N7 0—%H, TROFM4ETHE L,

<A Fr A Frrav NI T T 4 —DORIESMES
IC: Model 883 Basic IC plus (Metrohm)
H T L fEA AT N Metrosep A sup 4-250 (Metrohm)
BEfH : 1.7mM NaHCO;/ 1.8 mM Na,CO;

FEd 2 1.0 mL min”!

<A Ty AT v NI T T 4 —DHIESME>
IC: Model 861 Advanced Compact IC (Metrohm)
BT I A AT 2 YS-50 (Shodex)
BEFH : 4 mM HNO,

FiEE ;1.2 mL min™
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4-3 FERBIUEBE
4-3-1  NAFT 4D pH & REEA A B

BUHLD 7 RIZTANA AT 4 )V LD pH L HEEA A IR EE A2 JIE L 7o #E R %, Table 4-1 1277 L
7o PRBHE ORYEE A A LY & bl 35 &, OB No. 5 13 13.07 mg (kg wet weight sample) ' & 5%
HIRER E Do 7o, 3B No. 5143 B Trn L723kF BG1, BG4, BG5S Z##H L 7= D, BG
DAL FT 4 VB HERRENT,

a0 WEHT, BIR CEBOIBEmICAE LA 47 o L A bR S 5 3B (No. 3,
4, 5,7, 8) &, BIRAMEL, AHSCHEMICEES D SN TWVE AL LT (L ADLEREES
Nz 473 ek No. 1, 2, 9, 10) ODKEL 2007 N—TI23F bz, BRTEDILZEEmH
SIS M- 3B O RSEE A A R X 32.34~58.80 mg (kg wet weight sample) ' T - 72, — 77,
BRI U7 BEm Dy B IR S AL 2B OB A A IR FEIL 0.08~0.50 mg (kg wet weight
sample) ' TH VY, BR THEOLNEREICHNTAHBIEWVIEE TH -7 (P<0.01), A 47
4V AD pH X, 64~75 DHEFHTHY, BROFEIZELL T, HHEERLE,

UL EDFERDG, BIRTEBONIWEREE I E LT NAF T 4 VDN, BRI L
TWDWEBEF D /SA A7 4 VALY HIEERA AV D RIBE TEREL W, ZOBBE LT,
BRI L TV DR ERER ClE, BN EREREVIEC I & TREEATRWIT S TV 5 Al etk
MEZHND, BIREOHENERET DREITI A TH D0, WS EMHRKTH D EHE
T5 &, WEEEREMN S MAD OB X IXRIR CE DN WEBE R OBREE CRE S, BARH
Y L CES A YRR S ELRERE 0 7 S BRBE T S aTERIER B D,
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Table 4-1. Nitrate ion concentration in the biofilms

) NO;™

Sample Color of biofilm Roof" pH |
[mg (kg wet weight sample) ']

No. 5 Blue green (BG) + 7.0 58.80
No. 3 Yellow green + 7.5 53.90
No. 4 + 6.5 32.34
No. 7 Brown beige + 6.6 57.42
No. 8 + 7.0 36.75
No. 1 Purple violet - 6.4 0.50
No. 2 - 7.2 0.17
No. 10 - 6.3 0.08
No. 9 Brown green - 6.9 0.12

Samples were collected from the inner or outer gallery in Aug 2011.
1 +, Roof was present; —, roof was missing.
* Biofilms were diluted 1:4with Milli-Q water and centrifuged; the supernatants were used for pH

measurement in the field.
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4-3-2 NAFT 4NV LFDREA K, A Ao

NAFTTANEHOREA T BB LOBA A FEEFTARD10IC, A7 4 v L5lEH %
A1 A v ra~ T 74— LT, 431 1R LIEEAAF T b 9 RED S 5, 3k
Nt BT X 723 6 3B (BUEE No. 2~5, No.9, 10) & FEBRITHEL 7=,

RELOEKEL, B CEDNIEBERONA 7 4 )V A0 HEREL 7230k No. 3, 4, 5T
1% 25.2~34.4%, BARDEATE LIZBEMH DS A A7 4 )V L BERIL L 72306 No. 2, 9, 10 Tl
52~6.5%712 o7z, BIRTEDONIEER D/ NA A7 4 VA%, BRI LTCBER DO/ A 47
AIVLED SHEDOEKRETHSTZ b, BRTEBONIZERONA 7 4 V5D FHIKG
EEHIRFELTWA Z ERRS T,

A A BLOBA A& ORERR%E, Tabled-2 1R L7z, BIRCEOIZEER D/ SA
A7 4 VB HERELTZEE No. 3, 4, 5 Ti,, BIRBEE LB O NSA 47 4 VA5
BH L 72308 No. 2, 9, 10 &Il UCREER A A4 >, kA 4, WilgA 4>, BV U LA
Fr, wTRVULALFY, BV T AAFTUREREICEREL TV,

BG DA A7 4 L 53K No. 5 ORSEEA A > 21 1366.48 g(kg dry weight)! TH Y,
Table 4-1 1Z/R L7ZHIEM L VD b S HICEIREOMEEA B ST,

TR AAF PR, BG DA AT 4L LiREL No. 5 Tl 7.6 nmol (g dry weight)'
TH Y, BRIV LIZBER DA 47 4 )V 255808 1.1~1.9 nmol (g dry weight)! (2~ T
BECThH-oT, FERIC, TRV TALEY, DUDALFY, TR T ATy, ALY
VLA T NZONTY, BIRTEDODNWTEERONA Z T 4 )V LDTFH, BIRD A% LI BER
DNAAFT7 4 AL bEREICEEI N TV,

BE 2T 2808 O ERMITIE, A (Si0,) ERATHY, BADO—MKAILNa, K, Ca, Ba)
(SL,ADOs TR SN D, MIREICEBR SN L > T, RADHEKK I THDHFT MY UL,
VTN, TR, ANV TEAFTUBEH L TWDLAEERH D, ZNOEA 4
FOEHIC L » TRA O BHEENHET 5720, @REOMEEOEEITEHM OB #ElT
THRKRD—2>ThHDHEBZBZX NS,

L EDFERI G, BIRTEBOIVBET O /NA 47 4V AT A O S T DT MY
b, BIVTUL, TRV UL, AT AL FTUPERLTWLAREEN RSN, 0
JARDO—2& LT, MIBEICE ENDMBANE OB RZEHE L T 5 ATREMEAVRIE STz,
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Table 4-2. Concentrations of anion and cation in the biofilm samples.

Anion Cation

Sample  Color of biofilm Roof’  pH [g (kg dry weight)'] [g (kg dry weight)]

cl NO, NO, S0, Li Na  NH, K Mg Ca
No. 5 Blue green (BG) + 7.0 85.69 N.D. 1366.48 15.24 N.D. 0.75 0.01 0.38 245 5.98
No. 3 Yellow green + 7.5 121.63 N.D. 5096.77 168.39 N.D. 3.06 N.D. 1.59 6.00 13.54
No. 4 + 6.5 181.54 N.D. 5986.06 N.D. N.D. 3.95 N.D. 1.36 1.93 14.26
No. 7 Brown beige + 6.6 - - -t - - - - -t - -
No. 8 4 70 a a a a a a a a a a
No. 1 Purple violet - 6.4 - B B - - B - B B -
No. 2 - 7.2 N.D. N.D. N.D. 0.42 N.D. N.D. N.D. 0.02 N.D. 0.04
No. 10 - 6.3 N.D. N.D. N.D. 0.05 N.D. 0.01 N.D. 0.03 0.01 0.02
No. 9 Brown green - 6.9 N.D. N.D. N.D. 0.32 N.D. N.D. N.D. 0.02 N.D. 0.02

T +, Roof was present; —, roof was missing.

a) Sample No. 7, 8, and 1 weren’t determined because of sample amounts.

N.D. = Not detected.

71



4-4 &
AREOEBROFER, BRTEONIZEER D NSA A7 4V ACBWTHEIREOMERA 4 D&

e, ERAAVHEOERENMRINT, ZOZ LD, BEEICERINMEA 4 itk o
TWETOEBA T UDNEL L, BEOHENRES TS ATREMERE 2 b,

E

R DORSIR OB O BRI D 2SR > TWORWA, ATREMED —> & L TMAED OE) & 2
Exbhbd, BERFEEMEICLVERTOEENT VE=T L LTHESN, EHIEDOT
F=7 PGB OERIC X0 SIS E TRIL S TWIUIE, AN 47 4 b LIS E IR E O
RN HERE SN D, B No. 5 RIS 7z BG (AD /A F 7 4 L LIREHT I W T, 3 O RN
AL FT 4V ADFKEIZ Cyanobacteria 73534 LT\ 5H Z & /RS 4L TV 5, Cyanobacteria D
—IITEEEERERE DO EBMONTVWAH Z & D,  Cyanobacteria 2334 47 4 /L AHIZ N
Rafis T 2 %H 2R LWL AIEEELRH D,

Cyanobacteria 1%, B &I, Z< OERP L AERENICB O TEENERINLTND
(Ortega-Calvo et al., 1993) , Cyanobacteria DMK ~DAEAIL, fk~BEDOEEH L
ZHRET TR, AMEmOAM OBMRZEROEICAY ZATERTLHZ LICEY, AKMD
£t % 5l & # Z 7 (Warcheid and Braams, 2000) , %72, McNamara et al. (2010) D#EIZ LD &,
Cyanobacteria |I5RW KA RET THMATHZENHALNTND, BEZ T _XHED L H I E
DAHIIR & TV BT CIE A RIS Cyanobacteria 73ME 5 L9V (Albertano and Urzi, 1999)
—Ji, AFX T aO~YEBEOIMUD X IRV S B SN TWAHEHFTITIE, AMERTO
Cyanobacteria D 5137 510, FBIEE G L 0 ZHERMAEMENFE SN TV D (Videla et
al, 2000), AFETIL, BOICSH SN TWDLRIRDBAE LD L0 b, BIRCTEDIIZEER
(R EOMBERMN RSN, BIRCTEDIZEEmIZ /oA L3\ Cyanobacteria 2334 4~
AVAIENIREMET 5 28T, MBOEBO —SOHER L iso il fetEndH 5,

72



ES5F W
5-1 w5
AW TIX, 7 a—VBloaMsibEZ sl T 272012, 7 a— /L Elo “fEEOS
b, HEEFHILENA T T 4 VLD EFIZEDHITER L, £DHRITEET M O R
Z AT,
HIBELILICBE T D RO H D A A VML IL, 28R S #kE H12 Mycobacterium J&
(ZH bR 2B T db o 72, Mycobacterium JEIZJET HME 03 A AU ELEEAZ O LILTh
ETICHONTEDLT, AREND TOMRE ThH o7, BEAMOA A v BLME & 1R
WZEB D2 LD, Bl FOKHERHEIZE VA VBB E G Lot LE X 6D,
A = NEIER D DI E L2 A F 7 4 L A OMIE L, BEAOME & I3RS FHHO
MEFIC LR SN Tz, X7 4 NV AOEBFTHICEY, MEHEICHELIHD, P A0
INAF T 4 )V X Rubrobacter JEI\ZTRR72ME A, B, V&, G, BGEADNAE T 1L
LIZIX, Cyanobacteria P B b Tk 70 Ml B 23 5 L TNz,
DL, N FTANLADELBHY, TOTOAMDHILNEE THDH BG tAD /A
FT7 A4 NVDIZONWT, NAFT 4V LOEEEAMITENE ) THEEPER L TWDH I &
WRENTz, £, BGEDONAAF 7 4 VAT, WA 4y, BEXOFT NI DA, v 7%
Uh, AN EAFUREREICEREIN TV, 202D, AMOERKRSG TH D
INHDGA FUFENEH L, AMBIERETT L TWDAEEEN RSN, 2DOZ b,
BG DA F 7 4 VWK, AMBIEA~DFGRRENAA T T 4 VL THD I LRI NT,

5-2 FkRE

KT OFER, HEELIL~DREAENROND A A VBTN LR o7z, i
T, "AFTTANLEOERHIT LA ET 4V NERERT 2 HE QRS R S vz,
AEIOWE TITMEHE DO HOMPTIZ L EF o TV, S HICHRICHENTT 5 2
LT, "AFTANLOETHT L OMEET —F KT L2LERD D,
NAFTANLEDOEHF T L OMEHET — 22 LVIERTDHIET, M FT 4 VLD
BN NA T T 4 NV BERERT DMEMDPFHTE DT DV AT LOMFEED ST,
ZOZEITEY, BUGTAAL AT 4V AOME RN HEIHE S, AMS AR
HNAFT 4V DB BRANCHERRT 5 Z LN FRRIC R D 2 E W S LD,
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