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1% iR
F1% B
1A EEERUVEW Table 1-1. Estimating the magnitude of microbial diversity
Number of bacteriophages on Earth 1031
B &S FEAIRT Number of microbes on Earth 5 x 1030
T DOFEERHT 5 Z &N Number of stars in the universe 7 x 1021
PR N A B ] S 2R T %, Number of microbes in all humans 6x 1023
. Number of humans 6 x 10°
=T MAED OBLEITITHUL Number of microbial cells in one human gut 1014
IR B BLER A T2 6 DO BRI ES Number of human cells in one human 1013
i \ZE\T“X?) 7. fﬁ»‘({\ ﬂﬂfﬁkj: e Number of microbial genes in one human gut 3x 108
Number of genes in the human genome 2.5x 104
4 E‘ T’L % %& 4 ¢@ 2 7%% iﬁ I ;ﬁ/\j Combined length of all bacteriophages on Earth 108 Ly
5x10° — % — L AL 5T Diameter of the Milky Way 105 Ly
By, HER EIcAEBET A AR O (Refer to Kyrpides, 2009)

Wik (6x10%) &bl LT HAZK

IRPSAEMDIHIERIZAER L TWVWD Z ERH BT % (Table 1-1, Kyrpides, 2009), 4L 554
AP THERRFE T OWEIGER 2 > TV D721 T < ARALEREART° 1B BR BT B 26 | )
&, BIIEORKE TFHICBWTEERFETH D, LR L, MAEML, Mho4k
MTH Y IREFEIC O ABINRER A TH D720, RRFHSEEEZET 5 ETREA
Mz 2 T,

Z DX D 72MBEIZKR LT Woese i, MAEM D5 Z BTS2 HIETIT R < 18EY
[E A D rRNA 7 7' —F I\ X 0 IEW 2303 2 HikZ e L7 (Woese and Fox, 1977),
RNA 7 7’ 10 —F 1%, AEWEA OFEE (DNA, RNA) Th 5 rRNA B2 L L, %
AEWEE O FEEYIOE N LD (FIEEY 168 rRNA #E5 1. BEA%4EY @ 18S rRNA &
51, AW % R TFRNE D DRENT 21T 5 HIETH 5, SSU BB FIZHS < RMFHI D
FAIX, HuEK [ CIX 3 2™ Domain (EAZAY, MEE, HflE) 2SF(EL TWD Z &3 1980 4F
IZ Fox HIZ Ko THE ST (Foxetal, 1980), tRNA 770 —FOERKIZLY | BEEREN
ETLLMAWMERET D ZENAREL RoTe, TO—T, WMAEWE HEETE 2EY

IFEED 13%IT R0 E S TWD (kyrpides, 2009), ZAuiE, FHARBRA M E 221K
e, BIERSCEIEE Vo MIREREE CTAER L CWAMAED L L FET D120, AR
PIRFER RN TH L FHOMENE DT 5 EDRRETHH EE 2 HBND, BEICB
T, in situ cultivation 2 HfE L. Hallow-filer membrane chamber 74<° Functional single dell
isolation VL5 D 1= 72 BB T E L HE SN TV DM (Aoi et al., 2009; Ashida ef al., 2010)
TUA T A=WV R L OFHOWED 2 niEdT 5 Z LIIRNEEE S 25, D XD
R R TIE, FOEBETERES A SRR A S TR — S =2 H WS 2 &
T, WMAEHD T ) MMEHRITERIZHE 2 >OH 5 (Fig. 1-1, Pace, 2009), & H 2, ¥ 7tk
Nz )y I AWK > THLMNZT 27 a7 bbb A, BUETITER 500 A2
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Fig. 1-1. Cumulative number of sequence. (A) Total sequence. (B) Number of bacteria rRNA
sequence (C) Nubmer of Archaea rRNA sequence (Refer to Pace, 2009)

FE D SUHAE ST D (Fig. 1-2, Forde, 2013, Rinke ez al., 1013), Z DO HEIC XLV | B
BENITI U INEBLVOERT ) AEETELLH12720, RERREA/HEETEZ L9
272 o7z, LrL72A35, DNA <° RNA Z i3 2 HiE T, EEOREEIZIE W T i3

[EZTITEDX T BN TWDEE VT2 insitu 1T T DAY O Z2 M54 oIk 4%

DOIERERET 2 ENRETH D,
BRETICAR L TWAMAEY A 5% %
I TR ANIERAED D 7 % f H T
x5 E LCFISH 3% %, FISH ik
IZ. 1989 4£|Z DeLong HIZ L » THIH T
Wi SN 7= (DelLong et al., 1989), F7-.
1991 4Fi21X Amann 512 K - CTEREMA
Wkt L CHIH T FISH {E3 8 A S 4,
REMAEMZ R T 5 2 & 72 < RALET
A ERRZ RS 5 FEE L THITEIC
BWTHHERY —LER>TWND
(Amann et al., 1991, Amann and Fuchs,
2008), L2>L7Zes3 5, FISH k%, 556
D HIRE D IRNA B &ICIKET 5
728, tRNA &8 &0D 7 WAEY O
HARETCHLZ RO TWVD
(Amann et al., 1995), F#iZ, MRERECH
FKEBREPICAER L T DAL AE
HENEL  HEHIENO rRNA &/ &)V

domains.

A Completed and Published Genomes
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§ o ® Bacterial
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g 200 ® Eukaryal
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Fig. 1-2. Published genomes. (A) Published
genome sequences for the three domains of life as
of April 2012. (B) Distribution of completed and

on-going genome projects amongst the three

(Refer to Forde, 2013)
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72 < FISH {EIC L 2R REETH 5, BIIETIL, EETMEN FISH 5L D iR SR E
FISH £ W TENOIAEM Z i LT\ 5, B 21X, Pernthaler & ITMHEMAEMITT L
T FISH EZ2 )5 L FISH MEE L TK 2 ot RZ2 - LcREL® D
(Pernthaler ef al., 2002), Z O#EFIL, FISHETITAE & SN TW MM Z OREHIC
FHFELTWEZ EAREB LTS, @EE FISH {EX#HE ST B 20 03560 L,
A HIZBWTIE, MAEHO RNA ZEE LEREREE L GEH I TS 721 T2l
A OEEEZ B 50T 5 2 & DS FTRERHEREE S 7°° mRNA AR AR 3 2 5
ELTHHEAIN TS, LOLARRL, 2 E THRE I TWDEE FISH 51X, 8
JEWE & U TH 40 DO RE S 2 G T HEEEZ WD 72Oz B % 1 B S 5
FUBEALEL N LB TH Y | EAAEMIC LV b N LETH D, £, T OMIREELE D
it 70 P I FE R ITHE < IR OFRHE MM B EE L DO B IR D355 WAE D AFTE b il Sh
TW5, (Furukawa et al., 2006; Schippers et al., 2005; Kubota 2013), it > C. & FISH 14
OFETH D 7 v —7 OB 2RI 5 Z L1, SRR HEERCB W CEE/RIE
HThb, £ T, RFFETIE, B TFEPREIVWEZRZ AWV EWELS FREHERTH 5
hybridization chain reaction (HCR) {£IZ75 H L (Dicks et al., 2004), 71— =7 OfifdiR )
BOEJRE FISH ME2BR T2 262 HNE L, £72. ATIEOwE A e 2 5Hli3 %
7202, IRNA AR & LIEAFIEZ B RBEE TIART WA zEH S E2, &6
2. RFEOELR L EERELZITV, RAGRIT T ORERE 2 iR TE R WIES O
mRNA O T AR H &2 kA 7=,

1.2 REEIXDIER
Kimix, Fioo4e 7TETHR SN TW5, Fig. 1-3 (O U O X 2R~ 4,

2 7 BHEOM
%5 2 BT, FISH {&, SdE FISH A DBEE DML K& O M OAGER SCTHEM L 72 HCR
TEOBEEOWFIE 2 il L7,

%3 E WMEMD rRNA Z2/) L L7~ in situ DNA-HCR £ 0 B3 & OV &
%3 ETIL, WAEMD rRNA 2128 L7~ in situ DNA-CHR /EDOB 4~ HfE L. KFiE
OENFRE . 70— T ORFEME KON T v — 7 Ol imM: 2 2Hm L 7=,
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# 4 % rRNA 21289 L L7 in situ DNA-HCR 752 K 2 BREEMAED Dk H

H 4TI 3T TR AT - 7 in situ DNA-HCR %% W CEREEIAY) (MErErine .
BT T = 2 — /B IEN K OBEEIETEIBIRN O 7 — % 7)) Ol & T o7, EHIZ,
in situ DNA-HCR £ % W2 BREEMAEM O L BB 21T - 7=,

%5 WAEMD mRNA #1EF) & L7z in situ dual DNA-HCR £ D B3 &k O &
%5 ETIL, MAEMOEREZH 52T 5 Z & N A[RE7Z: mRNA Z 2 & L 7= in situ dual
DNA-HCR {EDBAZ # Hfg L. ATIEOEEIRE, 7' o —7 ORp M Z5HE L 7=,

% 6 %= In situ dual DNA-HCR £ X 2 BEMAY T O mRNA O H
FHOETIE, HBHETHRBEIToT-HINZ T 5 72O DRI AEY) DiEeE &k O O HAiT
Z AW CEREMAD H OEERRAY D mRNA O H &R A7z,

CA
B TETI, AMTOBREL LTELRIMAEE LD, AP THE Lz FROME S
13 %04 B DRI ST L1,
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Fig. 1-3 Schematic diagram of the object for research and constitution in this thesis
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¥2F BREOMR
2.1 FISH ZED &5
FISH 713, 1989 4|2 DeLong 5 (2 & - CTHJO THAEMIZ X L T S iz (DeLong etal.,
1989), HIAEIZIVNT in situ 2> whole-cell THH A AIBE Td» 5 FISH 1AL, TFED 5 75
%?E@ﬁ%%@oﬁ%&%&k@ofwé(Mmmmﬂhmﬂ%&ka%%®ﬁ%u
S, 1S A~ FORGRERE Y 7 L O, Flow-cytometry ~D i it A i &7z
(Amann et al., 1990; Amann et al., 1991), & 512, 1991 421X Amann 5|2 X - TREY 7
NN BFHNTZ DNA RO A Y IX 7 VAT R —72E L, REEEBEMIC
%f UC FISH ¥& % d)i L7 &2 SN2 (Amann et al., 1991), Z OWAEFIZL Y IRNA 77
B —F D TREERMAED 2 bR
(29 % Full cycle rRNA approach 73—
SPOM & 72 -7 (Fig. 2-1, Hugenholtz et al.,

2002; Thiele et al., 2011), JT4TiL, FEAITK ‘f ey
oIV 2 ) Sy T AN ‘]::> ONAW g (ANA

Environmental/culture
sample

D= DR R (Lasken, 2007) %%
B AT 5 2 LS ATHE R { Nucleic acid probe ][:>C. rDNA clones J
MAR-FISH #  (Okabe, 2004) <X° =
Raman-FISH {5 (Huang et al., 2007) <°
nano-SIMS % i\ 7= FISH 7% (Orphan et al., \ségiﬁces/
2009;Baﬂxna et al.,, 2013) 2HE SN TE L R — ]
. WA % in situ 7> whole-cell TR {g‘ / s \
E’J IR T 22 OEEMEDS B —

E'Eﬂﬁ = ILTWA D, | Sequencing p3

Fig.2-1 Flow scheme of the full-cycle rRNA
approach. (Refer to Thiele et al., 2011)

2.2 FISH iZ D&
221 HARE

FISH BB T HREITW S OB SN Tng, 2o T —F K& 28X, FISH
ETHE LN EOEMEORIBE TH 5, FISH IkOHEME L, BIAPNO RNA & A BIIKTT
THZERMBIN TS, - T, FISHIETHE LA HEME X, ZRHET 5 rRNA O
DT IUTDIRNT EIR T T %, FISH ENSAEMITHIO Tl 472 DeLong b DA
BWTHTTICZOMBENES ST = (DeLong et al., 1989), 7=, HEIAND rRNA &
HElE, BEMOREEENBEBRL TWDZ ENMHNTWD (Kemp et al., 1993; Wallner
etal., 1993), Kramer 5% Vibrio spp.iZxt L 15 HEIGLEKIRAEIZ T 5 & in situ hybridization T
O35 EILTRE D 10-26%F2E L2 RNA ZREFF L TV o7z L LT\ % (Karmer
etal,1992), ZDZ L1, REHEPEVREMAEMDIT, FISHIEZ X 2MEPSRNETH S




2% BEOMAE

ZEERLTWD, FOL ) RAEWIT., WHEFOWIEE, HEROMEC T KR ED
BFRBEETICHEELTWAZ RO TS, F0O X5 RSEMEHAERICHRTET 5
72O, BEE FISH IENHE SN TWD (2.3 &),

222 F7O—J DR

FISH JE3 A SV TLOR, B FIT 6 & O BdERZ S & I0 7 v — 753G &2 1T
9 Z LAk D arb software 23 H S 4L (Ludwig et al., 2004), F 4 IR G (R EB M EY %
BRI E L7 e —T 2R TE DL 0o, 7ua—7 & RNA L OZHENRIT, #Hii-
IC 7 —THREHAITORICEE LS, Iu—7 LIEEA L ORMNREMENES . 4
OIS TIX UIXREEC 72 5 2 & 3 STV 5, rRNA 1E, RNA & RNA DO AZHE,
RNA & X UV DRI X D mkigEZ /A L TR, e =707 7 2 ARKERGE
Nd D (Woese et al., 1990; Ban et al., 1999; Clemon et al., 1999), Z ®ORJ#EIZ%} L T, Fuchs
51X Escherichia coli % T 16S rRNA. 23S rRNA ~DAHERNRIZ-DOUWNT 200 LL DAV
IX Y LAF R a—7 (1825 bp) & HWNTHENT 21T > 7= (Fuchs et al., 2001; Fuchs et al.,
1998), #EF., RNA OF T—FENIRENTROIGFTZ 100% & L7256, 61%LL EOBERE
ZHLTVWDHDIX 16S IRNA Tz o572 18%., 23S TRNA IZHBWTH 24% Th o7z, S HIT,
4% LL EDOBEE T, 16S IRNA T 39%. 23S IRNA T 59%I2 9 &2 hn- 72, & 512, 16S rRNA
EIERE L7 o — T THENS SR> 25T 1/3 13X, IRNA 23V—7 Z2E& e 2 kK
AR L CWDEEIT ChH o7 L HE LW TW 5D (Fuchs et al, 1998), £7-. /X7 R/ A
7T b REERHRSE I T\ v —7 & ORI, SDS % D7) 72 254l % i 2
HZETHHATES Z L0, EHOEKRMESEN 3 G LD b 2 RSO BRI
B2 DEBNRRKENEVIHENIN TS (Behrens ef al., 2003), Z L6 DFER%EICIC
Yilmaz 5%, 1. 70 —7 O@EKESE, 2. RGO SRS, 3. 7 u—7 SFERENL &
DNNAT Y RD3OMSBRDZETFTAEREL, 20390068515 AG  weaa &7 1 —
7 EREHERAL E OB L EFE L. T OfED-13 keal/mol A FIZ2 B Ko7 —T7 #i%E
T5HZ LT, Ir—7 LEEREAL & DR ORE L sk LT (Yilmaz et al., 2004), %
LT, ZOFETMIHENT B —T 25925 2 & T 16S rRNA OWTIOLHTM S HFEE
H L ITRWENEISD Z LITkE LT\ D (Yilmaz ef al., 2006), IT4ETlX, Z oBFME
% web I (http://mathfish.cee.wisc.edu/) CTH 7 % mathFISH & #H5 b i, Fx I3ESIC
7a—7 ORI OWTERMETE 5 L 9 I/ > 72 (Yilmaz et al., 2011), L7>L72n
5. HEBSIOREN GBFAPED S W T 01— T 2G5 Z & NRE R85 E8CRIRFIZ 2 O
U bora—7 %889 5B AN NE RS E 03 S 5,

T ua—T7 0L EIns HikE LT, ~—7a—7%H\5 HENR
EINTWD (Fuchs et al., 2000), = D FEZ, BERFEALIEICR LT~ —F r—7
kAL, BT 0 — 7 L RIRHC M S D 2 & TR O kIS &~ L o—
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o — 7 CRRE S, #OUE
kT — T DA A 1)
EE¥5, 2oft, 7r—
T DM R Al LS ED
Jitk & LT LNA X° PNA O
NI W7 a—7
NoHE S LT oWy B
2010;
Cerqueira et al., 2010;
Almeida et al., 2011; Kubota
etal.,2006), LNA & TF PNA

(Almeida et al,

DOHERE X % Fig. 2-2 12”7,

LNA %, 1998 42 Wengel
& Imanishi 52 &> THID
TH#iE & 7= (Singh et al.,
1998), LNA %, U R—ZE
D2 LEWRFED 4 DIRFED A
F L& LCHETE LT
LT EMWDL 3-ar T —

Box 1 | Increasing probe affinity by nucleic acid modification

HO Base H,N Base HO Base

0o o o o
1 I
o=1|)—o o o=1|>—0
o. e o.
R R R
DNA PNA LNA

Recently, attempts have been made to improve fluorescence in situ hybridization (FISH)
by using peptide nucleic acids (PNAs) or locked nucleic acids (LNAs) (see the figure).
Both probe types have a higher affinity for complementary nucleic acids than other
types of DNA oligomers. PNA probes are oligomers in which single bases are linked by a
neutral peptide backbone®; this avoids rejection of negative charges. Worden and
colleagues® were the first to successfully use fluorescently labelled PNA probes for
single-cell detection of marine cyanobacteria. LNAs are RNA derivatives in which the
ribose ring is locked to a C3’ endo-conformation by a methylene linkage between the

2’ oxygen and the 4’ carbon®%. Integration of LNA residues into oligonucleotides
reduces flexibility, which results in more stable duplex structures®. Kubota and
colleagues® showed that modifying oligonucleotides with 2-4 LNAs improved their
binding to 16S ribosomal RNA by up to 22-fold. The dissociation temperature of the
LNA-containing probes increased with the number of LNA substitutions. According to
the mechanistic model of FISH by Yilmaz and Noguera®, PNA and LNA are two methods
to obtain high-affinity probes for target sites that have a strong secondary structure.
Owing to their high affinity, care must be taken that they do not bind to non-target cells.
This problem can be overcome, however, and it is probably the cost of PNA and LNA
probes that has so far limited their broad application for single-cell detection in
microbial ecology.

Fig. 2-2 Structures of DNA, PNA and LNA
(Refer to Amann and Fuchs, 2008)

A= g VOIRBETa v 7 LTCWD, FIUTED . AV IAX 7 LAF RO 1 HEE%Z LNA IZ

B9 57217 T LNA-DNA A 7 U v T 1-8°C, LNA-RNA /~A 7' U > kT 2-10°C ® Tm
O ERAPHERSN TS (Albeak ef al., 2006), LNA Z4FAL7=F4) IX 7 LAF R 1n—
T xS Z LT Fuchs B X o THAE S 728 R E MR & S TWZERRALIZ X L
T L7 fE R, a5 2 REA I HEE S 75 H 5 (Kubota ef al., 2006), = Dk
RiX, DNA 7B —T7 O EFKICSELHDIEEF 25, — ., PNA [ Iy T R—r
[Z_XTF REERAT 52 & TCERMNBRARNEFFER2VWAT e —7Ths, £, ZOR
AINHEHEIEE FO N8 725 (Tomac ef al., 1996), Z OME % AW T, KEEE T T
M S AERY RNA O 2 IRIEIEDFER SR T S5 2 & TRHEEZDROARNEERIENL & D
RHER A[HEIZ LT D (Lehtola et al., 2005; Perry-O’eefe et al., 2001; Almeida et al., 2010;
Almeida et al., 2011),

2.3 BRRE FISH ED &5

FISH {£1%. BREIMAM % in situ 7> whole-cell THREANCHT 2 Z L 03 HHsES FET
HbH, LNLRNG, 221 THIT L2 L 212, FISH LK rRNA &8 &OMAEY O HH
RNEETH D, 2 AMH 1997 FZERYE FISH £ & LT CARD-FISH £ (b L < (% TSA-FISH
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B E BTN TV S) A3 Schénhuber o
(Schonhuber et al, 1997) &  Lebaron
(Lebaron et al., 1997) 512 X - TRIKFIC a a
Wi 7=, CARD-FISH i4i%, HRP %
TS IX T VAT R —T

S OV ek U 72 tyramide & VT ybrdization l HRP-labelled

probe
HRP DRG0 HOG5REE 4 HiE <
% FETh %5, CARD-FISH IO E % P

Fig. 23 lcid, Fu—7ic@mLy: 4
Ky . CwC RpuC |
HRP (3, #HBRILKRAETICB O TRRE | . - .

ERZ R LKL POV ET D, £ _
OKEALT SH M. F5 RSFok T
BOIE (COH) 70 b AR ABTRES 5 — Sgnal amplficaton l
B KFEekoreF 7 vy Y

bt %, FLTIT P HMELTEF T2 //" GD[} \\

FATAEGHOBEERY T LIRET 8 a {:g:}
. ZORIGE3-10 ALV FRET “ {}{} {:‘3
ZITHET L HRP OEfFIZZE DT T e B -

S {%7?-5?‘ 3. = @}iﬁ;%(ﬁ‘l‘iﬂﬁj‘ %7 Figure 2| The pI:iI"lCiple of CARD—F.ISI-! (cataly.s?d

reported deposition-fluorescence in situ hybridization).

DIZ B 22 2B CARD-FISH combines CARD of fluorescently labelled
BS1E E&ﬂ:‘ =R R HTHD (VeltCh tyramides with single-cell identification by FISH. The

2004) F5 3 Rizixe4F >, Tax hybridization involves a single oligonucleotide that is

covalently crosslinked to a horseradish peroxidase (HRP)
Fmvbv=htaZz=m O NNTF label. Amplification of the signal relative to that achieved

with probes that are labelled with a single fluorochrome is
> OIZ FITC, TRITC, Cy3, Cy5 % Dt based on the radicalization of multiple tyramide molecules
L TR % % (Hopman ef al., 1998). by asingle horseradish peroxidase.
CARD-FISH IE23 & S L7224 KF > FISH Fig. 2-3 Principle of CARD -FISH.

(Refer to Amann and Fuchs, 2008)

B L O LR E @ & W X . Lebaron
(Lebaron et al., 1997) & O#HAEIZ &L % & TRITC ##%~" = — 7 & tyramide-FRITC & T 7-12 fi%
DOWEEE DOYENMNDE S A, Schénhuber 5 OWHAEIZ L5 & FITC #5257 1 — 7 & tyramide-FITC
& T 10-20 fFDBEE O &2 fEZR L T % (Schonhuber ef al., 1997), BIfETiX, 71 ha—
NOYGEEIZ L AR L7=T 7 X REMHWDH CARD-FISH £1d, ®E#% L7 a—7
ZH\W5 FISH {5 & g LT 26-41 5D CoRE 2@k L7z #is & & 2 (Hoshino er al.,
2008), 15 21%. Pernthaler & [XHFETT > 7 F Akt L& FISH L& #5356 2 & T
H=275 FISH Yjﬁf‘?%" DAL DR & e U CREERIC A | L7z & LT\ % (Pernthaler
et al., 2002), Z OfERITZ DEEEEHIZITZ < O DSFIE LHIER B2 T 2 W EIEERIC
BH L TWAIZH 20063 FISHIETIRZENOMAEM AR TR T REE LTnizZ &

a Fluorescently
a labelled tyramide
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R L TWD,

F 72, @R FISH ME1T. R rRNA S MEH D RNA OO S5 O TR
<. WAEDOHEZH LT D2 ENTE IHIERE T (Kawakami et al., 2010;
Kawakami et al., 2011; Morau et al., 2010; Zwirglmaier et al., 2003; Lenk et al., 2012, etc) <°% D
R 5 CoH D mRNA (Kubota et al, 2006; Pernthaler et al., 2004; Pernthaler et al., 2009;
Bakermans and Madsen, 2002; Kofoed et al., 2012, etc) O 1T o728 EH STV 5, I
- T, 4 HIZFHBWT CARD-FISH {51, @ FISH {EOH TH —FBREBLN L < #hx 720
FETHOHN TS RER 2 ESE FISHIEE WA D,

2.4 MEYD rRNA #1200 & LI-E =X E FISH &
241 BRRIGERAW-ERE FISH i% (TSA-FISH %, CARD-FISH %)

i IRNA &H EOMAEM A S & L7= CARD-FISH #£1%, LICEREREE FICERLT
WARAEIZEH STV 5, Bl 2038, #EE (Pernthaler ef al., 2002), #1 7K (Wilhartiz et al.,
2007), 734 A7 « /L 2 (Shiraishi et al., 2008). 77 (Jobard et al., 2010)., {%#F (Schreiber et al.,
2010) % Tdh D, ZiE. CARD-FISH i TH LN HHEHRIE D, rRNA & A BICHEEE S
7, (K RNA BAETH > THRMOELIREZERL TE 5006 Th D, HlziX. BRE
BREE T CTHAWETICTAER L TCWDIEETZ 7 bl CARD-FISH &2 S8 5 L 1F
TR TOMAEY (85-100%) ZHitid 2 Z LN TE 52, FISHEZBEHA S & 19-66%
DOHRHRICEEEDLZERMENTWD, D& ) AR, Wk T i YomiE o H
) CH RO RN IME ST\ 5D (Herndl ef al., 2005; Sekar et al., 2004), —J5C,
CARD-FISH DRI, MEETIZAER LTV 5D ANAMMOX #E = Planctomycetes, 15
PEIGIR R DA ROHRNE Y T = 2 — WHIEHR O A & U E% Tlid FISH EORMFEL TE
ST EWHEZNTUWD (Woebken et al., 2007; Kubota et al., 2008; Pizzetti et al., 2011), = D&
X, k4 2 EEE FISH (O B A TdH 5 CARD-FISH IEICHW D 7' v — 7 OfifEiR%
PEORIICER LTS EEZBRD,

Zdfh, CARD-FISH IEICHWAF T 2 Fidid, HAEHROBRR LT, I UHELT v H#
Lol BT D2 E B AEETH Y, nano-SIMS K UNT v REAEHR LT T NE
W5 Z & TSN EK 180 51272 0 F-EEMIC I E L7 E W5 i S & 5 (Behrens et al.,
2008), = HIT, FI I FIZEAF U2 L. FURPUARISIZ LV ~ 7% v b & HEERIC
FRIZEE S, EDBEINAELT S Hikb#E ST\ % (Pernthaler et al., 2008),

242 JULFISNLRTO—TEAV:=AE
(DOPE-FISH %, Click chemistry Zf > f=FISH%, RUX I LA F FTA—T &ML
1= FISH i%)
E3R U7z CARD-FISH ELISMIMAEN D tRNA ZAERY & L7 @ FISH {£& LT
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DOPE-FISH £, click chemistry Z /= FISH {EX VR U X7 LA F R a—7 %z
FISH {EN A STV 5,

DOPE-FISH i, 4V X7 LAF K7 —7 0 3Rk 5 Kigl8 =R 217
FISH /£ T % (Stoecker et al., 2010), Z D H{EIZ LV | % O FISH {EO#ENHERE L U H )
2fEDHOEREEZ G OND EME SN TS (Stoecker ef al., 2010; Radax et al., 2012), Z 1L
FCITHHEEEREBYNO THECANA A T 7 2 —NOBMEFHICHEH I TND
(Radax et al., 2012; Mcllroy et al., 2014),

7V w7 IARM) =&MW FISH &L, #9WEZ 7 ) v 7 7 I A MU — TR S
VrHETHD, 7V v 77 I A M) =37 % 7Y ROBERMbLE R TRIGTH 5,
Flz, WEBIIT AU RORT VY REBAT AL ENARETHALTED, TV IX T VAT
K7 a—7 iR 6 HOENME 2T 2 2 ENARETH D L HE X TV 5 (Gierlich
et al., 2006), it-> T, ¥ O FISH {EO R EE & bl U CJREE B 6 5 DO BOLIMEE S 5
N5EEZLND, LML 5, Wagner DRI THHIN L TWENBEIZBWTHELD
HAHRY ZOFEEZACTEREY 7 V@M L7 WA 13720y (Wagner and Haider 2011),

RV X7 vAF N Fa—7%HW=FISH LR, BEEIe—7Z2H0WEFIETHS (eg,
100bp BA L), BV X7 LAF RFa—7 134 Y X7 LAF RFa—7 (eg., 18-25bp) &
L TRETH Y | ZHOGIER LR T 22 LN ETH D, - T, BH O FISH
EOESEIREE & g U TR 26 5 DEDETRE NG DALz & A ST\ % (Trebesisus et al.,
1994), L L, RY X7 LAF R -7 3EHETH L0 7 n—7 OfaiREMo R E
SR RMEORBEE N RE SN TS, ZRHDOMBEIZOWTIE 2.7 THIR LT,

2.5 WAEYD mMRNA ZiF89 & L =S E FISH &
251 BRERRIEEAVW-SE FISH %
(TSA-FISH %, CARD-FISH i%, Two-pass TSA-FISH %)

FISH LD @& EEACIZHE IEF TIEAEN O 16S IRNA 721F Tl < A O EE % #E
BETDHZENAMETH S mRNA CERBEEBE 2N E LERELIND Lo TE
72o mRNA CHEREES 1% 16S rRNA & Hl U TR OFE R FER 12D 70 < 1@HE O
FISH £ TI3M AR TH 5, fiE > T, mRNA CHEFEE & O T A L, &% FISH
EEHAWTWD, INETICERNCERWEZFEE LT, RUX T LA F R e—T7%
A7z CARD-FISH {04 Y X7 LA F R’ a—7 % /= CARD-FISH 5, 4V X 7
VATF R7a—7% HWT TSA K& % 2 [BIAT 9 two-pass TSA-FISH £ i STV 5,
mRNA )L L7=AR Y X7 LA K7 r—7 % 7= CARD-FISH 13 1998 4512 Wagner
SIZ X > THID THAE 47z (Wagner et al., 1998), 1% 5%, DIG Z#E:#% L 7= RNA & Hw»
7R X7 LAF K7 e —7 K OVHRP Z %% L 72 aniti-DIG % T mRNA O HIZ )
L CW5 (Wagner et al., 1998), ITHFIZHENTH, RNA ZHWeARY X7 LAF R —7
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12 & %5 mRNA O HITIE SHfil) TV 5 (Pernthaler et al., 2004; Wendeberg et al., 2011;
Constant ef al., 2010; Pilhofer et al., 2009), L>L7203 6, RY X7 LAF K7 e —7 % Hu
ToE& L FISH SEORBEA & LT, RWRRRMAED RIS 7 1 — 7 AR EIRE M 23 R
SNTWD (il :2.7), - T, ZNOOREE WiRT A7, BHOTe—7Th b
AV AX 7 VAF K7 —7 % fu 7= CARD-FISH #5(2 X %5 mRNA O H & s ST
% (Bakermans and Madsen, 2002; K& © 2007; Mota et al., 2012), & 512, T TlX, TSA
&% 2 [FIAT 5 two-pass TSA-FISH {£723#t4s S 41, CARD-FISH £ X ¥ & &V VEEE T mRNA
ORI ZH LT 5 (Fig.2-4; Kubota et al., 2006), = D X 5 \ZFEHR & V=51
VR FISH ¥E O FH 23 Tdh D5 mRNA NI W TEE R Y — /L Lo T D,

HRP-labeled anti-DIG antibodies

First TSA reaction with tyramide-DNP

Activation of V’

tyram|de DNP HRP-labeled anti-
l DNP antibody

@

& l 9 ¢

— vy ¥ t? ¥

Second TSA reaction with tyramide-Cy3

Activation of 6 6
tyramlde Cy3

& ;@ww o

Cellular compounds

Fig. 2-4 Principle of Two-pass TSA-FISH. (Modified Wagner and Haider, 2011)

2.5.2 BERRIGEALVEL mRNA & H Bl
(FROMBEL DR AWE % A LV= FISH %, RING-FISH %)

BER OS2 IV B9 mRNA Z 1SRRI T 2 515 & LT, RVWEBLRMZHART 5 2
& DNHSR D RAMEIR OH W E & - FISH 7 e —70x%y NU—27 2R L&
S FISH IEDSHE STV 5,

Celeman 5%, GFP&{n 1% E.coli (2 A L, GFP B 17> 5 %8l L7 mRNA (Zxf L C
AlexaFluor647 ZHE L7724V IX 7 L AF Ko —T70HATHRIELZEHRELTWVD
(Coleman et al., 2007), % B ITARIFEIR O E LA 52 L T60 B9 RV
R TCIRE L TOR T T 4 TR T I NEEDL T LI L TS, Wu BIEEHE0GH
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B & bl L TRV SN e A T 5 2 & S ATRE 7R CLSM BEMERE K OVIRSME IR a2 e
Z 5% Z & T Psuedomonas putida O tom 381577 HFELT 5 mRNA O HIZEE) L T
% (Wu et al., 2008),

Zwirglmaier HIIHR Y X7 LAF R7 o —T7Oxy U —27 ZFH L7 E&E FISH ¥ &
L T RING-FISH %% #45 L7- (Zwirglmaier ef al., 2004), RING-FISH 751%. & D RNA
NIRRT VAF R7a—TE2MEMCHTEIE, Ye—T7RLETExy NI —7 2l SE
HZ ET, MEEEEN LSS TFETHDHFiQ2-5), RNV XT7 LVAF RTa—71%, 4
VIAXJ LAF R e—T7 L3R ) EHO T 0 —T THDHImOLHD LR — X A E=#
SHDLZENARETHY EF . 300-400 bp REDRY Fu—772 5L 6-16 [HDO L AR—F
HEDIG # T HZEMARETH D (Yuetal, 1994)), S OENWE #1845 Z L
A[HECTdH D (Trebesius et al., 1994; Ludwig et al., 1994), Z D J5iEIL, % #, mRNA OB T
1372 < BEREEE T O R & LTl S vz (Zwirglmaier et al., 2004), RING-FISH 75(2
&% mRNA O HIE, 2011 442 Dziallas 512 & » THE S 7z (Dziallas et al., 2011), i
FIRH O mRNA Z £/ & L72 RING-FISH £, SIREO RNA RN Y 7u—7 Z TR
ARV —BRE T (80% B LT I RIRE) T 6 REMFLE ORHER TIT-> T
W5, LR b, REOT o —T7 %2[NS DR RN RETHY . x> FY

RING-FISH

Denatured DNA
2 __ Biotin-labeled RNA probes
Streptavidin-Cy3

Current Opinion in Biotechnology

Schematic illustration of the proposed RING-FISH mechanism (modified
from [31]). Single-stranded polyribonucleotide probes (red) labeled with
multiple biotin molecules are produced by in vitro transcription of a PCR-
amplified fragment from the gene of interest. After denaturation of the
probes (added in excess) and the genomic DNA, a probe partially
hybridizes to its target sequence, but some parts of the probe also
hybridize with (partially) complementary regions of other probe
molecules. Therefore, a complex network forms and this network
formation occurs preferentially outside of the cell. Thus, after detection
of the multiple biotin molecules with a Cy3-labeled streptavidin, typical
halo-shaped fluorescent signals are observed.

Fig. 2-5 Principle of RING-FISH. (Refer to Wagner and Haider, 2011)
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— 7 EBBRSEDL LR T e =T ORG, REOTrm—TaX MR ERRERE LTHET
bd,

26 FISH Zx AW -2EFEE AL (DOPE-FISH i%, CLASI-FISH ;%)

FISH iEI%. BREEMAEM & R DT RICHRINT 5 Z ERFEETH D, o, HHED
7'a—7 % FRIEFICHWSD Z & T, in situ ([ZBIT AEMREOZER A A L NZTH 2 L
NTE D, FlzlX. ANME & WilgiE o O34 RER (Schreiber et al., 2010) CBEEME S 7 =
2 — /LR OMIEE & O AERIMR (Sekiguchi e al., 1999) ZENHE SN TWD, 2D XD
(B O & RRHIRET 5 Z L 1X. in situ (2B 2B ORRE I 5T 5
FCTHETHD, £7-. HEEEEF° mRNA & rRNA #[FRFCHHT S 2 & C, i
MORFFA L EEL —BEICHEIET 52 L HAIEETH 5 (Pernthaler et al., 2002; Mota et al.,
2012; Kofoed et al., 2012, etc), —MXAIIZHEH S TWH DT 3 FARED 7 v —7 2 i
SZEYPEIETH D, T, BETELZ 7 4V —DICR LN TN D 2 & 05\ ViR
BIZEAH 78X N—0%5|ERZTTDOTHDLH, LOLENL, 8EWEOHEAEDHDHEIC
&0 ZHOMWAEN & RFRIHRHT 5 FER W O0liE S vz, £9°. DOPE-FISH 4% H
W= 15 Td D, DOPE-FISH %1%, 4V 70— 7 Ol W E 2 1559 5 726, 4t
Wtz AEhED LN TE D M 21E, 7 1 —7 0 3 K AlexaFluord88 A Hak L (&
St o kK). SRURIC AlexaFluor555 Z ek (#0)t @ JR) 9562 & THEAIZRA LIEENED
b, ZOEINTL TN ONOENWE ZAG DR, FREZ 6 MEOMAEY A B+
5 Z EIZEEI LTS (Behnam ef al., 2012), IRIZ, 28 FA [RIRFIZHRH T 5 2 & 3 AlREZR
CLASI-FISH ¥:723% % (Valm et al., 2011), Ziuid 1 D OREFJERALIC T LT 2 FEIED F7p -
o NE TR LT 7 n— T ZFRICRMESE D 2 L T, kxRt bEs 2 b
DARETH D (Fig. 2-6), L LR 5, T 6 DOFIEIIARIZK rRNA &4 EMAY 12 5E H
SN THELT, FISHIEIZ X 2B RELMAEMIITEANRECH L B2 bND, F
7=, & FISH 5T 5 CARD-FISH {EIC X 54 H
Yeto bV < OB SNTVAR, Bz eicre A

SO
— 7R LI HRP DIEVE A RIE SE L 0B H Y | 6%?

FEFZHER D 0 VEZEDNEMEZ: D (Pernthaler et al.,
2002), F7-. CARD-FISH [EOMNMRE L. FEH1C g,
BRWNTZDE NN B A R —7 LIRWE D ITRET D Hien
VENRH Y 2 DL EOZEYAIIREETH L LB %
BiLD, 6o T, mEE FISH EIZ X 5 2B i3
FIMER S < 22 VD RBLR T d 5., Fig. 2-6 Principle of CLASI-FISH.
(Refer to Valm et al, 2011)

C tb . Red fluorophore

L Green fluorophc
. Blue fluorophort

o W
Ribosome
ey =2

Microbe
L
O =

Field of labeled
microbes

L
&
\o/

S

Q
[©]

f@z .

ta

3

ag.

N/
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2.7 BREE FISH EDOMES

271 TO—JDHEMN

R DI AERE AT D Z E N ARERAR Y X7 VAT R a—7 % - FISH %
IE, BHOERENICEN RTETHD, LrLaeRns, R X 7 vAF K a—7134
YAX 7 VAF R7an—7 L LT, 7a—7ORHEENMENZ ERMS5R TS, R
UX 7 VAT K70 —TI12 L 58OGR T ERE S 7 & OBE D 78-85%
ThobeHEINTVD (Ludwigetal, 1994), £/, RI X7 VAF RFuv—T7%2Hn5
two-pass TSA-FISH {£EDFBIREI L. 85% T 5 L ST 5 (Kawakami ef al., 2011),
X5, RY X7 UAF K7 r—7 % 7= RING-FISH HEOFRBIREI11E. 72-TT%FE TH
% EHE I TUWD (Pratscher et al., 2009), Z OFFERMEDOKI L, R X7 VAT R
— T DIAT YT HEVD Tm BAbENA ) IX 7 LATF R a—7 Lk L TR\ &
IZHZ[A LTV % (Stahl and Amann 1991), 7=, ZTOREMEF, ANV Vo v —%
KFTHZETRALETZZENRFEINTNDN, ZRICEVELRENELIIKRTFTSZ
EDH BN TWD (Zwirglmaer 2005; Ludwig et al., 1994), L7223 > T, RY X7 LA F R
0 —7 % M\ 72 FISH 151X, — I A~ v FOFBINLE 72 tRNA OBHIZIE AR E TH
HEZEZBND,

272 7R—JO#EREME

MU FISH vRIT, BEICHEEZMWEGIEE R X7 VAF R a—7 2 AWT 7 ER
WESNTWD, @, SEE FISH 1B X 2MAEMRIEICIEY v —7 O Mg E M % M
& D MOEEALEL S ZH T d D (Trebesius et al., 1994; Amann and Fuchs. 2008; Kubota
2013), ZAvi. mEUERE FISH IEICH WD 7 e —7 BSHIENIZRE LI W SICREIF LT
VW%, CARD-FISH {£IZ V% HRP D4y f-&iT 40 kDa & iy S TRV | @i OaOmE
(e.g., AlexaFluor488 : 643 Da; Cy3 : 766 Da) & LB L TR 40 RE W ENF LTS
(Amann and Fuchs, 2008; Thiele et al., 2011), ZHF TIZ 7 v —7 OfE SN 21 ESw 5
FEE LT OO FERREINTWD, £, KSR 2 HWTZLBLTTETH
Do MARSEEESFE L LTI, VY F—L4, a5 A F—FK, 77 aEXTF 2 —BENRH
HINTWD (Kubota 2013), Z DM, {LFISE FAWZALELE LT SDS & W LB T
EPHRE SN TS, T, v A 7 2l 2 WA 575 S s STV % (Tischer et
al.,2012), A7 AR REALEE 5 1k M OBERIBSZEY) % Table 2-1 (2% & D7,

Table 2-1 737" T L 512 2 E TIZE < OMIFEBELEL TVERHE SN TWVDH DD F
TOWAEDIZ IR Z A TUEGFETRES N T RVORBLKRTH D, iz,
Flavobacterium columnare <> Corynebacterium glutamicum (%, Ff4 72 fBELEE 266 L C b
CARD-FSH {EIZ L DN EETH - 72 &5 STV 5% (Furukawa ef al., 2006), & 512,
BREFMICEI>THRUMAEN TH > THMBEDCE I NELIGEbHREINTEY
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(Nakamura et al., 2006), FERIBAED DIGTE L TV D EREE TIC L » CilaBEDE S 3 e 5 =
EMBZOND, €T, For ITFREREEIT 5l 70 Ml i U 2 s LIE Ot 217 -
TW5D, LU, & Ok 72 Ml B AL od i F &P 1308 < 23V E T 07k Tl 25 R
RWAERDHFEL TS Z EREZ LD,

2.7.3 N7EM HRP FEDKFE
CARD-FISH {£IZ IV %5 CARD SUin i, g b/KFEFA/E N THRPICE D TV Ak Lz

FZ KA HRP ifBEOF s R b P N7 7 VEOFERT 2 VB EFKET HRILT
b, W T, WENICHRP O XL 5 W RAEBT IMRENGFET LG, 7o —TOFE
IZBAR < EANFE LN TLE D Z ENHE STV D (Paviekvic et al., 2009), Fx X
CARD-FISH 75 CH A 728 HH A 1T 9 728, CARD-FISH ¥ % 9~ 2 BilC NAEM: HRP &1
Z JE S DR AT o TV D NAENE HRP {5 O J0E 1213 Hy0p & VW T2 ALEE 5 1550 HCL
Z W T ALE 7R DN A ST B, Tshii BIE, MEEEHEREY) O NTEME HRP JE1ME O J0E &+
% ik & LT 0.15% H,0, in methanol 2ZH & CTH o 7= EHE L T\ D, F72. 3% H,0, 2 1ff
4252 L THEENEDTSZ & B85 L TW5 (Ishii ef al, 2004), LU 6, BB
PRAENITIRONTENE HRP (G2 H L TWAEERH 5, FlxiX. ANAMMOX i T
%, ANAMMOX FfliE N O NTEME HRP {5 2 2906 S+ 5 1213 3% H0, (Woebken et al., 2007)
% L < & 30% H,0, (Pavlekvic et al., 2009) SV ETh o7 L HE SN TWND, LI L2RD B,
Z OWLEME HRP 1EMED JIEHIEIZE L TH T X TOMAEMIT R 2 Rm T ALBR G 15T
ENTELT, EIMAEMC L KELLPMLETH D,

2.6 HCREIZET A EBEMIR
2.6.1 HCRZDHE
Hybridization chain reaction (HCR) ¥5i%. 2004 42— A8 DNA # W3 5 FiE L LTH)
D THAE 7= (Dirks et al., 2004; Evanko, 2004), HCR 1%, fEkD@E i T TETH 5
PCR 1ED X 95 728 s 1 H4WE J7 45 Tld 72\, HCR UG OIS X % Fig. 2-7 (2R L7Z, Z DX
Sk, 2FEEOANYEUHEEEF L TS DNA 7o —7 20D FETH D, 7. 1A
$HDFFE DNA (initiator) (2, 7'm—7 1 (H1) "M T 25 (Fig. 2-7,1), =Dk, T DERIC
RHEL TWRWHL O¥3ic 7 —7 2 (H2) BWRMET % (Fig. 2-7, 2), S HIi2, ML T
WRUWNH2 O3 HE AT S, 2o X, 2fEO~ YU #iEsH L7 n—7
73 initiator 2> H A AAZRMET D 2 &Tfﬂaﬁ}im%ﬂ“T (Fig. 2-7, 3), Z DG TR LT
FrEMIL, BRUkENE WD Z & THERTHZ LN TEx% (Fig. 2-8), £72. Z® HCR %L
IZ L DR X, FFE DNA FE FO AN EITT 5 2 E s ST % (Fig. 2-8), Niu
HliE, 1HEEI Ay F IR EEI A~ v F O initiator 2 FIE L HCR {EORFEM 20 5
Z L7 (Niuetal,2010), ZO#E5R, HEH) DNA (2 L7z HCR O G5 2 100% &
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Hybridization
chain reaction

Initiator

- 2,000 bp
- 1,500 bp
— - 1,000 bp
—
Stable mixture E —
of two hairpins = 500 bp - W
P 400 bp - s - 500 bp
1 300 bp - W
200 bp -
100 bp -
Z -

Figure 1 | Schematic of the basic hybridization chain reaction.
Addition of an initiator strand of DNA to the stable mixture of
two hairpin species triggers a chain reaction of hybridization
events between the hairpins.

Fig. 2-8. Detection of initiator using HCR.

The initiator concentration shows in top of
Fig. 2-7 Principle of HCR. result of electrophoresis
(Refer to Evanko, 2004) (Refer to Dirks et al., 2004)

LT, 3HHEI AV YT TIE 10%DENRENF DI, —HIEI A~ v T TIE 20%DE
NG ONTEME LTS, ZOMEIE, HI & H2 BFEICHEL TS Z & 4R
LTCW5, F£7-, Chekeris 5OMEIC LD & ZORIGNE, | FEFRE TR T WM& SH
TV % (Chemeris et al., 2008), & 512, Huang 513 HCR JED KIGHEER 2N 7 v — 7[R - D %2
HEN RN R SORITHBE L TWDH T2, 10 pHBRETIZE A EDORISHHET 5 Ll L
TUW5% (Huang et al., 2008), ¥T4F, HCR {ElL, BT 742 ~—E Ok % RWE ORI
WHINER SN TWDTIETH D,

2.6.2HCREAZAWV- FSH %

HCR 1% Fv 7= FISH %1%, 2010 4£(Z Choi B2 K » THIO TS 4172 (Choi et al.,
2010), Choi 5% RNA 7Y —7Z2HANWTE 7T 7 4 v 2D mRNA O %247 -7=,
RNA 71 —7 % /= HCR-FISH {ZOBE K O 7' v k22— /L% Fig. 2-9 (ZR"7, %513,
BT 774 v 2D mRNA ZRHT 572012, 3EHZENE LE3FEEO a7 24—
n—7%EHEL.Z0axs 2= —7nbMERISERT HI LTONH2 2 VT mRNA
O ZEIT> TS, ZOFEE, ax7 X—7a—7O3H 16 B, H1 LT H2 ©
fRIT 16 WP & K RFH] 0D A HERF R K OMIf R IRF[H] 2 Pk L mRNA ORHIZAEI L T\ 5,
SO, TR LD V=X FEE AT RNA 7o —7 % Ty u 7 U EN
HEEE DA 2% LT mRNA & rRNA ORIFFGLEAICEE) LTV % (Rosenthal e al., 2013), L
HL7en D, MERE L TDNA Ye—7 it LT RNA 7r—7 %, @fichd &,
W S/NHEZZERT HZ EDRRETHHZ & E L THRIENEMETH L Z ERBIT N5,
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2T, Fex OWAE LRI S 0 7 —71%, BEEAYO mRNA X5 L L7z DNA
7' —7 % v 7= HCR-FISH £ %45 L 7= (Choi et al., 2014), #51%, RNA 7r—7 XD
H 20 EEEVHI KOVH2 #H70IC&EH L, BT 77 4 v 2@ mRNA IZEKII L TW 5,
DNA 7' v —7 % f\\ 7= 5ik% Fig. 2-10 (27”83, DNA 7 u—7 2 W iiGE, 6132 %
7B =70 =T O = = —Z —S A G DY, 2 ECRHEI TS L TH
JE RN EGD Z LI L TWD, DNA 72— %, RNA 7Y u—7 & i LT
SN bb&Z R L, 2> RNA 72 —7 X0 & EmWEtEE 2R L7z E3E LT\ (Choi et
al, 2014), ZDOJEL IR 7 X —7 0 —7 ORZHEIZ 16 FEE, H1 & OV H2 OfEIZ 16 FFE]
& R IR D AZHERF ] M O R RF ] A2 R L mRNA ORHIZAEI L T\ 5,

c Detection stage d Amplification stage
(‘\
Q ) . ‘ .
\) Lm\H NA target H1 1:) Metastable o
Probe binding sites S~ hairpins

000 o=t Hybridi b 4 /e/i/:ethered
yoridize probes fluorescent
H2
=3 and wash Fluorescent /7 / amplification
in situ HCR polymers

Q L\} / / 7. 5{3

\—) mRANA target
€ & i — —
Add all probe sets Add all amplifiers
Wash Wash
| | ]
0 16 18 34 38

Experimental time (h)

Fig. 2-9 Principle of HCR-FISH using RNA-probes for detecting mRNA in zebrafish.
(Refer to Choi et al., 2010)
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b Detection stage Amplification stage
mANA target HI 5= onaHeR Lt
- ’ amplifier
Probe binding sites ; Hz2 v /
DNA probe set Hybridize 5 / /
e prooes Fluorescent H/ Tethered
and wash H2  fyicepscent
HCH in situ
amplification

DNA initiators 1 Hl
2 2N ' A wasn / " He polymers
12,4

I
("r d A LL
mMRNA target
c

S - 2 —

; _/“ —é ,-g '
Add all DNA probe sets Add all DNA HCH amplifiers
I Wnshl VWash
| —

0 16 18 34 36

Experimental time (h)

Fig. 2-10 Principle of HCR-FISH using DNA-probes for detecting mRNA in zebrafish.
(Refer to Choi et al., 2014)
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£ 3E WMEYWD rRNA 21285 & L 1= in situ DNA-HCR ED B R
3.1 [FL®IC

FISH JEIE., A ORE R 20 S THEMIRAY O B A R ITHRINT 5 Z L BRAEETH D
720, BREFOWMAED DL OIS FIH I HETWVWD (Amann et al., 1995;
Amann and Fuchs 2008), L7>L7223 5, FISH{EIZIZWLS DO OMEBFEL TS, £
—OWENIRE DRETH 5, FISHIEIL HED RNA 2R & L TWAFIETHH 720,
FISH {ETH LN D EIEHRENEENDO RNA GHBIEFET I Z b TWS
(DeLong et al., 1989), it~ T, HEIKND RNA & H EXD7IRWAE®IL, FISHIEIZ L 5K
HIN R #7256 738 % (Pernthaler et al., 2002), tRNA &8 &NV WAD L, BHRELER
B FIAERLTOWDGENRZ N, FRC, HESSHEER OMAEMDIZ, (RNA EF &R D0
ZENRBALTWD (Pernthaler ef al., 2002), HfE, D X 5 RMAEYHORTRIMR I T
St BANE HAT I B SR A B 22 R ) L 7= CARD-FISH ¥ 238 STV % (Schonhuber ef al.,
1997; Pernthaler et al., 2002), CARD-FISH :i%, Z AU E TIZ BHEOUEE, RIES DR 4 708
KE NICAER L TW DAY O ARBfRICHI A &4 T & 7 (Pernthaler et al., 2002; Orcutt et
al., 2005; Sekar et al., 2004), L7>L72738 5, CARD-FISH (2 H W < SO RIEN A S h
TW5% (Kubota 2013), =D —on 7' v —7 OfildiREIEDORETH %5, CARD-FISH {LIZ
MW7 a—71%, 8% O FISH 7’1 — 7 \ZHW S8 NEWE O 518 L g LT 40 (50
D1 EEAR LI HRP BEE 2T DM ER S H 10, /XT KRNV LT VT b REDREEIEE
DOH T, MIENICEZELIZS W ERMBNTWD, ZHE T, MRREEL R ES
BHEDIZ, VI F—Ah, a7 A5 —8 K ZEONKIRIES % - 72> SDS % ff
STALFER 7B ~ A 7 a2l o BB R HR S TS (Kubota 2013), LML
BRG, TRTOMEM RO FEZ T FETRE SN TE LT, EIMEDIC
Ko TRIBFEEZBFTL T DONRBLRTH D, - T, MR O RZ R S 70K
AW, CARD-FISH JEIZ X 2B BREECTH 5,

ARG TIL, 70— 7 OMIBLRE MO BEZ iR T 57210, BERKSZE W2 WEER
FHEME T C & % hybridization chain reaction (HCR) 752755 H L (Dirks et al., 2004), 7 v —
7 OFMRIRFEME DS O FISH 75 (in situ DNA-HCR 1£) OBi% %17 -72, HCR &I,
AT MMEE R ON—THEEEA LT O 7 0 —7 RN —AKEH DNA 75 B UVEVIZARHE L
MEKGEZRT I LICL > T—AH DNA 2T 55 ETH S, £o. TOIRIE, fif
FElSTHD A DNA OFIEFTORRLZ 5 2 ENHE S TW\%, HCR % FISH %
(2 & 7= in situ DNA-HCR JEOMERS X % Fig. 3-1 (279, EM &R RICHET 5
7o OIZ, F TR HENL I 2 M3 2 M EL /A & i Rl ST 72 2 MR E S D [l & R D A
=V =T 0T RN E ST S, D, FISH i & RBEDORMETA ==
— S =T u =T OWEET O, RIC, WL e —7 1 H) &7 v—72 H2) %
AT 7 FAOHEiEZ1T 5, H1 O H2 1%, RNA IR L mERSEHTHA =
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T =70 =T DIHNDHVIEVIIRZHE UM ERIGER~T, ZOREE, BRAMERIS %
HAWd Z & e AR L2 HI KO H2 DNEERN TR £ 0 @O Es L E 235 54 5, Insitu
DNA-HCR {5 OFEIT, MERSOFETOALTHI KOH2 IZEDMENEZ 570, §F
Rz y NI =7 2T Z LN ARECTH LR TH D, £72. insitu DNA-HCR {EIZH WS
Tua—713 50 HERETHY, AV IXTVAEF R e —TThb, ZILETIZ, RNA
7'v—7 % 72 in situ RNA-HCR 751, D 2 X512 LTl S LTV 55 (Choi et
al., 2013). JFEAEM 251 L L= DNA 7' 12— 7 % V7= in situ DNA-HCR {EO G IZ S
TV, £Z T, KETIE, FEAEME XSG L LTz in situ DNA-HCR {EO '8 k2 /L0
B bk ORFIEO®E IR, FFREL O v — 7 OMIRREEOIE 21T - 72,

H2

Target site of rRNA
H1

M\ i> H2

Initiator probe H1 H2

y ::ﬁ
5 5

Target site of rRNA Target site of rRNA

Fig. 3-1 Summary of in situ DNA-HCR protocol and reaction. A : Detection of target site by
initiator probe. B : Amplification step by H1 and H2.

3.2 EBRAE
3.21. ETIHMEYOREE

T VIAEMNZIX, Escherichia coli K-12 #£ (ATCC700296) #®E L, £/, XHT 147
oy hr—/LE LTAHX VE ThD Methanococcus vannielii (JCM13029) Zi%®E L7z, &
— 7 OEIRZE M 2 5T D BRI W2 7 VA IZ IS CARD-FISH £ % )59 % BR,
FHFEEE LR 2 B & 35 Methanosaeta concilii (JCM 10134).  Bacillus subtilis (DSM 10) 7% i3
B L72. M. vannielii 2 N M. concilii 1Z JCM DMEET HE5#0CTH:# L. B. subtilis 13, DSM
DIEET HEFHITER# L, E. coli X LB 5 TR U7o, 158 L7 IO EE s i1z [a]
W%, 4% /X T ARV LT VT B RT4°C, 12 K [EE L, EtOH & PBS (137 mM NaCl, 8.1 mM
Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO, [pH 7.4]) % 1:1 TIRA S =K T-20°C TR
7Lz,

H1

322 7O—JM0EFE
FISH . CARD-FISH ¥} O in situ DNA-HCR {EIC W=7 21—~ % Table 3-1 (2777,
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In situ DNA-HCR JEIZHW A == — 4% —F o —7' 1%, EUB338 fEIIC A2 HE$ 2 Bl 1 K ()
HEESOESOWMEEA L7 n—7Thbd, £z, TOMIZIFASX—=Y—L LTS5
DT T =2 %R, MEICHWZ HI L TOVH2 1X Choi HA%%FH L7 HI L OVH2 &35 T
BUMH L.

3.2.3. fHfaEEMIE

B. subtilis %12/ & L7~ in situ DNA-HCR {£1213, 7°m~7‘@%ﬁﬂ@°§‘7”‘r$%rmj’:é&5 7=
DIz, UV F—2L4 (1 mg/mlin 10 mM Tris-HCI, 1 mM EDTA) (2 X A fifaBELEl % 37°C T
60 7> 14T - 7= (Furukawa et al., 2006),

3.2.4. FISH i%

FISH %1% Sekiguchi © D J5iEOUERL L 7= (Sekiguchi et al., 2001), £3°, EEV 7T %
S 7 e — 2 Ta L (Pernthaler et al., 2002), 10 /XD AZ A KH 7 A (Matsuami,
Osaka, Japan) (2~ > b L72, A7 A FiL,60°C THZE% EtOH > U — X (50, 80 and 96%)
23, 1, 1 B3R L THAKRZITo 72, WRIT, &EIRE 0.5 uM D Cy3 & L < & Alexa555 %
EE LT n—T A2 g A TV XA — 3 (20 mM Tris-HCL, 0.9 M NaCl, X%
formamide, 0.05% SDS) Z 47U 15 ul i F L, 46°C T2 Rl ERMESH T2, 2%, A
TAR%Z A8C ODNNATIVHAEB—=ar "y 77y —IliR L, 30 pROWEEITS T, K
%2, MQ T 147, EtOH T 1 3flg L, J&F: SH 7.

3.2.5. CARD-FISH %

CARD-FISH %%, Kubota & D FikZH T4 H LT -7 (Kubota et al., 2008), £3, [EHE
TN EARRES T T e — A TEH L (Pernthaler et al., 2002), 10 XD AT A KH T A
(Matsuami, Osaka, Japan) (2~ 7k L7z, AT A FiL,60°C THZJEZ EtOH > U — X (50,
80 and 96%) (Z 3. 1. 1 RIE L CH/KE T 70, HlpSE72%, KA&EE 0.1 uM O HRP
M e — T a7 Y XA B —T 3 (20 mM Tris-HCI, 0.9 M NaCl, X% formamide,
0.05% SDS, 10% dextran sulfate, 1% blocking regent) %4732 15 pl i T L. 40°C C 2 Kffi] LA
RS, FDHB, ATA K242 CONAATIVEAEB—a "y T77—IZFL, 15
DOV AT T, 7T r—7 OWE%,. TNT Ny 77 —IT 15 R L, Pk S,
TSA RO L7z, TSA KOS IE, Cy3 25k L7 F 7 X RZHW T To 72, 77 I RS
BRIZ. lvolme DT 7 I K, 37.5 volume @ amplification buffer (NEN life science), 12.5
volume @ 40% dextran sulfate, 0.5 volume ® 10% blocking regent Z /& S H, 457U 10 pl
{%TL 37°C T 10 R &8 7z, TSA Bstéid, INT RNy 7 7 — RN L. MQ

57 & OVEtOH T 1 73 fiiR L Tk R ORIz S BTz,
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3.2.6. In situ DNA-HCR ;%

In situ DNA-HCRIE(Z AW D MIFE R, IRAAET T e — AT L, 108D AT A R
Z A (Matsunami, Osaka, Japan) |Z[EH#H S 72, X7 A Fi360°C THEZ, 50, 80, 96 %
DEOHIZZILENI, 1, 1730 LTHAKREITo 72, ZDH%, LB THIVUTMIDEELEE %
e L7=%. INTNy 7 7 —IZ15%7 . MQIT14 iR L, H&ICEtOHIZ 143 iR L CTHiAK,
RS, "M 7V HEA B =23 3y 7 7—1 (20 mM Tris-HCI, 0.9 M NaCl, X%
formamide, 0.01% SDS) IZHALIRE 0.5 uM TR D XA =y 2 —F =T n—T7 %iEH
H, AUT 15l L, 46°CTRFMLL ERRMES W72, TD%, AT A Rid, 48°CO/N
A7 VEAE—=T 328y 77— (20 mM Tris-HCI, 0.9 M NaCl, X% formamide, 0.01%
SDS) 1Z300R L, heidZiTo72, S HIZ, U4 v ¥ =23y 77— (50 mM Na,HPO4, 0.9 M
NaCl, 0.01% SDS) (2= TS L. A7 A4 FLEORLVLAT I FaefrEsE, £0
%, 77V T A — a3y 77— (50 mM Na,HPO4, 0.9 M NaCl, 0.01% SDS) Z#
JEVE 2 B U ToHI XL O H2 & e AR EE 2.5 uML 1272 D K 912N R, 46°C T2REMI AR ME <,
VTR S YL, E6I2, Ut v a2ty 77— (50 mM Na,HPO4, 0.9 M NaCl, 0.01%
SDS) 24°CT305i= LTEF 21TV, MQ T4, EtOH T4 MR L, MGz S H 7z,

327 HEMBHRERSLIUVHNBEDOEY

FISH #£. CARD-FISH # & T8 in situ DNA-HCR JEIZH W= 7 vk, s kAl
(ProLong Gold Antifade Reagent with DAPI, Invitrogen) THf A%, BMBIBIZR ML L7z, B
BECIx, EEEDOEBEMEE BX-50 (OLYMPUS), Nikon ECLIPSE 50i (Nikon) % Vv, BE O
1213 CCD 1 # 7 DP70 (OLYMPUS), AxioCam HRm (Zeizz) % iV 7z, & TFiE0HE iR E
IZ. 1000 cells LA _EDOFAEY) %2 VT daime software (Daims et al., 2006) (2L VW HEH L7=,

3.2.8. AFIZ & B in situ DNA-HCREZIZAWS TR —J ORI EDE L

ABFIETIE, HCR SUSIZHRIT 2 7' v —7 OBAMEEHER T 572012, Yilmaz B3 EE L
TWD AG et #2512 L (Yilmaz and Noguera 2004), AHFFEI U= 7 2 —7 D A Goyeran
B Ulc, ABFETHWER B TET, (ISR LT,

3.3 ERBERRUEBER
3.3.1 Insitu DNA-HCR &M 70 O )LD &RE{E

B, AWFRIL, A = =—F—7 1 —7 % H /2 in situ DNA-HCRIEDBHFEIZE T L
TWe, LOLAENRG, in vito I ERIGEZTRTH OO, in sitt TIEHEM IS E RS T,
HILOWEEDNHER TERDoTe, LAY, Choibld, M == —F—T7u—7 K UHI K
UH2% AW TEBA OmRNAZ R L7c#E 4 L7 (Choi et al., 2010), & Z T, A5t
IZBNWTHA == —F—7 1 —7 % M\ /=in situ DNA-HCRIEDBHFEIZE T L=, Choib
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o
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Fig. 3-2 Gibbs free energy change for each temperature and each condition of amplifier probes

D7 FANVTIE RNAT R —TZHWT A =V —F =71 —T%50%F VAT I R,
55°C CloWF[AIZHE S, HI K UH2IZ K A EA40%F /L A7 X R, 45°CTL6REMHE S
SH TV, HIXUH2ORZHESREIEA =2 —F—T e —T IV A R vz v—
MEWEREE T TITo TWAD, BREMAMICZOLRBERA LTSRS, (= 2—4—7
0 —7 DRMERMITIRANAE T, M TEAMEMRIRESNTLE I O TIERNMNESE
R T FEFE. Choib D71 ha L ERIFBEDOA M) =P = v —5f FTHIL KR UH2IZ X
DR ZAT S T2 EI Th o T, #IEPWIINI RN E LT, f =3 =—F—
Ta—=7 0 bENWA RN 2V = F A FTHILAUHAC K D HELZITO & KL
feA =vm—F—7 0 —7 P L, HI X OH2OMENEERN TR Z 5 7e ko 72 ATREMEN
EBEZoD, £, WA M) 22V =TT HIXUH2D AT AEIEDHERF
THZLENTET A=V =X =T 0 —TOFEZLSTHIMNOH2O A THERGE L
TLEIAREELE X NI,

Z T, ZOTEEBEDICHEIGSE DI, FISHIEICHWS e a MLESEIT L,
UTNDOETEAIT>7=, 7. insitu DNA-HCRIEIZH WD 7' — 713, BlERES THfif L
IZ<WDNAT B —T7 &2 fW-, 4 = o —H —7 0 —7 DIRHESMIIFISHIE & RIS &
L. A =vxo—&—7 0 —7 OP5 )75 bFISHIE & RO 515 TIT - 72, HIX OH2D A4
FME, A =22 —F—T =T DR RN LR ST 57OV AT I RZRM L0
Ny TZy7—%RnE, £, EROSCEBIT L 70— OB R T 572D, Yilmaz
SEE L TS AG et 22512 L (Yilmaz and Noguera 2004), ABFZEICH -7 17—
7D AGoveran@ HH LT2 (Fig. 3-2), £ DfER, KOSRED R < 72512240, HIKLUH2H
HDOAT MEEPHERF CE R R0 HIEH2OATHE LT WERERIZ/R D Z ERH LM
Elpole, BT, BUNMREN BN Do, HIXUH2BE D AT MMEE LR T 5 AG
Iy, f=v2—F—7 =T NLHILUOH2RMHET D AGoea® T HMEL 720 . HE
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LRTWEREE FICR2 2 M nnbirole, 22T, HIXUH2OMRIREIZ, (==
— =T =T N L NWRE LA == =T u— T ORI TH D46°CE
MWNTITo 72, HIKUHIZ K 5 v 7 F Vg R, 2RFFLL EAOS S8 TH a0t s
NSNS To 7o FERAEYIKFE 2R & —ESRME L L, S6I2, fRL
TeHI K OH2 Z MR S & 5 72 D1T, etk OPEHTRIEE S T T1T o 72, 4:“/i~5f~7"
0—7 KUOH], HR2ERMES DNy 7 7 —FFISHIEIZCH WL /Ny 7 7 — 52 B F (T
Wiy 7 7 —HIZSDS A NIN L 72 (Behrens et al., 2003), f =3 = — X —7 1 —7 @/}i%fh
FISHIEIZ ﬁﬁu\%s/;ar“é: [FFEEE & L. HILKOH2O R T RE L 21T > 7k R, 2.5 pmol/ul
TRWWEDERE Z R L7c72), HIKOH2OMIRE 2.5 pmol/plE L7z, Choib D7 1 k=1
JUTIIRATRE TI6WRFHRREMLELTH 505, Tk 23BH%E L 72in situ DNA-HCRYE DA TRERFH X
RO R Y TN K- TR L5, RICHRFRHITRE Th 0 | 1E3ERRH] &2 RE L2 B
THZ TP LT

3.3.2 In situ DNA-HCR ;EDHAEE R MFEM

7' b a /O L Z1T > 72 in situ DNA-HCR 75 & ONFISH V512 X % E. coli DS R
% Fig. 3-3 (Z/”¥, FISHEDO Y v haaSF (L, 7'u b a/LOgiEt 17 - 72 in situ
DNA-HCR {ED R EE X, FISH 15 THE B2 SOGIREE & Hle U TR 8 fFREEE DR S Th
STc, THETITHE SN TV DL FEDKE WEEELHUR - UL Z W WS E FISH
{£1X. DOPE-FISH {%£ (Stoecker et al., 2010)H L < (ZR#HOTm—7 THLHRY X7 LAF
K71 —7 % /= FISH{% (Trebesius et
al., 1994) 3% %, L7»L. DOPE-FISH
HEOEOEIRE T FISH Ik & el LT 2
BFRETHY, £, RIXIZLVFF R
7'r—7 % iz FISH {EOHEEHE ©
FeRE 2RS¥ L5 &35 & FISH ik
LB LT 2 R Lvm B L7 &
HEZITUWD (Trebesius et al., 1994), £
7= in situ DNA-HCR {EIZ L 2 H# 561, A

=V = =7 u =T L7V AR T Fig. 3-3 Photomicrographs of an artificial mixture
48 . - w48 Of E. coli and M. vannielii. (A) In situ DNA-HCR,
FfE bR ol &b AFTRTE (B) FISH. Detection of E. coli using Cy3-labeled
SNT-EOEITHI FOYH2 3 =3 = —# HI and H2 (A) or Cy3-labeled EUB338 probe (B).
X . _ . Each double panel depicts DAPI staining (left) and
— 7B —=T7 M BRRNICHRIGEZR L epifluorescence (right) showing identical fields.
S - > -  Exposure times of both method are 100 ms.
EIEIERLTNS &526N5, = Yellow arrows indicate E. coli cells, and white
ORERLY . SlkiEE2A L TW\W5D 16S arrows indicate M. vannielii cells. The bar

. _ represents 10 pm.
IRNA [ZEBWTH HCRVEZ Y, A =
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T—XZ—7ua—7nh5 Hl KO H2 DMEETLHZENHLNE R -7z, BT, in situ
DNA-HCR I X D806, HEHIMAED CTH D E. coli DHTH Y | IEFERIED TH D M.
vannielii 7> 5 1315 5 L7z /v o> 7= (Fig. 3-3), F 72 . tRNA OIRERH 22 AZHEEAL Cd 5 EUB33S,
CF319a, Gam42a 1) & Lo = =—H%—7u—7 L FISH 70 —7 OHR/NV LT I Nl
MEER LR, A =y o—H%—7u—7 L FISH 7 u—71%, [f U#EA%Z5 L7 (Fig.
3-4), - T, f=vz—¥—7u—T7F FISH 7o —7LRESDAN) TV —
TRMENARETHD Z LML N o T2, 2O OFERN D in situ DNA-HCR 750 55
PRIZ, A =32 =2 =T 0 =T DRZHFRNMNDA N =P =2 X VRN ARETH
HZEBHGMNERoT, X5, EUB3338 7u—7 0 1 HiH, 28, 3HEI A~y
FDOA = x=—F—71a—7 (Table 3-1) Z T in situ DNA-HCR 75D Rr 84 2370 L
TeRER, 2 B FoI A~y F e =T CEBAE T e —T7 20T L LB ARETH
ofc, o, 1 HEI A=y T, AT R —T7Z2H0WbHZ & THRBIT 52 ENAHETH
- 7= (Fig. 3-5), Z OFERIX FISHIEICHW D v —7 L [6 U 27~ L7z (Fig. 3-5, Manz
etal., 1992), 76> C, BE 7 v —7 % H\5 Z & TFISH L& FAREICRREMEZm EsE5 2
EMHRD Z EERLTVD,

A [ O EUB338 4 EUB338-initiatorH | B [ O Cr319a @ CF319a-initiatorH | C [ OGamd2a W Gamd2a-initiatorH |
1.2 1.2 1.2 jj

2104 @ 2 2100 - 210

z < 20 z | Z

2 08 2 038 8 2 0.8

= - R= R=

5 06 - 0 06 ‘ é o 0.6 é

2 2 1 2

E 04 E 04 Q = 04

] [}

& 02 % & 02 o) & 02 LI
0~ T T T T T 0~ T \ T T 0 1 [ [ [

0 10 20 30 40 50 0 10 20 30 40 0 10 20 30 40
Formamide conc. (%) Formamide conc. (%) Formamide conc. (%)

Fig. 3-4 Dissociation curves of the EUB338, CF319a, and Gam42a probes without and with
the initiatorH sequence. A: the EUB338 and EUB338-initiatorH probes labeled with
AlexaFluor555. B: the CF319a and CF319a-initiatorH probes labeled with Atto550. C: the
Gam42a and Gam42a-initiatorH probes labeled with Atto 550. Relative intensity indicates the
brightness of the probe at respective formamide concentration relative to the fluorescent
intensity of the probe at 0% formamide.
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Fig. 3-5 Detection of E. coli cells by in situ DNA-HCR (A-E) or FISH (F-J) at 20% formamide
in hybridization buffer. Each double panel depicts DAPI staining (left) and probe staining (right).
A: EUB338-initiatorH probe and Cy3-labeled amplifier probes, B: EUB338-1MM-initiatorH
probe and Cy3-labeled amplifier probes, C: EUB338-1MM- initiatorH probe + a competitor
probe (unlabeled EUB338) and Cy3-labeled amplifier probes, D: EUB338-2MM-initiatorH probe
and Cy3-labeled amplifier probes, E: EUB338-3MM - initiatorH probe and Cy3-labeled amplifier
probes, F: Cy3-labeled EUB338, G: Cy3-labeled EUB338-1V (single mismatch), H: Cy3-labeled
EUB338-IV + a competitor probe (unlabeled EUB338), I: Cy3-labeled EUB338-III (two
mismatches), J: Cy3-labeled EUB338-II (three mismatches). The exposure times for in situ
DNA-HCR and standard FISH were 33 ms and 100 ms, respectively. The bar represents 10 um.

3.3.3 In situ DNA-HCR ;&M #ka ;25 4

In situ DNA-HCRIEDHMNSREMEDFHMIL, CARD-FISHIAZ IS S DR, Al i Lt
DWEET 3 % M. concilii % OFISHYEIZ 38\ T & MIFRBEALEE 723 AZH 72 B. subtilis % FAV N, AR
JETIE, MBEALER 2 Jiti S 9°M. concilii X O'B. subtilis DA H %17 > 7=, FISHI%, CARD-FISH
15} Qlin situ DNA-HCRVE % IV CHEJAEEALEE 2 i S "M, concilii DR 247 - 70 FEBRiE R
% Fig. 3-6(Z. B. subtilis\= %t L Tin situ DNA-HCRYE Z 1 L 72 %6 2R & Fig. 3-7127~7, BEk
THE STV 2 Y MIBEL P 4 it & §"CARD-FISHYE % M. concilill )i ST fE R, 7
7 — 7 OMIfIREEDORED BT X TOM. conciliiDHE Z T 5 Z EPARETH -7, —
J7 . in situ DNA-HCRIEITHIRREE LB 2 it S 97 & S M. conciliiZ fHT 5 Z E B AIREETH > T2,
S BIZ, 7T LGER TH % B. subtilist AN EELLEE 2 fii < 47in situ DNA-HCRIEZ M L 72
MR, #930-40% DM 2T 2 Z L WA TH 72, £, MlaBEQEZ i Z & T,
T X TOB. subtilisDWEZ T 5 ENAIRETH -T2, 77 LBGPER LA RELEE % i <
RN E, TRTOREEZMRET 2 Z L ARNEETAH Y . CARD-FISHIEZ VT T/ < FISHIAIZ K
WTHEIEDELNRNT EDHE S TWD (Beimfohr ef al., 1993; Furukawa et al., 2006),
INBLO/RRIZF, FFECHNWSA e =705 FEICER L TWAD EF X 5L, in situ
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DNA-HCRIEIZHWD 7' — 7 O @\ llfi
BBV 5 & fi’)f:o F72. B. subtilis
M3 5 72DITiE, in situ DNA-HCRE
kkb\f%rﬁﬁﬁ@’éﬂf@@m EHThHHTZ k
WIS N E 72572,

334 KFEOBFREMEDIT

AREETIE, 16S rRNA ZHEH) L L7-H#
BRR AR AT & L C in situ DNA-HCR 3%
DBHFE & AT > 1o MREEIR 2 FHV T2 EBRRS
BRI V. LLUFD insitu DNA-HCR {EDO &
ZH 5 7MZ L7z, 1) in situ DNA-HCR £
dOEBREE X, FISH {4 & Hig U THY 8 5z
FEWEVY, 2) in situ DNA-HCR V&2 W5 7
n—7 ORFEMIX, FISH BICHWS 7'm
— 7 L[RIFRETH 5, 3) in situ DNA-HCR
BICHWD 7o —7 oM BMEIL,

CARD-FISH {EICHWA 7T —7 10 HE0,

ZIUD OFFE &Aoo SIS FISH EDFFR %
Eeifgs U755 5% Table 3-2 (27”797, 16S rRNA
ZRER) & U7 B FISH IEIC 31T D attii
FEEDOHEEEE LT TOFERET BN
%o T BEREE RO TEIHEIET 55
PE.WRIC, AV X v AF R e—T %7
IZRY X7 VAF R T a—7 0S50
WMEEEAEIED HERDH D, In situ
DNA-HCR 5%, 2V E TOHEHEEREAT &
Bipy Te—T0Oxy NU—7 ZHM L
FOCIEREIN TH D, £/, TDO T v —7 1%,
CARD-FISH {EIZHWA 7 —7 X0 &l
ZEMESE < mWRREMEL A L TV, B

Fig. 3-6 Detection of axenic M. concilii cells
(A-C) by FISH (A), CARD-FISH (B), and in situ
DNA-HCR (C), without cell wall disruption. Each
double panel depicts DAPI staining (left) and probe
staining (right). Exposure times were adjusted for
each method. Bars represent 20 pm.

Fig. 3-7 Detection of Bacillus subtilis by in situ
DNA-HCR using EUB338-initiatorH and
AlexaFluor488 labeled amplifier probes without
permeabilization (A), with lysozyme treatment
(B). Each double panel depicts DAPI staining
(left) and probe staining (right). Exposure times
were 20 ms. The bar represents 20 pm.

5T, CARD-FISH EX U E BESITWMAED BT A Z ERFRIEETH L EEZ LD, &D
IZ RNA [CA8Hd+ A A4 = o— % —7 a0 —7 X FISH 7 u—7 L [F CEA Z W5 728
Tu—TORHANES THY ., 72, RNA IIKRHET HENIIZ LNA <° PNA #ff AT 5 2
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ETRMENE LI LT D EFE X B 2D (Kubota et al., 2006; Lehtola et al., 2005), LA LD R
B, ARFIEIL, £4 55 EEE FISH B0 THILAMENE W ERE FISHETH 5,

Table 3-2 Characteristics of sensitive FISH methods for detecting rRNA in microorganisms

FISH methods for detecting a rRNA in prokaryotes

In situ DNA-HCR CARD-FISH DOPE-FISH Poly-FISH Oligo-FISH
Signal amplification Probe network Enzyme reaction Double labeling Multi labeling Mono labeling
Probe Oligonucleotide Oligonucleotide Oligonucleotide Polynucleotide Oligonucleotide
Signal intensity * 8 times 26-41 times 2 times 26 times 1
Specificity High High High Low High
Probe permeability High Low High Low High
Inactivate of peroxidase activity No need Need No need No need No need
Reference In this study Hoshino et al., 2008 Stoeker ef al., 2010  Trebesius efal., 1994 Amann efal., 1991

* : Signal intensity of each method was compared with that of oligo-FISH.
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% 4 F rRNA #4120 & L 1= In situ DNA-HCR SEIC & 2 B EBEMAEM DR E
41 [FLHIC

FISH {E1%, BREHIZAER L TW AW & R S SR IS5 2 LN T& 51
—DOFETH D (Amann et al., 1995; Amann and Fuchs 2008), ZAUE TIZ. FISH &M M
7T = 2 — )V DZERGAT ORISRk % 72 B 5 T2 361 DARRIUAEY O A O fR B
STV (Sekiguchi et al, 1999), L7>L72285, rRNA ##EHy & L7 FISH T L 58
JEFREE I, ERPICIEE L TS rRNA BUTKAFT 2 Z LA BT % (DeLong et al.,
1989), 1t > T, VEFEC HHE% | B2 BREE FIC/AE B L rRNA (E1EHN D 22 WA 1%, FISH
BTN RE 72555738 5 (Amann and Fuchs, 2008), Z D K 9 25O, BERKIG
Z W CHE LIRS 2 BhE S8 5 @& E FISH 1k & L C CARD-FISH EXA#HE STz
(Schénhuberet al., 1997), CARD-FISH {£D a6 1L, FISH £ & ik L T 26-41 {5F2E T
&V | FISH V£ TITHREAY 228 25 K 72 BREEIM A O H A T REIZ L 7= (Hoshino er al.,
2008; Pernthaler ef al., 2002), CARD-FISH {£(Z X 24 omtiix, HFE0NEtmE LD
HREZVEESE (e.g. AlexaFluor488 : 643 Da, horseradish peroxidase : 40 kDa) % MildNIZiZ%E
SHDHMHENH D (Thiele et al., 2011; Amann and Fuchs 2008), #lliui= M % 7] L S 2 #0ia
BEALEL 5513, CHETICU Y F =707 A 7 —¥ K SEONKD MRS 2 F VL%
Y 72 LB 7 VAR RS Rl S5 O Wy B 72 JLBRITIE S s ST % (Kubota 2013), L2 L 72
N5, AIBELER OB TR DI L 0 B Z R B TR Y, A X
D FARIRBE LB & Feti b L7 i R 7e 720, F70, BB O FITIT— A0 22/ i AL
FVE TR AR ERWISAES B IFE L TV 5 (Kubota ef al., 2008), #Flo, A X U EHD
R 72 iR S CThH D S-L A ¥ —, ¥ — A, Ya—FRALASRAFX /ar RalfF
NI, AL TR ZENMONTE Y, ML O iEL N RE#ETH 5
(Kubota et al., 2008), ZiLE TIZW L DO FH OMIEELEE FiENIRE SN THWDH N
(Kubota 2013), X TOMAEMZNR Z R TUBRFIEDNHRE SN TRV ONBLRTH 5,
o T, HENEEEEE DD R IFEF T X A WIRAEWIX, EROFEE FISH & TR AR
HTHHLEEZOND, ZOXIREROM, FEFITIEROEKE FISH EX D iz
BPED B ERE FISH HEOBH% 2 H8 L. in situ DNA-HCR (DB 21T -7- (35 3 &S
M), RETIT, EHDVBRR L FHlo S & E FISH /£ TH 5 in situ DNA-HCR £ % BREEM
AN S, BREEMEM TR S5 rTREEIZ DWW TR 21T > 7o R &2~ T, ARRY
WAL, RENREREBRE T THLOMETITAER L TWDME, X 7o MiaBEL ok
WLNREE T D A Z VBN < AFAE L TO DR NETG IR M OV MEALIB RN o #l
& L7z, Insitu DNA-HCR JEDEBREEMA Y~ A Al #EME1E, FISH {%, CARD-FISH i%. in
situ DNA-HCR £ X DAY OB B OB ZIT WMl L7z, & 512, in situ
DNA-HCR {EIZ L 5 2 EY 715 2 B MEEALTGIEN OME . (HHE . Methanosaetaceae
B A B ARk A A B (2 3# ] S, in situ DNA-HCR ¥51C K % 2 B et oo i AT REPEIZ DU
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THAER LT,

4.2 EERFE
421, ETIVHEYMDOEES L UVRE

ARETHER L UTBREMAYIL, WEETICAER LT 2 ME & OB M5 TR M O &
HILTBIRNICAER L TWD il & Lic, WErEY o 7 uid, BB RAIE i OB se (ki
37 & 32 43, BRR 138 £ 40 43) MOEELT7c, BELL7oH 7 id, BlRE 2% /37 KR
VAT IVT B RT4C, 12 HOBIEEZIToTc, BELLZY T id, A7 L7 41
4 — (pore size :3um) ZHWTHF|ELZFREL, AT L7 4 /LF— (pore size : 0.2 um)
ZRWTHEERICAER L TW DM ZERE Lok, -20°C TR L7, BKMEGIEIE, K
gt o —IZEXE L C & 5 upflow anaerobic sludge blanket (UASB) 7 HERELL 72, &
7o, BERMEEALTETRIZ, ERFRg bt o 2 —ICBRE L TH 5 HIREE» S8 LT,
BRHL L7z 7 vid, im0 BERR 2 MO TR L7zt 4% ST RV AT LT B R T4C,
12 B D [E E 21T > 721 .EtOH & PBS (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, 1.47
mM KH2PO4 [pH 7.4]) % 1:1 TIEG SE 72K T-20°C TRAF L 72,

422 7O—TJDEFE

AETHW=7"1—7 % Table 4-1 {2/~ 7", In situ DNA-HCR {EDZ EYEAIZ VW=7 1
— 7%, MR AR & L7z EUB338-initiatorH, Al 2 ££19 & L 72 ARC915-initiatorC & O}
Methsanosaetaceae FtD A X2 L ZFER) & L7~ MX825-initiatorR TH 5, /-, HA = =T
— X —Fa—7 L MERISE R HE e —7 & LTHILH2 KONCL, C2 XKU'RI,R2 %
ER L7,

4.2.3. flAEENIE

7' —7 OfifaR A A A ST D DI EEY 7 uzid ) Y F—24 (1 mg/mlin 10
mM Tris-HCl, 1 mM EDTA) (2 X 2 MifaBELEE 2 37°C T 30 /0 filfT > 72, E D%, TNT /N
> 77— (100 mM Tris-HCI, 150 mM NaCl, 0.05% Tween 20) (Z 15 3. MQ Z 1 /7[R L.
%2 EtOH (T 1 73[R LTk, Hoe S Hie,

4.2.4. FISH %

FISH %1% Sekiguchi © D 5iEOUERL L 7= (Sekiguchi et al., 2001), £3°, EEV T %
K7 e — 2 Ca L7z (Pernthaler et al., 2002), 7 Ha—ATaM L=V 7 i3,
60°C TRz, EtOH 2 U — X (50, 80, 96%) (Z 3, 1, 1 3fiR L CH/KEIT > 72, IKIZ,
RASTEIE 0.5 uM OENWEZ IR LT o —T 28 A TV XA — 3 (20 mM
Tris-HCI, 0.9 M NaCl, X% formamide, 0.05% SDS) %4572 15 ul i T L., 46°C T 2 Kffij LAk
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RMSHT=, 2Dk, AT74 K% 48°C DA TV HXAE—T a0y 77 —|ZiFL, 30
SROWEER AT T2, F&%ZIZ, MQ T 143, EtOH T 1 iR L, Bz W7, 7414
— RIZBIT D FISHEIZ HEY 7NV ELE L TWDL 7 AV —% 853D 11Ty b L,
Fak L7=FNETIT - 72,

4.2.5. CARD-FISH %

CARD-FISH (%, Kubota & D FiEIZHEHL L 7= (Kubota et al., 2008), £7. FEEH 7L
AR T v — A Ca L7z (Pernthaler et al., 2002), 7 a2 — A TaM# L7=% 73,
60°C THZMREZ, EtOH > U — X (50, 80, 96%) (T3, 1, 1 /MR L THAZIT-72, #ila
BEALER 24T > 7% . BASIRE 0.1 uM O HRP EZ§ Y u—7 2 Gt 7V XA B— 3
(20 mM Tris-HCI, 0.9 M NaCl, X% formamide, 0.05% SDS, 10% dextran sulfate, 1% blocking
regent) Z457CUZ 15 pl il F L, 40°C T2 KL ERMES H T2, £D%, AT A & 42°C
DNATIVEAE—= a0y 77—l LISHHEOWEEIT T, 70 —7 OB,
TNT N 7 7 —IZ 15 7Rl L, b S, TSA UGS L7z, TSA i, Cy3 &A%
Wk L7eF T I RV To 7z, F7 X FROSIRIX, 1volme DIFEFkTF 7 X R, 37.5 volume
DT TV Ty Al — a3y 77— (NEN life science), 12.5 volume @ 40% dextran
sulfate, 0.5 volume @ 10% blocking regent ZJE & S H, £ /UZ 10 ul i F L., 37°C T 10 57
S STz, TSA FUGHRIE, INT Ny 7 7 —IZ 15 43HE L. MQ T 1 43 OVEtOH T 1
SR L TR R OGSz, 7 4 v #— EIZ81F %5 CARD-FISH &%, [EEH 7
EFEEHLTCWD I A NE—% 8D LIy hL, FRLEZTIETI T,

4.2.6. In situ DNA-HCR %

B E > 7 E, RS T T e — 2 & W Ca# L7z (Pernthaler ef al., 2002), K@ T
Hr—A T L7z 7, 60°C THERE. 50, 80, 96 % EtOH (ZZH £ 3, 1,
1 3B LK ESIT -T2, NA T VXA =233y 7 7—1 (20 mM Tris-HCI, 0.9 M
NaCl, X% formamide, 0.01% SDS) |ZHA&IEE 0.5 uM (2725 KL 9 I initiator 7' 7 — 7 & &
AIE, F]IT 15pl R L, 46°C T2 R ERRMES B To, £D%, AT A Rid, 48°C
DNA TN HEA B~ 323y 77— (20 mM Tris-HCI, 0.9 M NaCl, X% formamide, 0.01%
SDS) (230 /i L. W% iT-o7-. S 51T, WF/Y v 7 7 — (50 mM Na,HPO,, 0.9 M NaCl,
0.01% SDS) |2 TS ofeir L. A7 4 FREOFRNVLAT I RERESEE, 20%, 7
YN Ty Alr— 3Ny 77— (50 mM Na,HPO4, 0.9 M NaCl, 0.01% SDS) (25 'S
ZRERE L7- H1 O H2 IR 2.5 pM 12725 X 912Nz, 46°C T 2 KR AZHE <+,
VIR SR, S BT WS N Y 7 7 — (50 mM Na,HPOy, 0.9 M NaCl, 0.01% SDS) (2
4°C T30 /7= LEEH 21TV, MQ T 147, EtOH T 1 iR L., Bz ¥z, 7414
— EIZ81F % in situ DNA-HCR 7EiL, BEEF L 7AZEH L WD T 4V F—2 85D 1
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WZh > bL, EdL7=FIETIT- 7=,

427 BHMRERLIVRHEOREH

FISH {%. CARD-FISH #£K T8 in situ DNA-HCR (EIZH W= > 7 i, #RER5 IR Al
(ProLong Gold Antifade Reagent with DAPI, Invitrogen) THf A%k, BAMEBEBIZZICHL L7z, A
WEEIIE, EH O IAMEE BX-50 (OLYMPUS) & L < % Axio Imager.M2, Carl Zeiss
(Oberkochen, Germany) % i\, BEOH#RE(Z1L CCD 4 A 7 DP70 (OLYMPUS, Japan) %
L < 1% AxioCam HRm, Carl Zeiss (Oberkochen, Germany) % H\ 7=, &FIEIZL DK
HIT, DAPIE A2 2R EER L, 7 —T7 oGN8 A EIMEM EERL T
B GIEMA B AR L CRIHAZIT o 72, T XTOERIT 2 EfTo7z, RHFRIZRL
BIE, tHRE (a =0.05) 2N TiTo7,

43 EBBERRUVESR
4.3.1 Insitu DNA-HCR EIC K S IREBEMEY DR

AL, BAREBRETTHVIK RNA SHRBCTHIWEHETICER L TV ME
(Pernthaler ef al., 2002) & OVt 72 AMREE LB DB TE NN EETH 2 A X L AERGE IR 23 245
FAEL TV A HRMETBTEF O WM (Kubota ef al., 2008) & L7-, FISH {%. CARD-FISH %
M WVin situ DNA-HCR £ T O L7 FEFIZAE R LT D M OF H = & OB UMETG TEN
DO EHE O =% Table 4-2 (2. F£7-.
HE R BE ALBR 2 i X 974 A L D
AR LTV DM 2 Mt L7275 5 % Fig.
4-1 1Z~9, £9. FISHIEIZ X HMEEHIC
AR L TWDHIEE ORI, A IaRE LB
Zha L THE 65%REThH o7, —J7, #
R BEALEE 2 Jif L 723555 ¢ CARD-FISH £ K&
Y in situ DNA-HCR VE(Z & 2 i B O Hi =
IZ., FRETHOVKH SSRRETH -2
(P>0.05), FISH LT L 2 M1 O H =R ME
WERE LT, —#oERICERLTY ,
Ll 1% FISH 51 X2 BHRALLTD  Fig. 441 Photomicographs of EUB338-
RNA ZA R LAV LTORNT 2052 Libeled EUBIIS (A), CARD-FISH tsing HKP
. st s, s BESURAY o VEORSGI B
DNA-HCR 1212 X A H1% 1% . CARD-FISH Cy3-labeled amplifier probes (C), without

permeabilization. Each double panel depicts

EXD b EWHRHEE R LT, In situ DAPI staining (left) and probe staining (right).
Exposure times were adjusted for each method.
The bar represents 20 um.

52



4 3 yRNA 24552 L7~ in situ DNA-HCR {£12 X A BEMAEM O

Table 4-2 Detection rate (%) of Bacteria and Archaea in seawater or anaerobic sludge
sample as determined by FISH, CARD-FISH and in situ DNA-HCR with and without cell
permeabilization.

Target group Bacteria Archaea

T
I I
Sample R Seawater | Anacrobic granular sludge | Anaerobic digester sludge
Cell wall treatment ! =" ! + 72 | - ! -
FISH : 57.6 (6.2) ! 64.8 (0.7) : 21.5(3.6) i 13.7 (1.3)
CARD-FISH : 68.5 (3.5) ! 87.6 (6.4) ! 8.9 (2.9) ! 17.9 (0.9)
In situ DNA-HCR ! 80.1 (4.8) ! 88.1 (3.0) | 17.7 (3.4) I 27.2(1.7)

' — : Without celll wall treatment.
2+ : Lysozyme treatment (1 mg *ml™ for 30 min at 37°C).
"3 Values in parentheses are standard deviation.

DNA-HCR {EDSMRBELEE 2 /i S T & bW EZZER TE KN E LT, in situ
DNA-HCR {EIZHWS 7' 12 —77% CARD-FISH JEIZHWS 7' —7 10 & mWillaiz &k
ZELTWDLZENEZILND, ZHDFERN D, in situ DNA-HCR (% CARD-FISH %
ERBRICEE FISHEE LCEMA T2 2 EBFHEETH Y . CARD-FISH IEICH WD 7' r—
7i9%mwﬁ%& MEHLTWDZENES T LEL - CGER ST,

/4 1 72 A EE VB O IRE DS NEETH B A X AR DS S BATFIE L TV D8R
7 7S:L‘—/W’?‘/EW&U\%?R‘%Yﬁﬂﬁ?’?‘/ﬁ%lﬁ@ﬁrﬁm7& in situ DNA-HCR {£% VTRt
U7z, MEFRBEAVER % i S 37, & Tk %5 A uﬁﬁ%@ﬁ‘?::wa??ﬂ%‘ﬂlﬂ@ﬁffmi&zﬁﬁ%
PEYEALPETBIERN O /i 2 R L 7= 85 % Fig. 4-2 1ZRd, @% ., W& Y 7 =2 — 5
TR L T DAL, A OEMENE < FISH EICE2BENRES THLHE
MENZ LR BILTUW D (Sekiguchi et al., 1999), 7> T, AWFIETHE 7z FISH IEIZ &
L oA ORHEIX, F22%TH Y, MIEEELEL Z i L T\ 72V CARD-FISH 1512 X 51
HER (K9 9%) L L CE-o7o, IRIZ, in situ DNA-HCR 5% VO TR EEALER 2 Jifi S
PR AR LR, M E ORI, K 18% Td U MG BEALEE 2 S L TU 7R
CARD-FISH JEIC L2 LV &<, FISHEIC L2 HHEOMREE L FRRETH -7
(P>0.05), In situ DNA-HCR {£IZ & 2 drfll B O 373 FISH VEIC KD MR L RRETH
S 7% K & LT, insitu DNA-HCR WD 7' — 7 O EME FISH IBICH WS 7

0 —7 OMIFIREEEFRE THL Z LITER LTS EEZ2 61D, S HIT, BEIHEHL
{HIEH OB I in situ DNA-HCR 5% H & 728558, in situ DNA-HCR 1£1C & % Al
O HERIL, FISH 538 X OV CARD-FISH E L W &0 > 72, In situ DNA-HCR {ED—& &
WSR2 R L2 B R & LT BRRPETEARIGTE R OAEM OIX RNA BHEENRE X b D,
AMFFETHE B A2 FISH YEIC & 2 M ORI, 13.7%FRE TH Y FISH & TIEHR R

T 5+ 07 Bm NN ELNRhoT2eBEZ BN, —H T EEE FISHIETH 5 insitu
DNA-HCR {£1Z X 2 BTG TR N O /B OFEIG IR, 27 2% E ThH D @il 4 R
L 72, CARD-FISH {EIC L 2 HHIE O HERIX, 7'v —7 OfRRFEM O RIE 55 17.9%
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Fig. 4-2 Detection of Archaea in anaerobic granular sludge sample (A-C) and anaerobic
digester sludge sample (D-F). (A and D) : FISH, (B and E) : CARD-FISH, (C and F) : in situ
DNA-HCR. Each double panel depicts DAPI staining (left) and probe staining (right). Exposure
times were adjusted for each method. The bar represents 20 um.

BECEEEoT,
PLEDOFER L D | in situ DNA-HCR IENERTEHIZAE L TV 5 rRNA &8 &0V 70 W EREE
WAEMOMHBICAI THDLZ EDRHLNE T,

4.3.2 Insitu DNA-HCRRICK 2 IBEBEMEYDZEL A

WIZ, in situ DNA-HCR {E(Z X D BREEMAM O L EYuth 2 A7, FISH {EIC X D EREEM
DL EGEIL, T TNV —T 4 7o TEY, TNETITHEMN S 7 =2 — D4
REMERN (Sekiguchi et al, 1999) AWM FRIHEKLELGIEN OTAY #E OEHT (Levantesi et
al., 2002) \Zi@EH S CW5, F£7-. CARD-FISH &2 WL EROLHEINTEY
R B 7 A ERE DR BT 1D —> & 725 T D (Schreiber et al., 2010; Pernthaler et al.,
2008), & Z T, in situ DNA-HCREIC K DL EY A2 Hig L. HSMETEIRIGIEPN ORI |
W E M Y Methanosaetaceae Bt 0D A 2 Lt M D [RIRekg H 217 > 72, Z OFE 5 M.
WA EE & DN Methanosaetaceae Bt D A % ARl B 2 #2200 & L7= in situ DNA-HCR {005
BRI a s oni (Fig. 4-3), /2. T0®ENIT, A =vz—4—Tua—T7%H»
TWRWERNLITHR LN o Tz (7T —FIERTR), ZORRND, HETe—T0nEA =
VE—H =T =T RRIICHERISE R LT EBE LGNS, TNETIZ, Ye—7
Dxy N —27 ZH W EKE FISH {5 Toh 5 RING-FISH {ERHEI TV DN
(Zwirglmaier et al., 2004), 7' — 7 OFFEMAEOFED S rRNA (ZxF L CEA STV 70,
F7-. BEERUGAE V. CARD-FISH 0 X A2 EY L, EMMEHOREZ Lo n
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Fig. 4-3. Simultaneous detection of Bacteria, Archaea, and Methanosaetaceae in anaerobic
digester sludge using multiplex in situ DNA-HCR. All cells were stained with DAPI (blue)
(A). In situ DNA-HCR detection of Bacteria by targeting the EUB338 site with
AlexaFluor555-labeled amplifier probes (red) (B). In situ DNA-FISH detection of Archaea by
targeting the ARC915 site with AlexaFluor488-labeled amplifier probes (green) (C). In situ
DNA-FISH detection of Methanosaetaeae by targeting the MXS825 site with
AlexaFluor647-labeled amplifier probes (white) (D). Bar represents 20 um.

—ZIER LT R 2 RIE S ELBIENRLETH Y | BEOEMSCEWANYy 7 7T R
NS SN DEDORMENRE STV 5 (Pernthaler ef al., 2004), —J7. in situ DNA-HCR 74(Z
HWaE e =712 X8RI, &1 = —%—7" 0 —7ESNKFICE Z 5
7o, RIFFCZHOE A BRI S5 Z ENRAETH D, - T, HFA=v=—F—T 1
—T7DAN) T2 —NFE%FETHDH5E . insitu DNA-HCR {EIC L DL HGLAIL, 1 =
VIE—H =T u—T ORHER O ET 0 — T KD EIEHEIED 2 BIOAOEETHRETH
572, CARD-FISHEL W 55 TH D,

4.4 FE&

AFE T, in situ DNA-HCR J5(Z £ 2 BREEBA) O 1t H O F AT RENE O FTAR Je OV EE Y fa
EOME 21T -7z, £7°. in situ DNA-HCR {£% AW CTREMAD 2 L7125 R, insitu
DNA-HCR 1%, FISH 75 Tl H 2R C & 2 WEEE o B CBe M ALTE TR PN OO il
T D2 ENFARBTH T, I, ML AHid Z & Tin situ DNA-HCR J£(Z
L DUFEF ORIE OB RN Lz, - T, insitu DNA-HCR {EI23) T 4 fll fu BEALER
iy 2 & CRICREMAED ORI R ES 0D Z LRI B E 72572, CARD-FISH J£(C
AWd 7 m—7 30 & IEEMED B A TEIL, CARD-FISH ¥4 % i 3° 5 72 9 Ol ke
U O feaii b 23 N EE R U E ORI R ICAH I TH D L Z 2 b D, IRIZ, AFE T insitu
DNA-HCR V£% W2 Z B EATEICOW T HHE Lo, ZAVE TO R FISHIEIC L 5%
BT, EHEREMEDN LI TH > 7243, in situ DNA-HCR % V% Z & ¢ CARD-FISH
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EED OEGRBETEHYEGT L 2 LRI - T,

45 SHEDODEE

SBOEAE LTE, AFEZBMEE L <R L T DA BRI EI & /LG,
TN ENY 2 ) Xy I AT ~DOEAEZ 2 TWD, TIVE TS, ®EE FISH &
PRAMIRI N 2 A B DR X SN TWD H DD (Sekar et al., 2004), 54 AL #
Z NN T 2 ) Xy T AT AT o Te A IS N TR, 2T, TRETOE
J&E FISH 5 TlX, DNA X A—Va B2 5 HO, R HCl # VWb FETHDHZ &L 7
J BRRTEAT O T OIZIXBEEMEEE R LER H D Z L ITEF LTV %, In situ DNA-HCR
i, AIRREERE L, 52 DNA KX A=V 52 5REE2 AW WTRIETHLT-
D, WEROFETIIRETH T2 v I 2 ) 3y 7 AR ~OWE RS REIZ 72 5
EEZ TS, F7o, BHE L TWRWIER L7ZEMRICKR L CGRE O FISH Ex2#HA T %
ZEHWE SN TS (Amann and Fuchs 2008), > T, @H OEKE FISHIEL Y 7B
— 7 DFMIIREME D WA TFIE A @ O FISH 50 X 5 I8 L 7=/ 12 T & v,
UTNEAY 2 ) Xy 7 ARIT B ARRIZ/R DD TIE R DN EEB X TWD, FOM,
DOPE-FISH D X 912 HI kO H2 [ZHEIMEZ~ VT TV ) 7952 LT,
DOPE-FISH £ (Stoecker et al., 2010) <° CLASI-FISH % (Valm et al., 2011) & X 9 72 % EYx
BHLAETIE RN EEZE X TN D,
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5B MAEMD mRNA Z42f L L7= in situ dual DNA-HCR /£ B &k OV

E£5F WMEYWD mMRNA #1889 & L 1= in situ dual DNA-HCR EDRER VR

51 [FL®IC

FISH %1%, MZAEMND 16S rRNA ZHER) & L TR SRR BRIICHRE T2 Z LN TX
% F{ETHS (Amann and Fuchs, 2008), FISH JEIZ[R O T EREMAEM ZRET 256, EIC
16S tRNA Bin A1 & LT FIENHOGILTW D (Woese 1987), LU 5, BREE
A OFRIZIZEEED X X7 E e a— K LT D HEEEBG ML O BUED B89 5 K
ARG 21T O PRAE N RS STV  (Hendrickx ef al., 2006; Okunishi et al., 2012), %512,
2 B HER° BTEX & B PRI 0 iR D98 AEMBEX  KEEHEEZ1T ) LlE SN TR,
FRFEHNCSEEER RE W E SN TS (Hendrickx ef al., 2006; Okunishi ef al., 2012), Hif
ST, ZHHMAEMIL. 16S IRNA &1 IS < i TITAFE OREREZ A L TV 5 D )3f|
Wit 22 ERRETHDL, ZOLD RMEDOKEELIEET 256, FFEOKEZH L
HERE R -0 F DB F> 6 DEREY) (mRNA), ¥ 37 B2ty L-FiENAV SR
TW5, £72. TETIHEREDICEET S DNA ° mRNA, % /37 B & @RI ©
XDABT ) MENTROAZ VT A7 VT =AM, 707 A —AFEHTIZ XY in situ (2
EDO LX) BRBIETFPFIEL TWDLDONESITHEIETE 5 L 91272 -7 (Handelsman 2004),
FISH (&1, AEMNORED S T AR TE 2 FIETH L7280, insitu 12T 5
A OZER A S OIERICAI TH D, L L2 S, @i O FISH T, HO5E
PERNET I TRICKGET D720, MIEZINET 5 Z & TAFE72 mRNA (10'-107
copies/cells) CHEREE (T~ (1-10 copies/cell) Z i+ 5 Z ENHEETH D, - T, ZTDO X
D IRAFAEER N D TNy i, EEE FISH Wz M35 2 & THREMICHRIE LTV
(Pernthelaer et al., 2004; Kawakami ef al., 2011; Kubota et al., 2006; Moraru et al., 2012; Zweigner
et al., 2004; Mota et al., 2012; etc), IT4ETlE, click chemistry % FI ] U & o 3 7 B 2 415
IR T 5 AL A5 STV 5 (Hatzenpichler ef al., 2014), = D X 5 e AN RT XD
2, BURBICHAEMFERE Z i L2 OAEM ZERT 2 2 L1, in situ (2B HEDE
2T 2 L CIHFICHEETH D, LNLRNEL, (EROFEE FISH 15 CIXEXDE
HE S OMINIR B R RO RBEER R E SN TEB Y, HWAERSEWEIEE X RV ONEL
RTHD F2ESHR), 61T, BREZHIEICHWDIEROFIETIE, EENONENMETS
PEERESEDINERDH Y, KRIEHEEY TV LIk T2HLEND D (Kubota
2013), = Z T, AT, BIENES TRIIREMECR RO MBEZ MR L, S HIZH
FEMETEME O JIE 7 1E D B b A B 720 in situ DNA-HCR 5% VW THifl O mRNA & HFL
W OB AT, FEED D720 mRNA ZHEMICRET 2 7-02iE, 1) o780k
BRI DR, 2) 7 — T DR RYEOHER., PWMETHDH, 2T, £7°. insitu DNA-HCR
EOE D a0 R Z B L, 2 EOMERISIZ K 29 HEIE 41T 5 in situ dual DNA-HCR
LD E1T> 7 (Fig. 5-1), HEY v —71L, 2BIOMERISERT L 92, HI LT H2
(2B 7= 7 R A (initiatorC) ZfEA L7 DI X O'D2 £ L, D1 KO D2 2> b & 27
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A B ¢
w c2
Ct iy
D1 D2 c1
5 Target site of mRNA
> ’

A
mfw &, D> &%%M

13 13
Initiator probe
& N
3 JRTPRLTITTTE I ETEH HTTTITTTI T E—
Target site of MRNA

5 —uullunilillnnlinun 5 —uullliliiielinin 5
Target site of MRNA Target site of mRNA

Fig. 5-1 Principle of in situ dual DNA-HCR. (A) Initiator probe hybridized to target mRNA.
(B) D1 and D2 are amplified from initiator probe. (C) C1 and C2 are amplified from initiator
seauence of D1 and D2.

FTCl K C2 #HWiz, ML L7 mRNA X, P = U B MIAEY D toluene
4-monooxygenase gene 2> HFEHLT 5 tmod mRNA D Hi } T toluene dioxygenase D — D&
G B3BLT 5 todC mRNA & L7- (Hendorickx et al., 2006), F V= 3 & LRI A
WNEE LI BER 2L FIORT, 1) M U OfERE 2 AT DA ORI b
N R ET A8 F~Y— I —FNELTHI L, 2) FHeBETHELITO ML=
T ARG L TWD A F VT 7 2 —HNOWMAEMIENT OFER. tmod, todC BinT %A LTz
WAEMPIAEL TNDHZ L (FH 6 mHEM), 3) TDONA AV T 7 Z—NIZIFNEMEEEZ A
LIZEMDPIAEL TWeZ & (F 6 EZM), Lo &b, MU HfFE D todC,
tmoA mRNA ZHEH) mRNA & L7z,

AMFZETIL, £ todC mRNA O tmod mRNA O A BIFL, A1 =y =—4%—7o—
TOHRFEIT 0T, TDWH, Rt L7 0 —T7 O30 & RBP4 Clone-FISH 512 X 0 &F
fliL7z, F72. AFIEL insitu DNA-HCR i} Y CARD-FISH (£ D HOGHRE L I L, AF
1573 mRNA Z RS ATREZR B EIREE Ch 2 D RET 21T o 7o e RIIHIFERR & L
T todC &fs 1 %A L7z Psudomonas putida F1 #RICATIEZ#EH LT,

52 EEBAZE
521. ETIHEYDORES K VAR
In situ dual DNA-HCR D7 & b 2 )V OFENLIZ W T T WA e OBEREALIZ I,

Escherichia coli K-12 & (ATCC700296) ¢ EUB338 fHIk A H L7z, FHT 47 a3 hr—
ISAERIZIE., Methanococcus maripaludis S2 #% (JCM13030) % H\ 7z, E.coli X, LB 5h
THiFE U, PN B U7, M. maripaludis 1%, JCM N EET DE5HI TR &R LTz, B%
B, TV EGEEICEI L, 4% NT ARV LT AT B KT 4°C, 12 R OEE
%4T-7-%. EtOH & PBS (137 mM NaCl, 8.1 mM Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO,
[pH 74]) % 1:1 TRE IE BT T200C THRIF L=, 7=, P. putida F1 ¥
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(ATCC700007) 1% ATCC 23MEE T HE I TH AR Lo, £ D%, LT & L T hunters 5%

H (Stanier et al., 1966) Zi®E L, Mo ZRFEPE LT P. putida F1 RO R 21T 72,

%@/ﬁé = RENEAD LT Z & 2 FIDAF (Shimadzu VMS-1000F, detector; FID) T
AL, A% TRV LT LT RT4C, 6 REEOEEAE1T>7-1%. EtOH & PBS % 1:1 T
A SR C-20°C TRAF LT,

522. 7O—TRUTS5A4IT—DEE
AWFGEZHNWTZT 7 A ~— Kk N7 v—7 % Table 5-1 |Z/79, AREFFETIE, F2 FICH
W HI LOVH2 12 CL KON C2 OERSATH LA = =— X —Ffls %N x 7= D1 X1 D2
DGt EIT -T2, F12. tmod mRNA & todC mRNA T 54 =v o —X—Tn—7
L. tmod BTN todC Bin T 2T ABEICHWGND 7+ T — RT T A4 ~—EFD
s A = o — 2 —To—7 L L THWE,

5.2.3.invitro IZHITB TO—TDERER

AW AW 7 0 — 7 DfEKGIE, Choi DL EZEEIC L, BEXRIKENZ Tk
# L7 (Choi et al, 2010), £F, LM ETr—7 B uM) KM == —4—T 1
—7 (03uM) 2% T 2—7IZHEL, 95C T547,25°C TO60 iRE L7-%., &7 u—7
RS S, 46°C T2 RS STz, &%IC, BRIKEIZ VT HCR SIZ X D&
g LT,

5.2.4. Clone-FISH ;ED =D > T IL D

tmoAd BT H L <X todC BAG D8 AANTZT T A REHDE. coli DY
JVIEEIZ T Schramm & K O Kubota & O3S IZHEHL L 1T > 7= (Schramm et al., 2004; Kubota
et al., 2006), £3 . "MZ U TRAEZHEYZRL TWDAALF VT 72— (FFBE 2012) 7
HIGTEZEIL L, DNA Z#iH L 7=, DNA fifZ1%., ISOIL for beads beating (Nippon gene) %
HAWT, fimEhTna 7 e fa/LIC L L T 572, i L7= DNA X, tmod BE KD
todC BIn T Z g & Lic 7 74 ~—t v & T PCR #1772, PCR iAIKIZ1E, TaKaRa
Extaq Hot Start Version (TaKaRa) % f\ 7=, PCR )i &, 95°C T2 /IO HHIEMEETT -
7ot&. 95°C-1 57, 65°C-1 43, 72°C-2 53 DH A 7 V% 30 A 7 /v (tmod Bis 1) b LI
35 %A 7V (todC BI5F) 1T-o7-%. 72°C T 5 /RIS & 7=, HEhE L7= PCR EWIX
MinElute PCR Purification Kit (QIAGEN, Tokyo, Japan) {Z & ¥ }§% L, pCR2.1 TOPO X7 5'
— (Invitrogen, Carlsbad, USA) {274 7 —a v Liz, 747 —3 3 xirt NovaBlue
(DE3) =27 v MEALVOEERIL, fESto 7 e b a | THEIL LT 72, DE3 =2
v AW e —= 0 JIEFRERTTE RV, 220, A h—FFxzv s
KA o — b OFMOREZRIL, 7 X Ml an=—2% 50 EfR2EFEL L, pUC/M13f-tmoAr
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ZHWIZ PCRICE VAT ST, RV T 4 7T A Y — N &FF> 7 v — 1%, ampicillin (50 pg/ml)
ade LB B C—BEGEEE R Z 1T o T2, T DT, ampcillin Z 572 5 ml O LB BrHIZ R 5%
L7c/Zm—r% 50 Wl iz, 37°C TREBELIT 72, 0.D.600 28 0.3-04 (Z7/2o7cb 25
T ITPG (TaKaRa Bio) % 1 mM (2725 £ 91212, mRNA OB T L 1 B OB G2
Z1T->72, % D1, chloramophenicol (Zymo Research, Orange, CA, USA) % 200 mg/l (2725
E A, 4 KR ICEIN AT o7z, FEUXL7c 7 id, 4% NT 7 4V AT VT e R
T4C, 6 FRIOEEZITo e, £lo, XAT 47T aL bur—LE LTRHT 4T A P —
MNLIETTAI R 27— KONV TIA 75— a LT TAI Raedb D7 n—
vEHEL, Bl L7z X 51T IPTG 7%, chloramophenicol Z 1 LI L, [EE L7z
TIER Wz, EE LY 7 LiE, EtOH & PBS % 1:1 TRA S WK T-20°C T
A7 LTz,

5.2.5. CARD-FISH ;%

CARD-FISH %%, Kubota & D H{EZ A TZAH L, 17572 (Kubota et al., 2008), £,
E TV EARRS T T a— A CEHl L (Pernthaler et al.. 2002), 10 XD AT A KT A
(Matsuami, Osaka, Japan) (2~ 7 > k L72, A7 A RFiE,60°C THZE% EtOH > — X (50,
80 and 96%) (23, 1, 1 R L TR ZE T2, KIZ, 7'u—7 OfifdiREM 2 M Es&
572912, VY F—2A (1 mg/mlin 10 mM Tris-HCI, | mM EDTA) (2 X % fifuBEQLERE %2 37°C
T30 7 T> 72, £D%%, TNT X 77— (100 mM Tris-HCI, 150 mM NaCl, 0.05% Tween
20) (2 1557, MQIZ 1 3R L, f#IC EtOH |2 1 3R LTk, oS/, o
SH-%. BKEE 0.1 pM O HRP i 7 0 — 7 2 & A 7 U XA P — 2> 20 mM
Tris-HCL. 0.9 M NaCl, X% formamide, 0.05% SDS, 10% dextran sulfate, 1% blocking regent) %
ZUUZ 15 pliE F L, 40°C T2 WFHILL ERRMES H T, £DH%, AT A4 R& 42°C DA T
A= ar "y 7y7y—IZiR L, 15 0MOHEITo7z, 7 u—7 O, INT /Ny
77 —IZ 15 pfiR L, b S8, TSA RO L7z, TSA &SI, Cy3 ZAEik L7
FZIFEHWNTUTo72, 77 FRISHKIZ. 1 volme OE#T 7 I K, 37.5 volume D7
7V 77 A — a3y 77— (NEN life science), 12.5 volume @ 40% dextran sulfate,
0.5 volume @ 10% blocking regent Z IR & S, £ /UZ 10 pl i F L, 37°C T 10 /3G S
7o, TSA ISHEIL, INT Ny 7 7 —IZ 15 43Iz L, MQ T 1 47l & OV EtOH T 1 73 f#iR
L TR K OVElz S H 72,

5.2.6. In situ DNA-HCR ;%

[EE > 7L AR ST e — A TE# L, 10 KO AT A KF7Z A (Matsunami, Osaka,
Japan) |Z[EE S Wz, AT 4 FiE 60°C THMEE, 50, 80, 96 %0 EtOH I[ZE 4L 3,
1132 LTBAKRZEI T T A TV XA B — 3 /3y 7 7 —1 (20 mM Tris-HCL. 0.9 M
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%5 WA mRNA #1EF) L L7z in situ dual DNA-HCR D B O &

NaCl, X% formamide, 0.01% SDS) IZ&&KIRE 0.5 uM IZR2D L2/ =y =—HF—T r—
TERIRASE, KNI 15l i F L, 46°C T2 LI ERMES BT, D%, 274 Rk,
48°C DA TV XA ¥ — a3y 77— (20 mM Tris-HCI, 0.9 M NaCl, X% formamide,
0.01% SDS) 123043z L, a2 iTo72, S BHIZ, ¥EE/Ny 7 7 — (50 mM NaHPO4, 0.9 M
NaCl, 0.01% SDS) IZ=|m TS L. A7 A4 REOFRLVLAT I REREIET, £0
%, 7oV T A r— a2y 77— (50 mM NayHPO4, 0.9 M NaCl, 0.01% SDS) (24
N 2R L7 H1 OV H2 Z iR 2.5 uM (2725 K DDA, 46°C T 2 K[ A
St VI FVHE S YT, & BT, SNy 7 7 — (50 mM Na,HPO4, 0.9 M NaCl, 0.01%
SDS) (2 4°C T30 732 L 21TV, MQ T 147, EtOH T 1 pflie L, JaF: X7,

5.2.7. In situ dual DNA-HCR %

EE > 7 ARRSR T e — A Ta L, 10 XD AT A KT A (Matsunami, Osaka,
Japan) |Z[EE SHT-, £ AT A RNiL60°C Tz, 50, 80, 96 %D EtOH ([ZZLE 4L 3,
L1 3B LTBAKREI T2 T A TV XA B — 3 /3y 7 7 —1 (20 mM Tris-HCI, 0.9 M
NaCl, X% formamide, 0.01% SDS, 10% dextran sulfate, 1% blocking reagent) [ZHAEIEEE 0.5
UM 225 K9 Iif =v2—F—Ta—T7 2 REIE, F)RIC15 pliE L, 46°C T2 K
MLl B M7=, ZD%, AT7A4 Kit, 48CDODNA T VXA B = a2y 77— (20
mM Tris-HCl, X M NaCl, 0.01% SDS) (230 /32 L, eifaiTolc, £Di%, 77V 77
A —3 a3y 77— (50 mM Na,HPOy, 0.9 M NaCl, 0.01% SDS, 10% dextran sulfate, 1%
blocking reagent) (ZH W E A HEK L7 D1 L UND2 Z i iR FE 2.5 uM 12725 X H 1T A,
46°C T 2 B MESE, V7T UEIE ST, /RF7 0 —7 OWEIL. PBST T 4°C. 10
SRT 2L TITo7c%, MQ T 1 43flig Lz, £0%, 2EBIHOMEZITHI 72D, 7T 7Y
TrA T —a Ny Ty —ICEAME R LT ClL RO C2 IR 2.5 uM 1272 5
EOIThNZ, 46°C T2 Kfffl M S 7, %2, PBST T4°C, 10 432 LIEHEZITV, MQ
T 147, EtOH T 1 /3l L. Bz S E7e,

528. MESRES L UVREEDEH

CARD-FISH 7%, in situ DNA-HCR 7%} OV in situ dual DNA-HCR (£ W= 0 700,
fB €A 175 (ProLong Gold Antifade Reagent with DAPI, Invitrogen) THEf A%, BAMEIBIZRIC
B U7o, BARERICIE, AHOLBmET BX-53 (OLYMPUS) Z fv, BEOHRFIZIT CCD
71 A7 VB7010 (KEYENCE) % 7o, & FiEOE LM E L daime software (Daims et al.,
2006) & W TIT-o 72,
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53 ERBERRUEE
5.3.1. In situ dual DNA-HCR %M 7R 3 )LD &H#&E{t

%9, in situ dual DNA-HCR B2V 5 7 1 — 7 23R B 2 =SS & 7R $ O iR IR ED
ZHNWTHER LTz, TORER, 2 EHOMEISICHNWD 7 n—7Th o C1 LT C2 i,
AR TG LA = m— X —fF%H L= D1 KO'D2 b Z N E N R 7 E %
/~L7- (Fig.5-2,Dand E), £7=, f == —% —fid¥l|% &> DI KN D2 2MF(E LR\
A, Cl KON C2 12 & A RIIsE 084k L= (Fig. 5-2, F), In vitro DEERFERNS, Cl
F N C2 %, AR Tkt 24T o 7oA =V = —F —FH| 2 ISAATE DI VD2 7 & E
RIGzER T ENHKLZENH LN ERoTe, £, X T4 7arbr—E LT
A=y 2= =70 =T RO RTIT o IR, 100 bp dTiIZ /3 RFREEDERV S
K267 (Fig.5-2,B,Fand G), 6> T, /1 = = — & —7 a0 —7 3 F{EL T2\
RETCIIMET =TI LD MENRERERE CTh 5 &l L7,

WIZ, insitu TOT 0 —7 DMEZMERT 572012, E. coli ® EUB338 fEIKZIEAY L L in
situ dual DNA-HCR #:% 3 H & 72, In situ DNA-HCR 72 & [7] U3 M OVEBRA:CTIT - 7=
fE R, BHE O in situ DNA-HCRVE L VU & mWaOBRE 21525 2 LI L7z, 1€ T, in situ
IZBWTH 2 EHOMERIGZEZ T ZENFARTHLZ ENRHLNERST-, Ll
Do, ZOEEHMEIL, CARD-FISH{ETH OGN D HEME LD HIK<, 7oA T A R E
HIXFERF A 728 035G B 7=, CARD-FISH %Dt 658 TR AT RE 2R fEE ST 14-50
copies/cell &5 X TH Y (Hoshino et al., 2008), {FIEEND 720y mRNA ZHiH 35720
21X, CARD-FISH{ETHEOLNAEMIMEE T E RIF o ERNH L, 2T, FTHERD
SR A B8 L CARD-FISH JEICHWOLNDRE L SEBIZ L, REORFI 21T, £
DOifii % Table 5-2 (27779, CARD-FISH IEDERIZHV 515 dextran sulfate 2 O blocking
reagent xNA TV XA EB— 3 R\ 77— ERINKRIZIN AT, ¥, dextran sulfate

1500 bp
1000 bp

500 bp

100 bp

Fig. 5-1. validation in a test tube. (A) : amplification reaction by initiatorH, H1 and H2. (B) :
without initiatorH. (C) : amplification reaction by initiatorH, D1 and D2. (D) : amplification
reaction by D1, C1 and C2. (E) amplification reaction by D2, C1 and C2. (F) : negative control by
using D1 and D2. (G) : negative control by using C1 and C2.
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‘\\344 ::‘7‘% :,(\ e Yt .
& R BUGHIZ RN L T2 i, O Table 5-2. Effect of Blocking reagent and dextran

LA L7, o sulfate for improving signal and noise level in
BMEHE L CRLELR = k\ hybridization buffer and amplification buffer
L C. dextran sulfate |2 &L VY 7'm—7

Hybridization buffer’ Amplification buffer’ Signal intensity’ Noise®

@92??/}%};; 75§ I'FTU: L/\ 55%5‘7]%?‘75) I_"ﬂ None None +
FL7Z bl iIZERALTWAS EE X None 0.5 % BR +
None 1.0 % BR + -
bivd, F7-. blocking reagent Z{H  None 10% DS T
Nl . 4 : None 20% DS +=+ -
RBOEHAZIM LA R SR 5 None 1.0 % BR+10% DS~ +++
IR Y ENHI ST, RIS, RS None 1.0 % BR+20% DS +++

o . . 10%BR+10%DS 1.0 %BRH10% DS ++i+
JERIT dextran sulfate S TF blocking | o, pro10% DS 1.0% BR&20% DS 4otis

reagent O /5 % NN L 7=, # OfEGL,  a:BR, blocking reagent, DS, dextran sulfate

20% dextran sulfate Z ¥ L72%& T :ji:i: ;); zflz:lfizns l(tlz\iz; :O(f?_\ie(s:i;;:ﬁ (enesy

I, RGO FEIE TR 720 |

FEFRF R 728 DG BTz, — 5T 10% dextran sulfate &2 TN 1% blocking regent % #s1 L 7=
HRTIE, BHE XD SRV EOLRENG DAL, FIIERFRNREENT LN o7, 1o
T i 72 R R ROSHR I, 10% dextran sulfate 2 TF 1% blocking reagent Z ¥R L7=% & L7,
S BT, CARD-FISHETHWHN A NA 7Y XA E— 3 (20 mM Tris-HCI, 0.9 M NaCl,
X% formamide, 10% dextran sulfate, 1% blocking reagent, 0.01% SDS) ZfEH L7=fEH, H/2 5
FRVNEDEE B iLTe, 2B OFERENS | in situ dual DNA-HCRIEIZ W 23EKIZ1E, A
TVHEAB—=Ta RNy T77—RkRXT TV T 74— a3y 77— 10% dextran
sulfate &2 TN 1% blocking reagent Z RN L7z, WIZ, RIEDF#E{LZ 1T > 72 in situ dual
DNA-HCR %% M\ T in situ DNA-HCR
15 & aOtmRRE & i U 7oA R % Fig.
5-3 12T, ZODOREE, in situ dual
DNA-HCR £ O 8 1L, in situ
DNA-HCR £ L0 i) 3 RG>
7zo ¥7-. CARD-FISH {EDa iR 1%
in situ DNA-HCR 7% & Feige L TR 3 fi5 12
JE5: < | in situ dual DNA-HCR {E D HY,
8% 1% CARD-FISH &[REETH T
(Fig. 5-4), 7t~ T, RIEDFKIHE L 21T
D I & TTTRERAOICHOSRIE A E S, Fig. 5-3 Detection of E.coli by in situ dual
mRNA ZHRHTE S LIV S TR ggl&éHgaRnegAc)l’eplilétsSlgA]IEIN?t_aIi{n(i:rlfg ((llse)ft) E:ﬁg

Erglx FiFsZ ok L=, robe staining (right). Exposure time were 20 ms
or each method. The bar represents 20 um.
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C

Fig. 5-4. Detection of E.coli by using in situ DNA-HCR (A), CARD-FISH (B) and in situ dual
DNA-HCR (C). Each double panel depicts DAPI staining (left) and probe staining (right). The
bar represents 10 um. The exposure times for each method were fixed.

5.3.2. Clone-FISH i%(2 & 5 00— J AN T

WA, ARG CREF LA = = — % —7 10 —7 7 tmoAd mRNA, todC mRNA % fiH &
L3 E D D RETT 57291 Clone-FISH 2 W T 7 r—7 OHMMEZ MR L 72,
Clone-FISH {EIZ W=7 v — 13, tmod BT 5 U< X todC &l 1% 77 A I FIZHA
ANTEE. coli & LT, tmod BIG 1M todC BIn 1+ HIENE LI T4 ~—ty MIZIh
FTITHE STV A 23, insitu hybridization (ZiEH L 72 # & STV e, £ 2T, tmod
BT KR 0dC BInF 2B T 2 2 L3RS 7T A ~—73 in situ hybridization |Z3# H T
LD EITo T2, Kt LicA =y 2—%—T7 1 —713, tmod BT H LI todC
BT OIRIEPRIALET DR TH D tmoA-7 + T — R 77 A4 < — KW todC-7 +
J—RT7 I ~—%H\, TORFF LA = =—%—Ta—7 %M\ in situ dual
DNA-HCR £iZ & % Clone-FISH £ D#EH % Fig. 5-5 (27”9, tmoA-1 =3 =—& —7 o —
7 % H\ T in situ dual DNA-HCR {E2 3 L7fER, R LT I REE 15%I8 0T
TOHEEBIRWE NS S (Fig. 5-5, A), £72. todC-{ =V = —HX—7Fn—7I8
WTHHRNLALT I RBE 15%03 &l 72504 CTdh - 7-(Fig. 5-5,C), S HIZ, f = =—H —
7 =7 RN TWRWR TS0 btz - 72 (Fig. 5-5, B, D), F£7-. in situ dual
DNA-HCR JEDEGCHEIL, @A M) Pz =R TICRDICONEIH L7 (F
— 2 IR, TNDDFRERNG, A = —F =T m—7 1%, RO BIRFRICAZ
HEL T2 &l L7,
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Fig. 5-5. Detection of E.coli which is induced the partical tmoA or todC gene in plasmid by in
situ dual DNA-HCR using initiator probe and amplifier probes (A, C) or without initiator probe
(C, D). (A, B): Partical tmoA gene was induced. (C, D): Partical todC gene was induced. Each
double panel depicts DAPI staining (left) and probe staining (right). The bar represents 20 um.

53.3. RFEDHFEM

WIZ N2 I A~y TF A == —T a0 —T 2 HNTARME TEREF L= —7 D
RN DRI 21T > 7o, tmod BARFITTR 2B 5T & LT, Pseudomonas stutzeri OX1 £E73
A L T\ % toluene/o-xylene monooxygenase gene (foud) 8fn 23 HE STV 5, toud BIx
T tmoA 7V —F7 I ~—L MHEI ATy FTRMET L LR ESNLTND
(Hendrickx et al., 2006), toud Efs 11X, tmoA 74V —R7 74 ~v—L I X<y F T
RHET D 2 ENIME SN TS (Hendrickx et al., 2006), F7=. todC Bfn{ 2Ttk 728 a1
& UC. Ralstonia sp.73 L C\ 5 terminal oxygenase large subunit ® MchAa 8151 D3 E =
NTW5, Mcbda BIG T, todC 74V — RT T ~v—L—HEI A~y FTRHT D Z
EDERE SN TS (Hendrickx et al., 2006), {€-> T, tmod, todC mRNA O % 9 %5 55
B, —HEEI ATy FEMISE D LENH D, £ 2T, insitu dual DNA-HCR D Fr 5
AT 572D, tmod b L< X todC BInTAHFHALIL T T7AI REF LI/ n— 2%
AW, tmoA-, todC-1f = = —F —7ua—7 KN 12FHHI A~ v F (tmoA-, todC-{ =
T—X—7u—7-IMM, -2MM) % H\ T in situ dual DNA-HCR %% 36 S8/, Fse
MESRAE T (15% formamide) (Z351F 5 FEERFE R % Fig. 5-6 (23, ZOREER, HEAYERL & 3
— 77 by TFThD tmoA-{ =T —F—7 11 —7 % H\ /= in situ dual DNA-HCR %
I, EERNSROEEEED Z EIakE) LT (Fig. 5-6, A), — 7 C. tmoA-1{ =3 T— X —
7' —7-IMM k. -2MM & W56 BRD bt 5 v/ h- 72 (Fig. 5-6, B and
C). 7. todC-A = =—F—Tu—T % H\WGEIE, 1 HEI A~y T oMe5 7068
KBGO, 2HEI A~y F ool TEAeN G 6 7en -7 (Fig. 56, D-F), Z Ofk
Rinb ., AR THE LT tmoA-A =v = —F—T v —7F, a7 v—72H0noT &
b 1HEEI A~y FOMRB AR W RELZ A L T\ e, £, MERatniFon
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Fig. 5-6 Detection of E.coli which is induced the partical tmoA gene (A-C) or todC gene (D-F) in
plasmid by in situ dual DNA-HCR. A, D: Perfect match initiator probe was used. B, E: 1
mismatch initiator probe was used. C, F: 2 mismatch initiator probe was used. Each double panel
depicts DAPI staining (left) and probe staining (right). The bar represents 20 pm.

F1EEI A Y TFD todC-A =2 —F —Tua—T I N"—T =7 b~ v FOEN L il
L CEHNBEBIZENRLOND 20, 1HEEI A~y F LB RETH D & HIWr L7,

5.3.4. In situ dual DNA-HCR £[Z & % P. putida F1 #£® todC mRNA DR ERIFEH

In situ dual DNA-HCR V412 K 2 %49
PN D mRNA O FERYRR O ATRENE I,
P. putida F1 #% W CHERR L 7=, P. putida
Fl #RiX., M=o 2 REPRE LIZEMIT
BER AZAT\V, P. putida F1 BEDOHGERMEGRIT
ODgoo & VN TIT o 72, £ DRGSR, P. putida
Fl BROBFEIZ LV L R L
722 L5 todC mRNA WNRBL LT &5 2
7o, & ZTIIZ, P. putida F1 BRD todC
mRNA (Z%f L T in situ dual DNA-HCR £ %
WA &7 (Fig. 5-7), T OfER, todC-
f=v2—F—7a—T VRN
WG ONTZ, o, ZoEE, FHiE
o2 IISRAAN=E: O/ /G AoV (W PNl ¢
Jt% 773 FISH{E & L C RING-FISHIED &
% (Zwirglmaier et al., 2004), RING-FISH %

Fig. 5-7 Detection of fodC mRNA in P. putida
F1 by in situ dual DNA-HCR. (A) : perfect
match of initiatorH was wused. (B)
One-mismatch initiatorH was wused. (C) :
Without initiator probe. Left panel depict DAPI
staining (blue) and right panels depict probe
signal (red). The bar represents 20 pm.
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FOARFEZ, 7o —T7RLEORMEIC LV EEIES T 5 HIETH D, 1E-> T, AFEIC
BWTbHL 7 —7RILEORMECLY, MIRNE THENET LTI RV EE X D
o —H. TOENIE, A= 2—F—Ta—TERANRNRRLIEEI AT T DA =
vx—HF—7u—T AW RN LN Tz (Fig. 5-7), LA EOFER )5 | in situ dual
DNA-HCR 5L, FEAY O mRNA & R HI R FTEECH 2 HIlr L=,

54 F&&H

AWFFETIX, in situ dual DNA-HCR £ D58 E 2 CARD-FISH {E D a0 G EE & [RIFREE £
THI& EF 252 &2 L, in situ dual DNA-HCR JE3EER 2 38 & L 720y mRNA B H 7
WELTHLTCEDART Uy LVERALTWASZ EEZHLMC LT, 72, in situ dual
DNA-HCR %% VO CRUPEEERN O mRNA ORBEMRHIZ Bk Lz, S50, AFED
e LT MELXAVLRWFETHSH720, CARD-FISHIETHWS P —7 L0 b
R BEMENE N E B Z H5ND 2 EREARNONEMEFEOREZ S LERR, it
T ARTIEIL, 7 0 —7 OREE MR BE YO N ENETE M O 35 23 R #E 72 B E 9 D mRNA
DHRBEHIRHICE N2 FETH Y | in situ (2I1T DIE A BEFRAT oA BRFHTEME R E 12
BN — VT b eZE2bIVD, EHIT, AKEDA = =—F—Tn—7 %, REHE
EEALTWDICHEbL T —HEI Ay FEHNTELRmWFEREZAEL TS Z &
MAGNE IR ST, 6o T, B FRINAEL RALEIZHBEND MV U GfEE O tmod,
todC BT D BIEBL L T2 tmod, todC mRNA Zf@fEIICHRITT 5 Z E R ARRICR D EE XD
o,
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% 6 & In situ dual DNA-HCR &[T & A IREMEM T D mRNA DR TR H

6.1 [ZFL®IC

BREBEIS A D AR BB RE & BRAR 9 5 12 1T, 16S rRNA AR 112 IS\ = AT C U IR e
Band b, MAEMOEB PR IT T 251k E LT, E#EER T 2EN e L
7 v — fREAT (Hales et al., 1996; Rotthauwe et al., 1997) CUT4E CILERBEH D4 DNA % {8k
BIZRRMT B A 2 /7 ) Ii#HT (Tyson et al., 2004; Venter et al., 2004) <24 mRNA % @45
FNT7 AT YT = MRNTRORS R T E AT D T 0 T A — AR E S ST
By LU 2B DFIETIEIDNA, RNARK A7 E 2SN BETH D120,
in situ (\ZH T DA OEM A EIET 25 2 ENRAEETH D, FISH LT, BREMAEYD
DB R EZ N T 5 2 L7 EIAEM Z RO ORECRET 2N TE DY
—/L"C& % (Amann and Fuchs 2008), ZAVE TIZ, fAEMOABFHTEELZ BT 52 &
AT X DHEMN DO mRNA ROER 221 & U= @ FISH IEN W OGS T g
(Kubota et al., 2006; Pernthaler et al., 2004; Pilhofer et al., 2009; Bakermans and Madsen, 2002;
Kofoed et al., 2012), LWL 5, ZNHIIEHO T —T7THHRI X7 LAF K7
— 7 ANV FESCHFEDIREVEZELZAVWEFTETHY , FEOBHESST0—T 0
HIIRE L 7 1 — 7 DR RO REE R HE SN TE Y . PUIMRE W EIEE R Vo
MBRTH D (B 2 M), 22T, B 5 BIZBW TSRS Z AW WEBORRTR
mRNA W HEIR ORI 21T o7 (5 5 B2 M), AFIEIL. CARD-FISH V£ & [ E OH08
FETHY, —HEI ATy TF LA TEDLEWVFFREMEZ AL TWDLZ LR BN E RS
Too ABETIEL, mRNA ZHE T 272 0OIZFAFE 21T - 72 in situ dual DNA-HCR V£ % BREafiAE
IR AR L L ETHIE BIF D 2 L2 HINE Ui, RFEEZEA LoMEmIE, b
IVEUSRE & LT, bV iR

X, RRFHINCZIFIZ L TEHY crton o

16S rRNA 15112 X D f#HT CTld, Khs @ —— @ h

EO MV R R TE R0

BBWESN TN, fsT, k=T " Monoorygenase

CH -

s tmoA
o IRE A R B J7ik L LT RER (j///]“' on

(AT R E LI Sh T b, MM;“%;(“m, o
INFEFTHEINTWD bz 53R N —
B D% < 1L Pseudomonas JB\ZJE T D% a =

W T DD, & DA, Rhodococcus, Q}}; . @[ Dioxygenase

Comamonas, Acidovorax, Variovorax & -

EHEERIC Vv R & L CHY Fig. 6-1 Initial attack in deferent pathway for the
. . bacterial degradation of toluene.

BENTWD, £z, FHETIE TMT IS 8
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BT AMEDS M U fRICEEE L TWA AR D EOHE L H D (Luo et dl,
2009), =5 bV fREE, FICBTEX ICG RS- HES ML U 2BREL TN D
NAF VT 7 H—=E#E I TUWD (Hendrickx et al, 2006; Hendrickx et al., 2006;
Okunishi et al., 2012),

MLV REIC K D MV O fRIE, HeAIIZ monooxygenase B L < Id dioxygenase |2 X
5 HEEFEORIE, B L <1X monooxygenase |2 85 7 VX NAIBHOBLNDIRE D, HEER
DEANDEEIZ B 53 A l#32 1%, tolune-4-monooxygenase, toluene/benzene-2-monooxygenase
K OV toluene dioxygenase T & U . 7 /L X /LI EH O ERALICES 5 7 % B 3 X xylene
monooxygenase C&» 5 (Fig. 6-1), TNENDEELZE D% a— KL TV HEIEEE T TH
% tmoA, thmD, todC KON xyld Bin 1L, "M OEZMHTEb~—h—8RET&
L CHREHTICHV BT % (Hendrickx et al., 2006), + Z T, AMFETIZ, ZELT- hrx
> DOEYFHIFREMRE Z 7R L 7= down-flow handing sponge (DHS) VU 7 7 % —NDIHIE & £
L (h4F5, 2012), DHS V 7 7 % —NOD kL A fREE O % E KON kb o A3 R DR
IR 23 AT, AL Tl tmod BI5 1 BFBLT 5 tmoA mRNA KX todC BAxT 7>
53819 % todC mRNA ZHEH) mRNA & L7z, 9, DHS V7 7 # —NIT/AHET S hl=
VR % . 16S IRNA B in 1 L OMEREIEIE T (tmoA, todC, thmD, xylA i8in1) ZIERI & L
e a—UEATIZ DB T Uiz, RIT, RS FTRE Td o 72 tmoAd-, todC Bix
72 B3 BL L 72 mRNA (Z%F L C in situ dual DNA-HCR % F VT mRNA O 1 H 2 3
by

6.2 EERAZE
6.2.1. EBREE. HEIFES XU DNA i
AL CH = DHS U7 7 % —% Fig. 6-2

\ZoRd, TR O DHS V7 7 4 —1%, m&E 1 GC-FID

m. B 02 m DAT L LVABD I T AEHN Nutrient
Effluent gas<d&-------- P

EHOT, UT 7 E—RIC L, PE. FHO A 1T

3903 R—FAVREFRITTWS, ARV

:/E’:B{ZIKL: 62]:\ %BFH‘F7J(7LK&LL£E L/Tl/ \fifﬁ'l\i{ﬁﬂl? Upper zone

ML, Rz REEIE. 1000 ppmC (v/v) 12

BB EHCRELY T2 A —TFHhe hmy e zene
WA ZHH e Lz, £72. EFF L LT Al (@) Lower zone
TUE=UA (NHC), VoRE LTy o Ar@pepihiees

KFZET U UL (KHPOy) MOV ERKFE Tuee gas :U_Eﬁluent

U oA (KHPOy) ZiREG LTI A 4 & Fig. 6-2 Schematic diagram of the DHS
reactor used in this study.
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L. Mmoo EEEET CGNP=300:5:1 12725 X HICHEL T, VT 7 ¥ — EEind
HHAEKG L2, DNA i 21T o 7295181, Rl U BRERD 80%LL B & FER L, ALEL N2
L% 2 b5 ER 466 H B DIEIRY » 7L 8B L 7=, 16S tRNA &5 33 < %4k
WIRESERE TS FRAT I W = 5 T_1X. DHS U 7 7 # —NO B (U 7 7 2 —JEH» 5 0.7 m),
FER (0.4 m), FEB (02 m) O3 BFTMDL AR EEI L, PBS (137 mM NaCl, 8.1 mM
Na,HPO,. 2.68 mM KCl, 1.47 mM KH,PO, [pH 7.4]) {Zi& LIBIRDAH72< 72D £ THERL 7=,
BERE B s F D 7 v — URITICH W HIRIE, V7 7 2 —TFEn bRz, BRI 7215k
@ DNA #fiH} 1213 ISOIL for Beads Beating (Nippon gene) % W T, RS TW\Wb 7' 1w k=
— YL LT - 72,

6.2.2. 16S rRNA BIzFRU LI VN EICEE T HHRERTFEEME LIV 0—
#

ARBECTHWE7T7 A4 ~—% > % Table 6-1 (2779, Bacteria ® 16S rRNA &{x1 % &)
E L7227 a— U fEHTICIE EUB338F-UI492R D7 T A ~—+t v & HV, PCR RIIZIX
TaKaRa Extaq Hot start Version (TaKaRa) % i\ 7z, PCR iaiE 95°C T 2 4yl O g M %
ITo 7%, 95°C-30 #b, 50°C-30 £b, 72°C-1 43 30 DY A 7 V% 25 %A 7 MT o714, 72°C
TS MRS, MU iRl BT DHRERES 70O 7 v — U EFTIZLL T O PCR X
J&TIT o 72, tmoA., thmD. todC A& 1-1%, 95°C T 5 /yMAIHIE M 21T\, 95°C-1 4y, 65°C-1
I3 12°C-2 5y DY A 7 )v % 30 (tmoA)., 25 (thmD)., 35 (todC) A 7 W7o 7= . &% 72°C
T 5 G S/ T2, xpld BAG 713 95°C T 5 W RIFIIAMEETTV N, 95°C-1 47, 60°C-1 47,
T2°C2 53 DY A 7 )i A5 A T NAT o T2 F%, mi%IZ 72°C T 5 pfIOs S 7o, HEE L7z
PCR F#)1%. MinElute PCR Purification Kit (QIAGEN, Tokyo. Japan) {2 & 0 fE#L L. TOPO
TA Cloning Kit for Sequencing (Invitrogen) ZH\W\\/z 7/ 0 —= 7 %47 o7, TDi%, 7 u—
VEBEZIEIR L, &7 v —r ORI ZRE UT-, WERRSIOMATIZZ 15 34 4
MBS NI TV ) Iy 7 AU Z—IZFFE LT, 16SIRNA BIE 2S5 7 r—
ENT N BAF BT 7 v — &, Fast group 11 (Yu et al., 2006) % F v THEFEEEL S O FH [FEHE DS
97%LA & [F—d OTU & LTHMaMIT Lz, 4% OTU ORERELSI K& OEREE s T D3R
F)iZ NCBI @ Blast fH[FEIMEAR R Y — /L & FW Tl OHEE 21T > 72,

6.2.3. YU TILDFE

ARE TN L LTEREMAEMIX, DHS UV 7 7 % —RNO T OETEHICHFIE L TV D HE
i Lz, £9. VT 72X —TFENnb AR VE2HEER L, PBS (202 LIBIREHERLZ, ©
D% 12% XTHRNVLT T & REERLIZGIRICIRINL (R&ERE 4% X7 HRLVAT v
T R), BIRTI1RHOBEEEZITS 2, BE LT E, A7 L7 4 v — (pore
size :3um) ZHWTARMBMELZREL, AT L7 40— (pore size : 0.2 pm) % AW
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THRNICAER L T AWMAEMEER L7cik, EHIZERICH L,

6.2.3. ABMETHW:=T0—J
AWFFETHWZ 7 1 —7 % Table6-1 |Z7"¥, ABFZE T, mod mRNA K T todC mRNA
FEME Lz a—7 % v,

6.2.4. In situ dual DNA-HCR %

T ANE—IZEE SEEEEY VR KRR T e — A TTal s e, T o v H—
60°C THzIEFL . 50, 80, 96 %D EtOH IZENE 3, 1, 1 IR L THAREITo T, A
TIVHEAE—= a3y 7 7—1 (20 mM Tris-HCI, 0.9 M NaCl, X% formamide, 0.01% SDS,
10% dextran sulfate, 1% blocking reagent) (ZHHEIEE 0.5 uM 1T D K H 1T/ =3 = —F —
T —T7RE S, KAUT 15ul T L, 46°C T2 RFREILI ERMESE T2, D%, AT
A4 Rix, 488CONAT IV XA E—T a3y 77— (20 mM Tris-HCl, X M NaCl, 0.01%
SDS) 12302 L., g Zi7-o7-, TDH%, 7o 7V 77 A r—v a2y 77— (50mM
Na,HPO,, 0.9 M NaCl, 0.01% SDS, 10% dextran sulfate, 1% blocking reagent) (24 ¢/ & 12
ik L7 D1 LOYD2 iR 2.5 uM 12785 K H12N&x, 46°C T30 mwliicMEstw, v 7
FVHENE ST, &ElZe T o — T DL, PBST (1xPBS, 0.05% tween20) T 4°C. 10 /)=
LIEEHZITV, MQ T 1 iR L7, 0%, 2BIHOMEZITH T, 77V 774
—a Ny Ty —|TENE AR LT C1 KON C2 2R A&RE 2.5 uM (2725 K 512
Z. 46°C T30 IS, 2BIBDO Y 7 FVHIEEIT -T2, H&%IZ. PBST T 4°C, 10
i LEEEEITV, MQ T 143, EtOH T 1 /iR L. Biz S H7z,

6.2.5. IEMIRERES

CARD-FISH {£& O in situ dual DNA-HCR {EIZ W= 7uid, #REARGIEA] (ProLong
Gold Antifade Reagent with DAPI, Invitrogen) THE[ A%, BEISSTHIZICHE Lo, BAMEIIZIX,
W O PR S BX-53 (OLYMPUS) % H V., BEOHRFIZILZ CCD & A 7 VB7010
(KEYENCE) % Hv 7=,
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6.3 ERBERRUVEER
6.3.1 16S IRNAEIEFITE D DHS ) 7V 2 — SR DWMAE MBS E RN

NI T VT ZfERE Lic a— Ui TR o s v—r O -l L ~L T o533
% Table 6-2 (2, £/ DHS U7 7 #—HNTHE L L TV v—El50 Blast #H R
R R & Table 6-3 (277, A{HIREREUGETO OTU k& LIz R, i, T, F
HlZBW T 42, 47, 52 ® OTU B G b7, FGIRERIGHTIC L 5 OTU Hizi
VR B AR5 T2, 16S IRNA BB FEANT LS < SRFMHT OFE R X TOIGIRERIR
Yt T Proteobacteria MY, Bacteroidetes M. Verrcomicrobia 1. Firmicutes FIZJ&3 % 7 1
—UDEEL TW e, 7 u— RO -{i L~V TORETIEL, BTG X 5%
EYOFEFIE R NTNOEF & HIFERA L Thofz, FIT, ZEO ML= U5
F1E$ % Proteobacteria Y (Zeyaullah et al., 2009) ([ZJ& T 257 v — 1%, T X TOIEJEE
WOGHT T 50%LL LAAE L Tne, SiGTRERIGET T2 < f#4£ L T2 16S RNA Eis¥
7 v — > @ Blast FHRIMEM RS R BRI O h v U5 fRE & & 2 HILD Pseudomonas &I
BT DI EWRE (Hendrickx et al., 2006) M V&L 73 i & C & % Bacteroidetes P2 )& T
% Acidovorax caeni (Keylen et al., 2008) DOiTixfE7e 23 L TFEL TWEZ LB
mEipol, MU EEE L TEX

» . Table 6-2. Bacterial 16S rRNA gene clones

LD —ERD Pseudomonas JEIXT TP retrieved the DHS retained sludges.
Y TARBGBCHELTHY RIS Number of clones (% of total clones)
ML HAOFANNIZHE L . hbm s Clasfication Upper  Middle
BENRLEWEBZOLND U T 7 X —  Protobacteria

¥ e = Alphaproteobacteria 5 (8) 9(15) 6(8)
37 3 - VAN : V2,
D ASIES hov -7 ﬂfF & % A BaD Betaproteobacteria 10 (15) 13 (21) 14 (18)

Lower

P. putida F1 @ﬁ%%%ﬁ iR N BT a—20 5% Deltaproteobacteria 6 (9) 305 5(6)
ja 2234 10 (16 16 (20
BIE (79 7 m—2th 4 pu—y) gin Sk 2091009 16w
TV \fio Z @%% L. P putida F1 i1 Flacvobacteriia 7 (11) 1(2) 4(5
y N TN . Sphingobacteriia 4 (6) 7(11) 13 (16)
FE/NDHS V7 7 X —IZBIFT5 bl Criophagia 20 20)
éj\ﬁg \Z Bg 5“@1— 5 & % z b A F fcﬁ ?;“{ﬁ(i#@ Verrucomicrobia
- Ve icrobi 3(5) 5(8) 8 (10)
ThH LRI, 7. LT Firmicuteserrucomzcro iae
meta & L <X ortho BAZHZ X D ERBAZLIC Clostridia 3 (5) 4(6) 79
S Tk )~ SN AT e oA SN\ AT Viostridia 34
LT ﬁ*& R 7 ﬁfF S s ° ﬁ‘*ﬁ% E&ﬂ ﬁfF Acidobacteria
ELTHLILTWD A. caeni (Keylen et Acidobacteriales 2 (3) 4(6)
® Solibacteres 1 (2)
al., 2008) AEERO 1oL LT s Planctomycetes
7-3K & LT Y 2= :/ﬁj\ﬁﬁ NG Planctomyceteles 12)
. ol ol 2% Lo Planctomycetia 1(2) 1(1)
ARSI BREIED A caeni 12X >TH e 20) 20)
RSN TWEZ LICER LTS EE L Total (%) 65(100) 62 (100) 79 (100)
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Table 6-3. Analysis of selected clones from clone libraries constructed with amplicons from
each sludge of DHS reactor. The closest match was determined by a BLAST analysis of
GenBank

Sample gi?;t;zg Close relatives Identity (%) Arfﬁf;:;n
Upper 4 Steroidobacter denitrificans 94 NR 044309
4 Luteimonas marina 98 NR_ 044458
3 Empedobacter brevis 82 NR 042471
3 Candidatus Solibacter 93 NR 074351
Middle 8 Acidovorax caeni 97 NR 042427
3 Stella humosa 92 NR 025582
2 Variovorax boronicumulans 98 NR 074646
2 Moycoplana bullata 99 NR 025831
Lower 5 Acidovorax caeni 98 NR 042427
4 Pseudomonas putida F1 99 NR 074739
4 Pseudomonas aeruginosa PAO1 99 NR_074828
3 Acidovorax defluvii 99 NR_026506

bivd, o, FRMEAEIEEMO —FETH D o -pinene AW FHNINE L TWH YT
7 B —NIZHEREIE S IEE D 1 DL LT A caeni B SILTUW5 (Cheng et al, 2011),
DM, MU fRE & L TH X biLD Mycoplana bullat <> Nevskia sp \ZiTkx 72 7 v —
YRV T 7 E—HE ROV ET 2-3%FREAFE LT e (Velen et al., 2012; Juteau ef al.,
1999).

6.3.2. BEEEERFICE DK DHS V7V 2 —BRDMEY B LB EREN

MU GREE LTEXONDLZHEOMEMNPFEL TNV T 7 Z— TG
ZHANWT, M OB EO BRI DI ZH O BERO—H %2 2 — RN LTV HHEREE
f5¥ (tmoA. thmD. todC. xyld) 23> 7 v —VfRITZ21T70, SEEELR T2 AL T
WADIEM DR E 2R AT, £, PCRIEIC XLV BEEREE R T OHIE 2 35 7208 xyld &
G DOIBILFHEEN L O NRho T, xyld Biaf%H Lz My VR II o kv
TUGMRE EHE LTS A BT A EPARNETH DL Z LML T WD (Duetz et al.,
1994) . xyld AT 1T, B IRICHOWEEBRTIZIIFE L T2 e (T —4
FERTR), VT 7 X —NTHO Mv U fRHE & BiA LIRS, xild BIE1%2H LE
MITHETEH R 2 Do T D TIE R W EE 2 BV D, Bis THEIE SRS T & 72 tmoA. thmD,
todC Bfn 1D 7 v — U fRHT O K% Table 6-4 (2779, tmod. todC BT %R E LT
T, ~—ty F TIIENELR O a— BN ELNT0, thmD &is T2 ER e L=
74 ~—&v NTIE, thmD Bx T TiL72 < phenol hydroxylase (ZiT#x 72 Bm 7035 B i
7=, Phenol hydroxylase |£., 7 =/ —VHEZRMTL2METHY, 7=/ —/)VHEHIT
Monooxygenase (Z £ 5 MV U fROIEBRICE WTERINDL Z LR 6NTW5 (Fig.
6-1), F7-. Phenol hydroxylase I&, tbmD Bin T & mWHMHEMEZ AL TWD Z LN BN
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Table 6-4. Nearest match strain for each function gene based on cloning analysis by using
each primer set

Primer Number Close relatives Identity (%) Accession
of clones number
TMOA-F/R 69 Pseudoxanthomonas spadix BD-a59, TMOA hydroxylase alpha subunit gene 87 EU734589
SRR 2 Pseudomonas mendocina KR, toluene-4-monooxygenasegene .S 95 ... AY552601
TBMD-F/R 20 Azotobacter vinelandii CA6, multi-component phenol hydoxylase alpha subunit gene 92 CP005095
Burkholderia sp. HA-OP24, phenol hydroxylase alpha subunit gene 84 JQO15321
Pseudomonas resinovorans NBRC 106553, phenol hydroxylase P3 gene 82 NC_021499
8 Oleomonas sp. SJ-1, phenol hydroxylase subunit gene 91 JQ346085
CTODC-FR 49 Pseudomonas sp. LUN2, toluene dioxygenase gene 99 EF683125
8 Pseudomonas sp. chlorobenzene dioxygenase terminal oxygenase large subunit (fch4a) gene 92 U15298

TEO, BERICBWTHFRBEORERIE STV 5 (Hendrickx ef al., 2006),

tmoAd BR T ZFER & LTe 7 v — Uil TlE Pseudoxanthomonas spadix BD-a59 #£ D & >
tmod EAx T D HLILELFH] & FHFINE 87%D 7 1 — 2 8 todC B T ZHEH L L7 v — R
M1 ClX Pseudomonas sp. LUN2 #KD & D todC & 1n 1 DOHEFEALS & FHRIM: 99% D 7 v —
DMEERICH S 72, 16S IRNA Bia 22 s Lc 7 v— U igfr Chith shie b=
ViR P. putida F1 BRIX todC Bl T2 B L TWVWDH Z ENHAILIL TV A (Hendrickx et
al., 2006). todC B ZHIEM L L7 u— U Tl Sz oz, BEHRIZEB W T
b 16S rRNA B K OHREEE T ORI RAN —BH L2 EhAmE S TnD
(Okunishi et al., 2009), ZOERKR & LT, £HME D 16S rRNA Bl 2B E L7 r—
IEMTTCIE, TRTO M U AR LU R o e RREER B X bivd, £,
16S rRNA B5 T2 & LT 7 v — T Cldi S e o 72 tmod Bz T2 AH LT
WAEMIZL, tmod BT 2B T5Z2 N TEL7 794 ~v—y NEHWDH Z & THRIT
HIENARETH ST, ZORR LY DHS V7 7 —HAD bbx 53 fiR B 1%, 16S IRNA
BETEZEMNE Lo — Vi TRBSN., MU OfEE L TEILNLD P
putida F1 ¥, Mycoplana bullata <> Nevskia sp.LAIN D V= U 3 fREIZ K > TH b= oM
RS VT ARBER R WD E BB N E R o T,
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6.3.3. MLIUARICEET 2REMEND mRNA DR TR
U7 72 —NIZE T 5 MADREERE G
FENT OFER. tmod. todC EIn 1 ZHEH) &
L7 74 ~—ky M TRENRSIED
BT OBRHNAIRETH -7, £T, AF
o A A EZ T 2 7201,
CARD-FISH iR Z 84 5 BRICE RS 5 Fig. 6.3 False positive signal by endogenous
T3 & 2 BRI OWNAENE HRP EMEIZ-DVY  peroxidase activity. Each double panel depicts
THR LT, ORI, 70—7 2 T showing idertical flelds. The bar represente 10
FTLHF T I RGN ELN, FikhsE I
Yntg: b7z (Fig. 6-3), fiE-> T, AHF%E
[CHWT=H o 7V HRITIENTENE HRP IEMEZ IS SH D MEEN & HDMAEMNFIEL TV 5D
ZEVNHLNE IR ol ARWFIETIX, NFEM HRP G2 05 S D HEES ML EE /2 in situ
dual DNA-HCR {EX AN Z R AN T D BRICITARN TH 5 LW L, tmod., todC &
BFEIENE L7+ U — R I A4 ~—DOHMEHES 2 A =2 = — 2 =T m—7([THA L
7= in situ dual DNA-HCR {£Z AWFSEICH W B Y vz s 72, £3. A4 R
T in situ dual DNA-HCR {£4 0 1] L7221, WAL O A3 2 <AFEL TERD,
ROFENPRNETH T, Y TVHNO AR DEREIL, AT LT 4 )V Z — (pore size :
3 um) ZHWTITo7, ZORER, EIROHZEIT 52 LI LTz, LInLRRs,
FE U722 W TERZIT o720, AT 4 R EBIERRNREENELNT, £,
ZOIFRAENIT, A =2V o—F—F o —TOFEICERRLSEONT, WEoT, i
RB7a—7OWEINECHE & D & B 2 FIEEHERITH 5 tween20 Z K70 —7 0
Peldn i L, FERR B2 B DR EER AT, ZORER, 0.05% tween 20 % PEiFRIC
W3 % 2 & CIFFRO 2B OMBNT KT Uiz, ZIVE TOMFHEERN S5 6 N7 o
Z:AFZ VT in situ dual DNA-HCR VA BREEH o TSR R T8, IR DR E B
PRI T AR OFEFR DO todCBAL T %A LT P. putida F1 BRIZUTRR 78 7 v — 14,
KISURREE LMAIEL TR BT, £ 72 mod Bin T2 A LIZMAEMIL 16S tRNA Bis 1 & 1T
W& USRI ClIR i ST nWZ E 2B BT L, o7 i bz gy
EEDTFAE L CWDEIENIEF IV enWeE X T2, £Z2C, A4 FEZT7 774 LT
HENDIZNO T2 WnEEZ, AT LT 00X — (pore size : 0.2 pm) & HW\WT 7
ANV — RICEIRAZEIR LTz, £ORER., AT7A4 FETITS X0 6 Z < OEIKICK LT in
situ dual DNA-HCR VEZHEH TEX 2 L9 1C2 o7z, £7 . MEORENRLZHER TH 5
EUB338 fiEJak(Z5f L in situ dual DNA-HCR VEZ 3 ] S B 7o fE R, &ML 7o 7 e — 7 kDt
HaiFH LD LTz, ORI D | BREY 7L O[EIE T ER in situ dual DNA-HCR
EOT7 v ha— )V IRER N LB G E 7o 72, IRIZ, insitu dual DNA-HCR {£IZ X %
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tmoA mRNA OBk H 2 7 A 7 5
REHOBEENSEINE/TDH Z LI
%2 L7 (Fig.6-3, A), =510, s
WIRE RIS REAT DFE R KV tmod Bin
FTEHLE N UNEE LY L 47
EBN LN EBZ HIVD todC BEi5T
EAE LT bV U5 D todC
mRNA DT 2 A7, €D
FER T 4 V2 — B IERE R A E Ok
DFF DT, —EOEER B b HOb
M5 57~ (Fig.6-3, B), £7-. “h
oWt A=y o—F—Tu—7
ERHWRWRTIEELN RN T2
(Fig.6-3, C), 1t~ T, FoHn-Hok
X, tmoA, todC mRNA HKTH 5 & ¥

. Fig. 6.3 Detection of tmo4 mRNA (A) and todC
rL7e, mrRNA (B) in toluene degrading microorganisms
from sludge of DHS reactor by in situ dual

DNA-HCR. (C) : Negative control (without initiator

6.4 £&H probe). Each double panel depicts DAPI staining
e . . (left) and epifluorescence (right) showing identical
ARETIL, insitu dual DNA-HCR % fields. White arrows indicate positive cells. The bar

% mRNA |Ciifl S 2 BRss gy oo Tepresents 20 um.

BENMOARALF VT 7 HZ—HND kv

T VR ORTR) mRNA O 2 A7, £9. M= T AZWE L TW5 DHS U
T U B — ORISR 21T > T2/, 16S IRNA B F &2 ERE LI2Ga, V72
B —TEIC MV U 5 fRE & LT 2 BT D P. putida F1 \ZUTRk72 7 10— 2 13K 5%AF
FELTCWe, &6, BB 2 & LT Tl, 16SRNA B A2 ER & Lic
=R IR SN o MV U R AR T 2 Z E R ARETH - 7, 1E- T,
AW DHS V7 7 2 —WITIZZHEO ML U ERAR L TWD 2 E R B0
Elpote, WIT, MU RENPER L TWVWDHEEXLNDDHS VT 7 4 —HNO L=
> 51 O mRNA % in situ dual DNA-HCR #£% W TR 21T o 72, TORER, 7
AN =D IEFFRI 2 EADREOND N, MV U RICE S T oMEEREE T Th D
tmoA, todC 511> HFEHL L 7= tmod, todC mRNA ORIk HIZR%Th L7,

& XXk
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FETE BiE
71 KB TITo1=2 &

ARFZECTIE, BrROH LR & L CHCR HEICHEH L, FEEAEH D RNA } X mRNA
ZRER & L2 LW ERE FISH B0 EZ1T o7, £7o. ML= U2 EWafiE L Tnd
NAF YT 7 2 —NOWAEMBEME SR 21TV A OMEE & BfEA —E L7 hr
TUNREEREET D E EHIT, VT 7 X —NIZAEBE L TWD MLx V53R E O mRNA O
BR AR AT,

£, % 3 TETIL HCR B2 AW TEEAY O tRNA Z4EH) & L= @dE FISH (in situ
DNA-HCR) EDBAIF A#17V >, BE% L7 in situ DNA-HCR EDOFFE 2448 L7-, In situ
DNA-HCR JEIZHW=7 2 —71%, FISH 7o —7FE 4 & HCR RSICHWS A =3 = —X
— B S B S bR = o— X —TFa—T7 K Choi LARHEHL-MES o —7%
RNA 725 DNA IZAEH L7k 7 e —7 % H\\We, £72, insitu (23515 % HCR I&iE, HCR
FORMZ N 2 SO IR SO OGS RER O 21T O i b L7z, # O S, in situ DNA-HCR %
DHEOCHREEIX, FISH (5 TR LN DEEHRE XY b8 8 FREMmI o7, 7. in situ
DNA-HCR {EIZHWD A =V =—H — 7 10— 7 DRV %8 %, FISH ik L RIRRETH
V. FISH {ECHWAD MR LRRETHEMA T2 LN CTho7c, EHIT, in situ
DNA-HCR {EIZH WD 7' v — 7 OHIEIR%EYE % Methanosaeta concilii }2 O8N Bacillus subtilis %
AW THER L7 R . CARD-FISH IEICHWA 7 u—7 10 L iR EMEN SN2 E 03 5
mEleoTe, AMRICEY, FEAME RS E LTDNA 72 —7 %2 H\\We HCRIEIZEL D
A FISH IEZBAFET 5 2 LIThB L, @i FISH i & L CIAEDR @SV Z & 28 L
77

HATETIE, B3 ECTHIEAEIT o7 in situ DNA-HCR E&BRBED > 7 /VICEA L, BREE
B T TS D FTREMEIC DWW TS Lo, B 7 VEREMAEMICIL, K RNA A &
DWEMN L S AFAET D T & DNME SN TV AIEETICA BT 2B L OS5 ==
— BT B OB E AL TE IR N O Bl R 2 =, £9°, AR ALEE 4 Jifi L 7= 32 o
B A RER & L7236 in situ DNA-HCR iEDHH#I%, CARD-FISH i & R E OB %
55 Z LT Lz, ZORERNS in situ DNA-HCR 1%, CARD-FISH 2% &[RRI &
FEFISHEE L CRAREBRE FICEREL TV AMAEMICHEHATE D2 ERHLNE R ST,
S5, BEEMEEATGIENICAR L, — RIS HIREBE LB oD fii b S IR 8 C b 5 Al 12
%f L C in situ DNA-HCR £ M &7 #5 5K, CARD-FISH #£X° FISH £ X 0 & SV VB R
R LTz, $€- T, insitu DNA-HCR J51%, K rRNA &8 &30 7 Wil 1o kF U CRpICH
N TFETHDEE A D, DI, BEMEEIBIBIENOME, &l & O Methanosaetaceae
B X Z R ME ORIREGL A S P S, in situ DNA-HCR 7£% FISH 1£X°
CARD-FISH D K YIS EREODON—T 4 U —7 L LTHATE DI E L TR L
77
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HSETIE, I u—7 OMIEEMENE in situ DNA-HCR £ B L, Y ORhE
BT D 2 LN ATEEZ mRNA ZHEME L7 A mRNA B H A (in situ dual
DNA-HCR %) DBAZ 247\, BA%E L7= in situ dual DNA-HCR JEDOF5&E 24042 L 7=, HCR
IZ K DHEOEHEIEIL. 53 EAOE 4 EICHWAMME o — A = m—F —FS
AR HE T =T R OFEDOA =v—F—F¥n o ERINERTHRET a—7
DEF 4 DOMET o —TE AT 7o, £9. RNA O ERLONTHEIENES 72
EUB338 fHI AL LT, 71 ha— Lokt airo7=, TORR, " TV XA E
—a Ny 77— R OME R SHRIZ dextran sulfate &2 (N blocking reagent & /Il 2. 5 Z & T
B 708 EHE IR 25 B 5 40 in situ DNA-HCR V£ & L UCR 3 R OdObRE 2155 2 &
IZRRTh LTz, & B2, ZOHEHE L, CARD-FISH & RIFLE CTH 0 JFEAEM D mRNA
EHREAICREHE SRR T vy v ER L TCND Z ERFA LN 72572, RIC R mRNA
E LT MR T HEREER - TH D tmod, todC BALTNDHRBLT D tmod,
todC mRNA ZiEE L, £DO mRNA ICZHET LA =32 —F =T m—T7 ORFEITo72,
A=y —F—7a—7 O REM X, Clone-FISH 5% W Cilli L 7=, T DfER, &%
LA =z — =T u—7 %, %% O mRNA (I L0 572729 insitu TO
BRHICEAFGETHD LW LTz, /-, TOAf=v—F—Ta—7F, —HEHEI A~
O F W TEDIFICEVVEREEZAE LW TWASZERHLNE oz, £, AFiE
Z O THIPERR T O todC mRNA ORI HIC S T L7z,

556 FETIE, BT mRNA # I & U CTBA%E %447 > 72 in situ dual DNA-HCR £ DB
AT D FTRBEIC DWW TS LT, 7. EMAEMEZRET 572012, b
TV GREAT O TWDNA AV T 7 X —NOAEMBHEREMRIT 21T\, hLo R
PR Lz, ZOREE. AW AL 3 Y 77 2 —NIZiE todCBIa 1528 L TWD Z &3
HAILTWD P. putida F1 BRIZITHER 7 02— DI 6%FEL TWDH Z ERPH LN E o T,
Tl REEBE TR LT 0 — BTN D tmod Bin 128 LToMAEM HE DA 4V
TIE—NIZEBLTWDHZ ERBHLNERST, £2 T, TONALFV T 7 X —RNITLF
FELTWD MV REN D tmod, todC E{s 7> HFE8L L 72 mRNA (2% L T in situ dual
DNA-HCR V£ ] S8, BREMAY T O mRNA OREHIMH 2R -, O %R, JEEE
B2 s NS Ao b OO OE KN LEt a5 2 LITkB Lz,

72 AHEROLEDIT

ARFFEClIE, HOCHEE AT ISR BOG 2 IV 720y HCR 275 LT L iEd% FISH v
DRI EAT o T2, AW CTRRE 21T o T MAED TR R I EITIL, MED OIRED TR
rRNA Z 45200 & L7287 (in situ DNA-HCR 15) R OMSAED OMREA IR T2 2 & BN A[HEZR
mRNA ZHEH) & U7=H4lF (in situ dual DNA-HCR #£) @ > ToHh 5, AHFFE TER%E L 7= rRNA
ST mRNA Z R & L7z @RS FISH 15 & 16k O & FISH £ 0O Bf%% Fig. 7-1 LW
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—1 Sensitive FISH
Probe type —| Oligonucleotide probe }
Signal Enzymatic Multi-labeling Probe network
amplificaiton
Target rRNA mRNA rRNA mRNA rRNA mRNA
CARD-FISH| | CARD-FISH Click-FISH - In situ In situ dual
Two-pass DOPE-FISH DNA-HCR | [ DNA-HCR
TSA-FISH In situ dual
DNA-HCR
Probe type —| Polynucleotide probe “
Signal Enzymatic Multi-labeling and probe network
amplificaiton
Target rRNA mRNA rRNA mRNA
[ - j [CARD-FIS;] [ FISH _] [RING-FISEJ

Fig. 7-1. Schematic diagram of FISH. In situ DNA-HCR and in situ dual DNA-HCR were
introduced in this study

Table 7-1. Comparison of FISH methods for detecting rRNA in prokayotes
FISH methods for detecting a rRNA in prokaryotes

In situ DNA-HCR In situ dual DNA-HCR CARD-FISH DOPE-FISH
Probe Oligonucleotide Oligonucleotide Oligonucleotide Oligonucleotide
Signal amplification Probe network Probe network Enzyme reaction Double labeling
Signal intensity *! 8 times 24 times 26-41 times 2 times
Specificity High High High High
Probe permeability High High Low High
Inactivation of EPX *2 No need No need Need No need
Reference In this study In this study Hoshino ez al., 2008  Stoeckeret al., 2010

*1 Signal intensity of each method is compared with that of oligo-FISH.
*2 EPX : Endogenous peroxidase

Table 7-1, Table 7-2 (2 A FiEDwH Al Re 2584 Fig. 7-2 127”7,

F9. rRNA Z4ERY & L72 in situ DNA-HCR (£, 7€k mEE FISH IEDORIER TH - 7o
7'a—7 OMRREME A RIS D Z LN ARERME— D ETH D EEXTND, ZNET
2, ZOMEEMRIETHHELT, £V IAXT VAT K7 a—7 OEEOECE & 1=
T2 HEPNL OEE I N TS (e.g. DOPE-FISH #£), L2>L 72235, DOPE-FISH £ D
HOETREE L, FISH 15 & Bl L T2 fEREE S W EE STV DA, TR THEOEIREN R
+TH Y BRERE FICAERT2MEDITEHANRETH DL EE2OND, 6> T,
7' —7 OMIREME E < FISH (& & g LT 8 (HREE O EHE NS H LD in situ
DNA-HCR {E1L, & FISHIED — oD 7' g 2R D12 TR, ZhvE TR
HCTHoTMEMORBICAN 2 TIETHDL EEZHND (Fig. 71, Table 7-1), 72, in
situ DNA-HCR 5|2 & 2 M 23R EE 7o A1 1%, 8% o FISH ik & b U THY 24 (SRR
BV TR ZH L, mRNA 721 T72 < rRNA IZ b AIHE T4 2 in situ dual DNA-HCR
EEEATHZ LT, MENRESIZD EEZ LD (Table 7-1),
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Table 7-2. Comparison of FISH methods for detecting mRNA in prokayotes

FISH methods for detecting a mRNA in prokaryotes

In situ dual DNA-HCR Two-pass TSA-FISH CARD-FISH RING-FISH
Probe Oligonucleotide Oligonucleotide Oligonucleotide Polynucleotide
Signal amplification Probe network Enzyme reaction Enzyme reaction Probe network
Specificity High High High Low
Probe permeability High Low Low Low
Inactivation of EPX*! No need Need Need No need
Reference In this study Kubota et al., 2006 Hoshino et al., 2008 Zwirglmaieret al., 2003

*1 EPX : Endogenous peroxidase

F 72, tRNA ZFEp L Lo ARKFEE, BMAEDRIUEE ARG bE, v 7Ly =
J 2w I AEHTIC X D RIERMAEM DT ) LEFT R FIRRIZIR 2 O TIERW N EB X2 T 5,
BU/E ., 15 rRNA &8 B34 ORFZ21213. CARD-FISH #2256 STV 428, #:F L Hy0,
RHCIED DNAIZH A=V H 5 TWD AR H D, Flo, DNA KON X7 B 528
BEHDLNRNTHRNVLAT VT e FICKAEETIE, 72— A N A—Z—TREIL L 7=HMEY
ND DNA INENEADTHZ L MESNTEY, MAEMOLRT ) A EHIET 57211
[ E 2T D NEND D, (o T, Y u—T7DiREMINEV CARD-FISH & Tlix7 /
LFEATIZIEE LTV, fEo T, MBS ESM o Tk & it U TR <, DNA IZH A —
VaHBRZIRWARFIEL, EOLORT ) LAEIICHICMT 5 ENRHRETH D EE X T
Do ZOM, AFEOEMGIES LTI, WEF L TAEDELL S RNA OF 1 U4
23072 < TIRNA OFELED D72 WA O 43 BERG 2R 236 1T D R O Ml 2 FRak(I i
HAT&EbEEBELTND,

RIZ, mRNA %t FTRE 72 97 K =1 & FISH V£ T & 5 in situ dual DNA-HCR 1%, BE# X
JGESEL LAY 270 —7% - mRNA BB E L THE—D HiETHDL LB
X HivD (Fig. 7-1), B3R S & FHO RO R EE FISH {4 & L C RING-FISH {4723 ME— mRNA
WCHEH SN TWDFETH D, LarL, RING-FISHELX, AU X7 LAF K7 —7 %A
WABHIETHDLT-D, BOVFFREZ RO ENRNETH D, o T, AR THA L7
mRNA OFEIC S 2~ v FEBITIMERH L H5G1T, R X7 LAF FFn—7
TOHEHANPKNETHDH EEZOND, AV IXT VAF R e —T2 e hike LTL,
CARD-FISH {E23 5 ST b, LarL, CARD-FSIH i5i3, 0 FEDRKEIWEREE AN
LI OFMPABEEE RN LB TH V) | ET2CORERIC L 2BGIEO SN G LN 56 b
SNTWVD, o T, RBFFEICHW TGN 2 R T 8RBV o 7L~ 03 P iR 2 M 53
RWBZAED I x LT, BRCEERSSCRY X7 LAF R 7 —T 2 AV WARTER, A
N FIETHD EEZ LD (Table. 7-2),

X 5|2, DNA-HCR [ZHWAHE T e —7F, f =v=—X—7a—7 bR
RaRmTZEnWENE o0, E->T, HBEODA = vz —F =T u—T KRR 7 v —
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Table 7-3. Comparison of novel sensitive FISH in this study and HCR-FISH of previous

studies
Methods In situ dual DNA-HCR In situ DNA-HCR HCR-FISH
target Prokaryotes Prokaryotes Prokaryotes Eukaryotes Eukaryotes
Probe types DNA DNA RNA RNA DNA
Target molecular rRNA, mRNA rRNA rRNA, mRNA mRNA mRNA
Signal / Noise ratio High High Low Low High
Handleability High High Low Low High
Probe permeability High High Not tested Not tested Not tested
Specificity High High Not tested Not tested Not tested
Hybridizaiton conditions *! 46°C+X% FA 46°C+X% FA 55°C+50% FA  55°C+50% FA 45°C+50% FA
Amplification conditions*! 46°C+0% FA 46°C+0% FA 45°C+40% FA  45°C+40% FA 45°C+0% FA
Amplification time 4 hours 2 hours 12-16 hours 12-16 hours 12-16 hours
Reference In this study In this study  Rosenthalef al., 2013 Choi ef al., 2010 Choiet al., 2014

*1FA: formamide concentration

THEMET AT T, RRICERDEMNEZRET 52 ENRAETH L, > T, mRNA &
rRNA OFFYAEDOLHEPLALMRO FIE LR L TESIZR D EEZ TS (Fig.
7-2), ZiUE TIZ CARD-FISH {EIZ XL D ZEGEHFIENPHRE SN TWDHD, ZLEPEEEITH
Te OIITEMERBER LI TH Y | MIRR B MR 1T K D BEGE O % o R © 3
RIZIRANECDGENEZND, £lo, DO X5 2EE LOMENS, ZHETIZ
mRNA [F] OB B AR 1-[F] £ O RIRERR T STV 7220y, ABFZEA D) L, mRNA [F
RO BR TR LA FRFICH 95 2 & N AIERICZ2AUE, 24U E TLL R in situ (281
DR RTINS AIREIC 72 B B 2 TV D, Bl xIX, AEFRTHEMN & Lz Lo v o fif %
? 16S RNA ZEH) & U7 fiAT ClrIpkne 4 M7k C & e WA O AR IRt L7
AR L OZEM oM OHED FREIZ /e 5, F 72, rRNA Z4%EAY & L7Z in situ DNA-HCR
15 & RIS I & bHAEDED ZEBARETH D EEZXTVD, T &
F 2D & ARG TR 21T o 72 HCR 15 % AW 28BS FISH 75 (in situ DNA-HCR 1%
J% OV in situ dual DNA-HCR %) 1%, BREMED ORI 2R 2T 57200 T/ | Bz 2l
TEEHMBEDED LB ARTH DD, RIFE, HERMEMOERBMHEHIZRE <%
H3aoboEEZBND,

e fR 12 AHIFE CRA%E & 17 - 72 in situ DNA-HCR #: } O in situ dual DNA-HCR 7% & i3k
HCR % FV 7= FISH ¥ & O tbifi % Table 7-3 (2779, EEfEO#HE TIX, HCR E42 W=
FISH /A IZEAMICHE A ST 5, JFEAY O rRNA I &7z HCR-FISH 741X, RNA
T —T7EHNTWAL T ERBIENEMETH Y, o, 1= 2—F—T 0 —T DR
SIBRI SN TV R, KRBFZE TR L8, /A =y —2—7 n—7 OR iM%
HOMZILTRBY, f ==X —Tu—T ORI EEESTHZ L Tl O FISH 1k
ETRIU K D ISk 220 FTRECd B, IR ICAMISE TR 21T o 72 2 DO
A FISHYEO 7' v ha— L& L, RimslEfio< < & Lz,
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Sensitive FISH

Tasks || Problems || Solutions

Detection of IRNA  ——|Low abundance | —={Enrichment by filtration
i en\{lronmental i L~ Low rRNA contents | —— CARD-FISH
organisms

— Polynucleotide probes
—In situ DNA-HCR
——[ In situ dual DNA-HCR

— Low cell permeability | —— Permeabilizaiton
—In situ DNA-HCR
-~ In situ dual DNA-HCR

—|High peroxidase activity = Inactivation by chemical

—In situ DNA-HCR
—=In situ dual DNA-HCR

L~ Low probe accessibility] ~|:: LNA, PNA

helper probes

—|Low signal/noise ratio | CARD-FISH
In situ DNA-HCR
In situ dual DNA-HCR

tion of MRNA —=|High peroxidase activity] Inactivation by chemical
vironmental micro- In situ dual DNA-HCR
isms
L~ Low cell permeability | Permeabilizaiton
In situ dual DNA-HCR
L~ Low probe accessibility —={LNA, PNA
Simultaneous detectio ILong working time | —=]In situ dual DNA-HCR
I and mRNA [Low cell permeability | Permeabilizaiton
or mRNA and mRNA -
) ! ) In situ dual DNA-HCR
in environmental micro-
organisms [Low probe accessibility] ——LNA, PNA

(Modified from Wagner et al., 2002)

Fig. 7-2. A guide for solving frequently encountered problems with FISH. In situ
DNA-HCR and in situ dual DNA-HCR were introduced in this study
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In situ DNA-HCR -Yamaguchi et al., 2014-
Reagent

‘PBS

* 1% low melting point agarose

-1 M Tirs-HCl

*5 M NaCl

- formamide

*10% SDS and 0.01% SDS

500 mM Na,HPOg4

*TNT (0.05% tween 20 in 100 mM Tris-HCI, 150 mM NaCl)

Sample preparation
For slide

1.

1.5 mL tube (Z[EE Y > 7 /L% x volume, 1xPBS % (1-x) volume, 0.01% SDS % 0.1 volume
Mz %,

2. 0.1 volume ® 1% low melting point agarose % 8 {2/ 2., 60°C F2EE TIENT 5,

3. AT7A RIZT 774 L, 60°C T 10 HEREGEIES,

4, RS H TV, 50, 80, 96% EtOH (ZZ 24 3, 1, 1 iR LK S H® 5,

5. B EH 5,

For filter

6. BEEV L TNEERH LT 4NV E—EERFMEIZEDE T Y M5,

7. 0.1% low melting point agarose |Zi= L72%, /X7 7 4 /L A L THHE, 60°C T 10 4 [HfREE
R XD,

8. HifSHT=H T M S0%EBOH 2 F L, /X7 7 4 VAL 7 W —ZHBT, (@
> < D POEEITIT D)

9. ZDt%., 50,80,96% EtOH |2 €4 3,1, 1 /3R LK S5,

10. JilHz X/ 5,

Permeabilization (if necessary: but gram-positive cells were required)

1.

Rz S 72 [E E 2 71 X mg/ml @ lysozyme <° X mg/ml proteinase K %5 O el L 72
IR B Tl U 7 BOUGKRF# CTALBE AT 9,
AR BE LB )N f& D o 7o 7 uiE, TNT IZ 15 iR L35 (RiR).




3.

B2, MQIZ 1 43[MiE L, EtOH 2 1 43MiE L Clli: S5,

Hybridization and Washing of initiator probe

1.

NATVEALB=2 g Ny 77—t 5, &ARET 20 mM Tris-HCL, 0.9 M
NaCl, X% formamide (2725 £ 9 12 2 mL tube (BEi% % NaCl TIT93456) & L <13 50 mL
tube (V&4 Z formamide TAT 5 HH) ISR ZMNA 5, MQ T2,50ml (ZART v 7 LT
#%. 0.01% SDS (2725 X 912 10% SDS # /x5,

B LTenA 7V XA B—2 3 Xy 77 =005 10-100 pl FRE LV | Z ZITHRKRE
TOS5uM IZRD LA =v—F—Tun—T%Nzx 5,

. S50mLtube IZF LVUA T X, T AT IVEAEB— a0 Ny 7 7—% 10ml 2

EMz, "M TVEALB—2 g rF v o _—aElt %,

05uM [ =32 —F—Tn—T% KUz b LIUIT A NZ =TT T4 5,

F ¥ =2 AR, 46°C T2 Bl ERRMES S,

REESHET=H T WE, 50mL DU v ayTy— (NATIVEAB—T gy
77 —&EE, b L<IE20 mM Tris-HCI, X M NaCl, 0.05% SDS) (Z 30 7y [liz L. ¥
%175 (NaCl T 2546 ORI X Silva HP @ FISH protocol (ZFt# L THDH DT
T Z xR T D),

Formamide CHEIFEZIT T2 G AL, VA v a2y 77 —THE L%, HMERIGEK
1254312 L, formamide # [fREIH 5,

Preparation of amplifier probes (during washing step)

1.

R NR BT D, B AT E T 50 mM NaHPO, 0.9 M NaCl, 0.01% SDS (2725 X 9
1Z 2 ml tube IZH % 5,

5 20ul FREE L D . PCR tube (2H1% 5,

ZTZICHREIRET S WM (XD X9 ICHMETe—T7%2 25 (WE7 v —7 1354 O
tube CHET D),

PCR #% FHVNT 95°C & 90 #, 25°C T30 /rffict > b LR 7 v —7 OfffEx AT
LG DR EAELT I,

. PCREETH 21T o728, ThThok7n—72EE %,

Signal amplification using amplifier probes and washing

1.

Wtz T T2 ATA RO 2 VDAY X LU A 7 ETRE, AV OKSZHRET S,
TANE =TT TCVDERIT. VTN ET 774 LTWRWHEZ FIZLTHF AT A
TITHE, KoERET D,

BREIEEHMET o —7 (REKBE 25 uM) 28727 ANV —IZT 774 L,




46°C T2 FFIBUL S/ D, (F ¥ o /8 — 3 ESONE TERR T 2)
3. BUntg. 50 ml O ERISHRIZIE L, 4°C T30 M odkeid =175,
4. BB, MQIZ 143, EtOH (2 1 SRR L., WEE (4°C) THIRSE 5,

In situ dual DNA-HCR
Reagent

-PBS

*PBST (0.05% teen 20 in 1 x PBS)
* 1% low melting point agarose

-1 M Tirs-HCl

*5 M NaCl

- formamide

*10% SDS and 0.01% SDS

500 mM Na,HPOg4

*TNT (0.05% tween 20 in 100 mM Tris-HCI, 150 mM NaCl)
- Dextran sulfate

- 10% blocking reagent (in maleic acid, store at 4°C)

Sample preparation
For slide

1. 1.5 mL tube |Z[EEY > 7 /L % x volume, 1xPBS % (1-x) volume, 0.01% SDS % 0.1 volume

MZ %,

0.1 volume @ 1% low melting point agarose % B (21X, 60°C F2E THMES 5,
AZTA4 RIZT77F 4L, 60°C T 10 pMFREIZERESE D,

WL ST 7L, 50, 80, 96% EtOH (2241 3, 1, 1 /7[R LK ¥ 5,
JERE S H 5,

A

For filter

I BEV TN EE LIZT 4 VI —EFZRFZEDETT v T 5,

2. 0.1% low melting point agarose |Zi& L72t%, /X7 7 ¢ /L A ETHHE, 60°C T 10 %)
RS D,

3. MRS E2H NI S0%EOH Zi F L. /8T 7 4 )V AInE 7 4 VW H —ZFHNT, (P

> < W P OEEIZIT))




4. FDt%, 50,80,96% EtOH ([ZF L4 3, 1, 1 o LK S5,
5. JRL = H 5,

Permeabilization

(if necessary: but gram-positive cells were required)

1. AL S 72 [EE Y > 712 X mg/ml @ lysozyme <° X mg/ml proteinase K %5 D el L 72
IR Chciifl U7 ROS RS fH] TR 21T 9,

2. FHREBEALBE N Do T X TNT I 15 3[R LR 5 (i),

3. HIZ, MQIZ 1 47fliR L, EtOH IZ 1 /o[l L CHEEZ ' 5,

Hybridization and Washing of initiator probe

. "ATVEALB—=2 a0 Ny 77 —%ElT %, £7. 20 mg dextran sulfate % 2 ml tube
(2N %, % O tube (2 HeRETE B C 20 mM Tris-HCL, 0.9 M NaCl (272 % K 9 ICiR#EK A& Mz 5,
MQ TImlBBEETA A~y L, 60°C TFHEARIT dextarn sulfate 23T D D EFFD, ¥
72D % MRS L7=1%, X ml formamide 3 £ ' 10 % blocking reagent (B i&IEE X%
formamide, 1% blocking reagent)Z /12 . MQ T2mL £ TART v 7 I® 5, m&IZ, 10%
SDS % Fc &R 0.01% SDS 12725 X 512z %,

2. fERLIoNA TV XA EB—Ta /"y 77 =5 10-100 pl FBBE LV | Z ZITREIRE
T0.5uM 272 % X 9 (T initiator probe Z 1% 5,

3. AT VEA =T g F v N —2ET 5, £9. 50 mL tube (T in situ DNA-HCR
DA TYVEA RT3 R\ Ty —%FT 5, RIZ, ZOWHEEF LT A T DH
TdH 5 50mL tube (2 10 mL FEENZ 5,

4. 0.5 pM initiator 7 2 —7 % XU o H LI T A NET =T T I7A4 95D,

5. Fx U /X—IZ AL, 46°C T—BZMESE 5,

6. REESHTZH T ME, 50mL DU+ v anyTyr— (NATIVXAEB—T g0y
77 —&RUL, b L<IE20 mM Tris-HCL, X M NaCl, 0.05% SDS) (Z 30 Zyfiliz L, ¥
%175 (NaCl T 2546 ORI X Silva HP @ FISH protocol (ZFt# L THDH DT

Tl aBRT D),
7. Formamide THEEEIT o125 EIZIE, VA v oy 7 7 —THiF L1214, HEMKIGKR

125 %3 L. formamide %@%%é“{iéo

Preparation of amplifier probes for first signal amplification

(during washing step)
P RSOSRZ AR T %, KR EE T 50 mM NapHPO4, 0.9 M NaCl, 0.01% SDS 12725 £ 9
(Z 2 ml tube (22 5,




B 20ul FREEE U | PCR tube (212 5,

3. ZLZIHEKEETS MIZRD LI 1 HBOMEIZHWSAHE o —7 %2z % (f#

E7 o —7130lx OF 2—7 THET D),
PCR #% FHV T 95°C % 90 £, 25°C T30 izt v F LR 7 v — 7 OfifEE & VAT
LEED L ENEAT O,

. PCREETH 2T 7218, ThThOR7n—72EE %,

Signal amplification using amplifier probes and washing

(First signal amplification)

1.

W EITOT-ATA RO T = VDEY X LU A THTRE, BV OKDERET S,
TANE =TT TCWDERIT. VTN ET 774 LTWRWHEZ FIZLTHF AT A
TITHE, KoERET D,

BAESEEMET o —7 (REEE 25 pM) 28572 V87 4 VE—IZT 771 L,
46°C T2 RIS &5, (F v v/ S—I3MESUSK CTIERT %)

. BS#, 50ml @ PBSTIZIR L, 4°C T 10 M OWEE1T D,

Preparation of amplifier probes for second signal amplification

(During first signal amplification)

1.
2.

20 uL FREE ORISR & Y . PCR tube (212 5,
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Signal amplification using amplifier probes and washing

(Second signal amplification)
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BNPICKkD insituDNA-HCREZICAWS TO—JOXRHENEOEH

AR THWZEFIZ X D in situ DNA-HCR EIZH WD 70— 7 ORI R ORE HIT
Yilmaz 483 57 NV AE HWTEH 21T > 72 (Yilmaz and Noguera 2004), €7 /LD
WL K O A FREllsd (Fig. S1). £7-. DNA-DNA OZHEI MR AS KTOVAH I,
Sugimoto & 23ME/RT HEUE A V7= (Sugimoto et al., 1996), S 572 AS X OYAH % v
TAG ZHEM L (BEIL, BEOHRLE L, 25°C 15 60°C £ THIBEICEITHAG &
ML), £, Yre—7HH0mKRMEEITEIT S AG 1T, mfld
(http://mfold.rna.albany.edu/?q=mfold/DNA-Folding-Form) % AW TCHH L7= (ZBEIZIEE D
L, 25°C 05 60°C £ THEEICBITDLAG EH T L), HEICT o —T NZMT 5
AL DR HRIZBI LTS mfold Z HWTHEM L7z (B, IBEDOHRE L, 25°C 726
60°C £ CHIBEICHITHAG ZHM L), HFHIVAG, AG KD'AG; 7°5H Ki Ky KT
K:ZHHL 1) 228), 20 Kis 20T Knean ZHH LT R Q) 22K), &
12X 3) ZHWTHKIRREIZEB T D A Goveran DR EIT 272,

Py Ry

flee 1

I-;'I.I + I'{" "_* IJ I{

AG= 71— L A A A B B0 H ph o kL —
AG= 71— B AT B B T L
AG,= BRI B 5 AT BRI B B T L

AG,= -RTInK, (1)

Kl
Koverall o ( 1+K2 )(1 +K3 ) (2)
AGoverall - -RT In Koverall (3)

Ki i (Zx89 % P E K
R : [AEEH (1.99 x 1073 kcal/mol)
T: IGRE [K : e ]
( AAFFETIE 288. 15 K [273.15+25°C] 75 333. 15 K [273. 15+60°C] ZfE )

Fig. S1 AWFFEICH W =TT VRO
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