WDy
o, Y2270131

7

BXEEL: ?ﬂ)ft Y-

R8sy B © Y

WIFRA 1 g i &ﬁﬂijiiiﬁﬂﬁil‘m
PFIFEA 2: )

PN 3:

ERMBREER: BTV 88 BT ASHESEELE
RRA: KEH HIT ERRBTALTERE R

FR2: mkH AR &ﬁzlkéﬂﬁ%ﬁdﬁ%h

Z¥FHEE:  2013.03.08



Research on enrichment of denitrifying anaerobic methane

oxidizing microorganisms

Author’s signature: (ar (hen

Supervisor’ s signature:___Hu Bae (oun

External Reviewers: Professor MIN Hang

Professorate senior engineer HUANG Wu
Associate professor LOU Liping

Examining Committee Chairperson:

Professor ZHENG Ping

Examining Committee Members:

Professor ZHANG Chunlong
Professor TIAN Guangming

Associate professor HU Qinhai

Associate professor HU Baolan

Date of oral defence: March 8, 2013




WL R 2T A 2 A8 SC B 7= B

AN T2 XM E R AN FITE S AT AT LRREH
AR B T ORISR UARRIE FIBUs T 5, WP AREHMATE K
FRESTOHARE, RAEHRE_IITRE S HEIRFR
T AT gk 58— R LA # R R 33 48 FAT BT STk D 18 X
FIET HIBR AR T E.

R TAEE B Z;%}\%» EFAM 015 % 5 Ai%A

AL SCRRAUAE FH A

EEMRIAETETR _IMTKE  HIUREHEERH RN
R AR BRI, RSO E RS, AASR X
A LU A R AWK W ARAE XEEERTRRMNEE, FTRAR
B, SFEIREHSEEHIFRRE. LHRFEMILIL.

(RER AL XERE B ER AR

2R IAEE S ?,?\1)\ siss: o2

27 HM: }ol§$§ R4 H “FAM. PBE 2 A 13 H



HIAEFLFLEX Bt

|

BREFARERAEE—H, ERESHHAREF, BEBTHLERX—T
T. WARZESN, KAECERXREARNRFFAEL LA,

RAFL RV RGBT T ROANBFAAN G LN MR, N2FREL, 38
BARF, ERHUABR. CHRRBETHSLANTE.

AN286E, RMRNFHAZTLEKR. SRRAARS MHBENFRA,
ARBEI ZRFR. ERM. BXEHEEEANATE, HEHTEHBLHE
7, - FRM. ERFERRNAT, FRNHE, RS EUREAK
WAL, BEATEAARARESEL, 5RFRHELHHL, LRA-AK
RRFNFLERR-NAFEGRASEH, ARHRKE LRI RKFER L
HERME.

EAN284E, RBTBANBREZRENATHE, CR—ARkF 5B LE
FEELN, GEFIE, ZRE. AOE. RYEERDEFAR. £3W
g, LAFH TN, TEKANAAETH. BRNETFHHUKIER
EFRAEHNIY, LULAFH TEXEZIROALS. FRESE, 45H,
BHETH T RBANYH.

%2275 %, FFEEWEA LR EFRILSEEK, S R RBHRATEE. FRIEHE.
FEqn. B#¥F. AFEK, KER. TR KA. BEE X0, #EH. K%
W, B2 KA. AH . FR. KE. ITH. KP. Abbas, TEAHLKH
Fl 4, RMAR B oMeE, AR, —BARAFNE, Rt B D oEE,
MANE. BEA. REG. AZESRARE, RMLRFH TRELEHNER
5 LA RIS

RERKBERIIARZT, RERBHERTE, . BOERBANBUK
TRNIFHBH, RKERLTEARESRR, RKNNCEHNUREREZT.

LEHR, KERECENR IS, BAKREDF, FULaC:H-—F; &
A#K, BRAMFANERE—F, BE! BRL

R
2013 A TFREHE L "



11



WL KB £+ A% X i

F ¥

AR XHRRBAT

B XK B ARH ¥ %4 (No.51108408)

WL KN SR HE SR BHE AL R
(No.2011R401174)

e By

1% ¢ ¢

I



v



W KFRLFMHR I WE

wWE

R b B B g K 4 4 1L (Denitrifying anaerobic methane oxidation, DAMO)Z
—FMHEANMAENRRL, ELEIBORAER——NCIO THE, RERKT
KR EE R NO;/NO, R E. DAMO BB #¥R THERHRERER, F
BT AMHRAFEBEIRRE;NCI0 THEH AR, F LR ARFNRMREE,
¥R IHREWFNE; DAMO A R B £ R T 5 NOs/NO, M M, &
FEIRFEFARKMAL LA RHERLE. AT, NC10 [THFLKRHA
%18, ZIKE DAMO E£EKY T o E#E. By, EREPREEHERK
AMBEREFROAXEER, FARXFHUNZZAFTENF, * DAMO K4
YHEERFRATTRUAR, ZEEALT:

DB T FREEM Y E £33 DAMO A HWE R, W% T DAMO MAH
BEERABRAEERN.

OWMRATREF FHRBELFR. REABLERKTERNRAEANERY
BT, T EEEFRIE T NCIO [THEE K E N K Lfv DAMO iy 2
R, HPEELRENCIO [THAENHEL R REHWHE 0T 63 15, 2909 40
198 1%, KBHWEEEFYH DAMO EHLHH X 0.06 mgN-g'VSSh'. 0.15
mgN-g'VSSh! #7 0.11 mgN-g'VSSh'!, kM T =ZRERNE EEATRE
DAMO E &4, HEHTHEN DAMO MANEEREFNEMNY, ¥ AT
DAMO #### kK, X DAMO E&EHRMARBRE T HrvhsE.

QUEKAARBAARLREANER MR KET DAMO ERE M, Fi
EIRRATENFOMERBKXARBABLER ZHPREEHY.

DB T RREFE G ALEHFLE DAMO AN EERERRR LNZ R,
% T DAMO &4 & £ FRb R 3E R,

OB TARERES AIRFRLELEF DAMO AW ER, REN
G E Yt DAMO FE M2 54 0.02 mgN-g'VSS-h'! 7 0.11 mgN-g'VSS-h', A
TREAXRRAREFLEN 554, NCIO T TEEHEKENF X 1.01x10° copiesg’
(dry soil)fo 2.01x10° copies-g™ (dry soil), E#H R HWHME, ATRNATUKHE
ABELRENEHY, AIEREBRRAEAENEEERBERES.
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BHNCI0 4% 4 £ F# DAMO B £ 54, & KL% T )38 T group B #7 NC10
@ Fl 4 A4 DAMO 7.

HUB T FEHEREE T EHE 5 DAMO MM f F, & T DAMO #
ENEEEFABRRREEHE.

OUBT=ZHTRAME YR LE, B AA XK BB Magnetic stirred air
lift reactor, MSALR). 4 #1 & K Ji B (Biofilm reactor, BR) %0 & # X X B &
(Sequencing batch reactor, SBR) & #£ 3% 5k DAMO A Hth £ 7. £ -—NAK
BERER, ZHNBEREAERERSHRE T 827.10%. 302.92%F0 154.09%,
DAMO #F #4514 052 mgN-g'VSSh', 023 mgN-g'VSSh! 1 0.26 mg
Ng'vssh!, XKW T =MHEREHEARE DAMO EHH e, HEEBEA
DAMO A MM BEEREFKE.

OMSALR R H R B AR R EREE foig A8y DAMO i, ERREZH
PR E EEFR DAMOBANH RN EE.

ONFRERFMENFEEAFHEELR, WHE DAMORANESR
EraBPEAXBORHAEE.
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ABSTRACT

Denitrifying anaerobic methane oxidation (DAMO) is a newly discovered microbial
reaction which catalyzed by NC10 bacteria. Several aspects makes the research on the
DAMO process and relevant microorganisms meaningful. First, the DAMO process is
a new pathway of biogeochemistry for its link of carbon and nitrogen cycles. Second,
the finding of NC10 bacteria expands the knowledge of microbiology for its unique
physiological and biochemical properties. Third, the DAMO process offers option to
develop new wastewater treatment technology for its simultaneous removal of
methane and nitrate/nitrite. However, the extremely slow growth rate of DAMO
microorganisms seriously limited to get the enrichment culture. In consideration of
this bottleneck, we investigated the influence of three key factors, inoculum, medium
and reactor configuration, on the enrichment of DAMO microorganisms. The major
conclusions are as follows:

1) The differences to enrich DAMO microorganisms using three distinct inocula were
compared and the optimal inoculum was obtained.

@ The feasibility of the three inocula, methanogenic granular sludge, paddy soil and
freshwater river sediment, to enrich NC10 bacteria was verified, and the differences
of NC10 bacteria numbers and specific DAMO activities among the cultures were
compared. The NC10 bacteria numbers in these three cultures were 63, 2909 and 198
times higher than that in the inocula, respectively. Specific DAMO activities of the
three cultures were 0.06 mgN-g'VSS+h', 0.15 mgN-g'VSSh?! and 0.11
mgN-g'VSS-h'', respectively. These results revealed that the three inocula were all
suitable for the enrichment of DAMO microorganisms, which provided more choices
to select DAMO inocula.

@ 1t was first proved the feasibility of paddy soil for the enrichment of DAMO
culture, and the paddy soil was proved the best inoculum in these three inocula.

2) The cultivation effects of the cultures enriched using natural medium and artificial

medium were compared and the optimal medium was obtained.
vii
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@ The differences of DAMO microorganisfns enrichment using natural medium and
artificial medium were tested. Specific DAMO activities of these two cultures were
0.02 mgN-g'VSS-h” and 0.11 mgN-g'VSS-h', respectively. The NC10 bacteria
numbers were 1.01x10® copies-g” (dry weight) and 2.01x10® copies-g™ (dry weight).
These results indicated that better enrichment effect could be achieved with artificial
medium.

@ NC10 bacteria belonging to group B were successfully enriched using paddy soil
as inoculum with artificial medium. This is the first evidence to confirm NC10
bacteria belonging to group B are capable of catalyzing the DAMO process.

3) The ability of the reactors with different configurations to enrich DAMO
microorganisms were compared, and the reactor with optimal configuration was
obtained.

@ The differences of enrichment process and the DAMO cultures using reactors with
different configurations were compared. The volume nitrogen removal rate of the
three reactors (Magnetic stirred air lift reactor, MSALR; Biofilm reactor, BR;
Sequencing batch reactor, SBR) at last obtained an increase of 827.10%, 302.92% and
154.09% compared to that in the initial period, respectively. Specific DAMO
activities of the enrichment cultures were 0.52 mgN-g'VSS-h’, 0.23 mgN-g'VSS-h!
and 0.26 mgN-g'VSS-h'!, respectively. These results showed that the three reactors
with different configurations were all proper to enrich DAMO microorganisms.

@ The culture in MSALR contains the highest volume nitrogen removal rate and
specific DAMO activities among the three cultures, which demonstrated that MSALR
is the best reactor to enrich DAMO microorganisms.

® The transfer of methane is more important than the retention of biomass during
the enrichment period.

Keywords: denitrifying anaerobic methane oxidation (DAMO); enrichment;

inoculum; medium; reactor configuration

VIII



LK+ #H X B X

B¥

& I
»NE \Y
ABSTRACT vl
- X 1
D B et ettt st se e s et e st e s e s e s e s e s e e sesaees 1
LLISAMO BEIBEE oot eeeesstessessssese s ssesessesssseseses s s see s ee e 2
111 SAMO B2 A BIBEIT I B oo seaeses e seseseeseessssess s eseseaesaesneans 2
T12SAMO B AEBLIE ..o eeeeee e e e s eeeessesseseee e eess s e s e 3
1.13 55 SAMO TR BI A M oo e 7
114 H BT TE BT I R oo e eee e eeeeeesssesssses s sseesss s see s esesesssens 9
T2DAMO BERBER oot eeeeeeeees e veseessessssassssaessessessssns s 9
1.2.1 DAMO TR BIBE B0 B oo ereeesees s sesssssassessssss s ees e s 9
122 DAMO KA HLIE ..ooocoeeeeeeseeseessseeessessseessssssesssssssessasssssssessses e 10
123 DAMO B BA M oo ceserssseseesssssessssss s ss s snesesseeean 12
124 DAMO B EEBETEM ceeeeeeeeeeereeeseeeseeseressess s sesssesssessssseesses s 13

1.3 KRB B B B 3L G I oo ees e eesesses s s s s e s 14
LD BT T Xt eteesseeseeseseassesssesssessesssseessas s s eneessesess e sssssesessseens 14
L322 B R T B ettt aee s s s e s ase s s e s ees s e s e s s e 16
T3 3 BUAREE L oot eee e ess s es s s e s e e et 1

#£ % TEEMYEEREK DAMO M4 Wiy L BHHE 19
B B ettt ee e et s e e e s e s s s e ses e sa st ae s e ee e 19
20 B T HE oot ss s eeess e s ea s s se e e e e 19
2T BERE M oot e e eees e s e s s e s e s eee st 19
202 3R et eeee e e se e e e e 20
203 BEEIE IR et e ettt 20
2,14 FEPETUTR ..ooveeeeee et se e ees s e s s s essessassses e ss e ss e s s seene 21



HITA¥HLELHRX BX

2.1.5DNA R E PCR I ...oooerceereenennnessnesnns eereersnneeeeesssasennesens 21
PRI A 3 L) R cnmmen s 22
2.1.7 16S IRNA £ H 5 pmoA ZEHE KL T D e 22
2.1.8 T A B PCR(GPCR).co.vvereeeerneesnesssssssssssssssssesssssssssssssssassssssssssns 23
2.1.9 TR HFEALZE R FISH) covvernrvrsrssresnnsesssssssssssssssssssssasssssssssssssssssssssssssssssssses 23
2,110 AT T 3 e essssss e ssss s sssssssssssssssasssasessssasssasesssssssies 24
D2 EER e e 24
22INCIO [THE BB oo ssssssesss s ssssssssssssssssssssssns 24
222 BEEFY DAMO FEB TR c.oooonrreeeererss v eeesesesresessssssesssssaen 26
223 16S IRNA £ H 5 pmoA X HEZ AR T oo ST 26
224 BB M ettt 28
225 FISH...oovvveeeeeeeerses s sesssesessssmsssss s ssssmnsssssssnsssssssssssssassssssasssssssanns 29
2.3 T ettt s e 29
24 B W oot as R RS RR 32
E=H FRBEHREX DAMO W4 B HIEF N LBHFE 33
B B ettt bR R bbb Attt s n st et ne 33
3 MG FHE ot ss s ss s e ssenes 33
Bu Ll BB Moottt sa s b et 33
B2 BRI o e Rees 34
303 BRI s sttt 34
318 TEBETUTRK . ooooreeeeeeeereeese st sssssss s sas s ssssss s ssssn s ssss e s sses e 34
3.05DNAFHRE PCRI I ..ottt sesa s s snsansanns 34
36 TLEE G T oo sesesssess s sssssssssssss s s ssssssssssssssssssssssssens 35
3.1.7 16S IRNA £ H 5 pmoA EEH R LK E DM ccvvvreererrerrrenssisiecsisinnas 35
318 QPCR oo sssasesessessssssses s sessse s ssasse s ssss s s saennnssies 35
3L FISH. ..o ssvsesssssseessssssssssssssss s ssss s sssssssssss s ssssssssssssassssssns 35
3110 DA T e s st senens 35
B2 B o st ARt 35
320 BEIE IR et 35



I R¥R T ER#H X BX

322 FEHETIR oo s srass s ssnsses st esened 36
3.2.3 16S IRNA # FE A0 pmoA FBH R AL T DT cvverrrrrrrennsrsensssesessesssessions 37
3.2/ QPCR ccovorreersceesmensssssssnssssssssssassssssssessssessessssmessssssssessssessssssssasssssssasesseses 39
325 FISHucoomerecesretsssnnnssssssssasssssssssnsssssssssssssssssssssssssssssssssssssessssssmassssasssssnns 39
33 TR ettt aa e sttt 40
B BE T oottt str s sa sttt 42
EWE TRHERKEEEER DAMO MAEMM LEBFE .oocvveeerersssrensecnsnns 43
B B ettt sttt s e s ass s en e eeseerene 43
I b OO 43
BT BEFF Y oo esss e ssan s smse s essss s ess e seeenneen 43
12 BEBIRE oottt 44
A1 HEIREK ettt 45
4.1.4 DAMO TERETUIK w.cooveveceieneeeereeeeenstessesessaees et see st s sssssssens 45
4.1.5DNA HHRE PCRY B oot ssasssessssssseennss 45
4.1.6 TLEEE T ..o sssenssssssesssssssssssssessssssssssssssssssssessssssnseesesmmssssssens 45
41 TNCIO [T E BB AT oot sssssssssssssssannes 46
4.1.8 16S IRNA # FE 0 pmoA EE R LK T DM e sicersins 46
ALY FISH cooeevvrrseseeesmsssssssssssssssssssssssssssssssssssssssssssssssssssssnsesssssassssssssssmnsssess 46
B.1.10 ST T I corcerreeeeirssrissessssissessssssssssss s sasssssss s ssse s s s sssssssassssens 46
B2 BER et ss e et e s 46
LR UOR: 28 78 AP RO 46
422 DAMO FEME oo sesasse s essss s esssesns s ssssaesseeses e seseeees 47
423NCI0 TTHBEHE oo aseeees st ssssss s 49
4.2.4 168 IRNA 2 E 5 pmoA EEH R KK T D coverereeemrrnnreeecssrensnsssssnsnnnn 49
B.2.5 FISH.cooorrieennssresessssssesesssssssssesssssssesssssessssssssesssssssssseessssssssssssssessesssnees 51
B3 TFI ettt b st bt ettt 51
B4 BB oottt 53
FLE G05RE - 55

iii



HILKFF L ELBX _ BX

ST EBLE R ettt e e sttt s st ss 55
S2 AU B oo smessssasessasssssssessassrssssggareces IO
I 40 ol < 56
£ 300 57
AMAM 67
F+HBBRBENFRE 68




WL AZH L ¥R X ¥ XM&ER

-k Xm&ER

5

FHRELEERREENRALEY, ERAXRAFFLTRGHMA(X
RAFFHGLEE 87%). EFRMK, FRER -—HBROBEAK, BHEA
HBERNAERI 20 £4£AKD T A48 H 100 {#(Shindell et al., 2009),
75 A 48 B3R o7 M BR A O 4B L X B 9 30%(IPCC, 2008). T Mk #H 4K & N
X, HRAKAPHFRSEERAG MW, ARAE 715 ppov ¥ in2| E 8T8y 1770
ppbv(Conrad, 2009), UEFrext FTHREZRENTME AR, FHit, TH
MR EFHRAFE L, TEFREFGRE, S TERFRAEDREOHEE #
, RESHFRFRGAR, ZRIMTENEZRNAATLEENREXL.

WAMERKPHER TR FAEEENAC. BRI, 2REFFRTLE
B ) 85%BH FL A BHY 60%3% B FAA M 95 5 (Knittel, 2009). /T 44 o
FRREEEER TPRAMREREAELAHNSEMA N FREARLERS

¥ K 8. € 1k & /i (Anaerobic oxidation of methane, AOM), R # b Pt iF A £ 1L
HME TR, FHE AOM HAMEEEE 5 HWE) T K.

AOM ARG FHIMNEE 3, Eib LR}, AOM 1A 7T LURE
FRHETIHRME L), BREBEWTURA AOM A F LM EFER
SO, (Nauhaus et al, 2002). NO;/NO, (Raghoebarsing et al., 2006). Fe’*#n
Mn*(Beal et al,, 2009)% % # . F %K., B AFHEN AOMERHARL &
#F SO & AOM(Sulfate-dependent anaerobic methane oxidation, SAMO). # % ,
BATEEFANTRET 0% SAMO 1k f # # (Hinrichs et al., 2002;
Reeburgh, 2007), T J. AOM M HEH FHRIBRG EEHE. RHLR
AOM(Denitrifying anaerobic methane oxidation, DAMO)Z B NO;/NO, L #Y
AOM fER], BRI THZIBHARHLATUERHE.

T # SAMO 1 Hl #o DAMO kR R )i ., tEANE RS 5 MAENME RN
B %R,



B A A A% -8 TW&R

electron donors

electron acceptors

CERECEE E L B S R
(RERREOWNELARADERHAEFRHLRE, RERRENKpERNELTFHT
&, X% DAMO &#. %% H)(Raghoebarsing, 2006)

Figure 1.1 Microbial biogeochemical cycles
(Green represents the element cycles that are known and grey represents the element cycles that

are still unknown. The DAMO process is indicated in red.)

1.1 SAMO FF & #H B

1.1.1 SAMO X8 W% 5 &

LA 70 FK, AMTEL G EREABRUEFRKD, HHEERR
MR IRER AR T 8 E SO % B 8 K34 B ¥ & (Martens & Berner, 1974;
Bamnes & Goldberg, 1976; Reeburgh, 1976), H#F 7 AOMAEHHFE. M),
Zehnder # Brock M LR EH XL L T —F “SEER”, B —HEEMELT
FHER, T4yl F R B S — A Y B (Zehnder & Brock, 1979).
Iversen %1 Jorgensen F| Al M E L & IR LB WK B T PR AL S SO EEF
Bt & 4 # 3 R (Iversen & Jorgensen, 1985). % 20 42 90 1% & #, Hoehler %i#
WENEREEREHFRE T AOM 142 7 ok i F 5 K 84,14 & B (Anaerobic
methanotrophic archaea, ANME; groups ANME-1, -2, -3)f1 SO/ X B @ i
(Sulfate-reducing bacteria, SRB) [F] 5 it (Hoehler et al., 1994), ZEHHM XL K,

2
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HE-LEEREUR - S LR ERENEERERY T, HFE ANME 5 SRB 3
AL, 3—FBIE T %8 & Boetius et al., 2000; Orphan et al., 2001; Michaelis
et al., 2002).

KT, B—LHF AR SRB £ SAMO ZRFHEARE T k. ¥4,
SAMO BRF At EEE (%R 1.1), B AOM ERABRKNEA M E Bt
(AGYIX 4-10 Z -40 kJ mol ' (Kruger et al., 2003). E i, #FEMAERF X AL WY
16ty B B 42 407 LU 4 3% ANME #0 SRB 3t ] 4 % (Knittel et al., 2009). $ K, #H#5
RENAE — L %hE#EFHEF, ANME T UL K# SRB £ %% 7 (Orphan et al,,
2002; Orcutt et al., 2005; Treude et al., 2005; Wankel et al., 2012). HZEHW, 5

SAMO X WM AT A B, SIHXNERTMELL.
CH, + SO — HS + HCOy + H,0 AG = -34 kJ mol™ CH, 1.1
B HETESN, HMAESEST SAMO RBHNHAREEL/L, BWEXRA

SAMO FL& #y 3t b 4 3 AR AL 36 ACRS Hl (Murase et al., 1994), 31 3% 332 37 (Grossman
etal,, 2002), &% #LH 3 (Eller et al., 2005)F0 % & 3.8 #1(Smemo et al., 2007).

1.1.2 SAMO X &£ H.3

Bt SAMO WHREALTH, ERIBRANVERTHE. £/LT
EHFRRRS, AMEEARYE T MR, BRASFRER. T LRERMN
HELER,

DR PR RER

B R B WA R KL 5 SAMO K £HE. BTl K@/ F 5
Bl ANME @it Bt S BRE = FR&KE —F #y3¥ R i (Zehnder & Brock,
1979; Hoehler et al., 1994), &t 1t F 5%, ANME 4 & F B K54 o [~ Mtk
% SRB, BATLH SO AR, LRABRRGHAKH LA, SAMOKAEFF
GHEREES EEHNBA, B SAMO FRGHEMEESTREANRKEATLAE
(Zehnder & Brock, 1979; Hoehler et al., 1994).

Zehnder #0 Brock B RS MR EREERIEL T~ FHREE S AOM £
Rty 4. IR AKFEFREEAREL, ERERGT, ZLREMBEE
=R g B AN AR MC R EARD SRR ANEEH AOM £ H
THARTEEFRERBSANTEZ Y, pPE. BRE, RASFRIESS

3



WA #F L FLHRX % XRK#

T ¥ %t L. 3 #2 (Zehnder & Brock, 1979). Hoehler & i 1t #f % & v |8 & L b
# Cape Lookout B GE TR+ FIRANER K CO, ERFERHATFFMR
BERAA, REFAFTFRAMNEREE-—RHZR, EPRAMERAHL
& T2 SOt S A FLA 1 F (Hoehler et al., 1994), Fit XTI M /= W e & 8 4
EHMHIRRIA, FRREADRENEHGE R TR AL ERLEEL I,
ZEBRHEATFEFREERTREE TP ROAL. B, BRAARAFH
i SOS KA AR R — F ik, Eok#F SRBEMSS T F ey L.
# ik, Hoehler £R M TUTRK: FFREEH FRAM, FEUKELIET
ZAR & P 5 4 Hy, SRB F| A Hy % SO,% 3 J (Hoehler et al., 1994). Z= B HH
% (Orcutt et al., 2005)% & #(Treude et al., 2007 &k ENF W FRIBAL AT =&
WAER S5 AOM A £ IR, AT XL MANTHRERSE TRAMAY
.

REFFRERAGE - FRFRNFLEERNTR). ANME #2H 74
1 8§ M £ JL B§ Methyl-coenzyme M reductase, MCR)#J [E] £ #1, T MCR & = ¥ %
YRR, B, XA MCR [F £ 4 7 & 6 4L ¥ b .10 19 X 2 B8 (Hallam et
al., 2004; Shima & Thauer, 2005). Hallam % % % 34 ANME B35 8% &+ 8 mcrA
F B (%% MCR o T % 07 2 ENH#AT TR, KA T FH merA £ H A (Hallam et al.,
2003). Kriiger FARBAFH T AL T2 R/ULEWNEE, THELEYS
Fi3oMCR B E T EA MBI N RELE, ERNEHNLSTROSIDHEATE
#(905Da)(Kruger et al., 2003). X444 EH 5 MCR R AMMBF 5 &4 L&
ERE, o AOM H#ITRAETEEHRA. ME, XBBHE Fo EHEE
#HA, RN 172-F B2 -Fis(Mayr et al., 2008). Scheller 24 % i T MCR # % %
BIEBIERAT MCR AR Fhesbbh FRH0 M o, AARIBHTR
18] 7= ¥ 4% ¥ #5 (Scheller et al., 2010).

Hallam 4 A A FE X AL BRI T REFARY T4 ANME, KILLH
AEFRRERBEXNEESHELET ANME +, ek T F3-00 46 Frl
wh- 3% Jf B§ (Methylene-tetrahydromethanopterin (Hy;MPT) reductase, MER)#) 4 75 3
B, T MER #4177  FrifE A o9 £ & — F (Hallam et al,, 2004). #% 4,
Chistoserdova ¥ # B T X TR A~ ¥ R E R K AOM HE X R (H

4



HIAFRLEEAX ¥ XhsR

1.2)(Chistoserdova et al., 2005). A1 TR &~ P H B2 81 MER R& 2 5
ZIh ALY, RAFPRIBFFLHBFIROOOD)BLEH
ko] =4 X f5# % SRB, M EH SO, #F F (Chistoserdova et al., 2005).

(8) J @& & ¥ fF Al (b)
CH,
o3| » »20 -
*
Methyl-5-Col
(©) 48 &5 2]

Aceryl-CoA € - - Mathyl-H,MPT
. R sragrr 2e H

-
Methylene-H,MPT

v .
3 -+2e .
Ex . 2 - d T NS
Meth J'H MPT t HERETNER
ethenyi-H, ;
: yi-H M S 50,
5 .
5 | O
Formyl-H MFT v
| : S0
]
Formyl-MER
7 l B i
co His

A12 FFRE” PRERE AOM #EE
(@R A7 FHrE; bSO EE; o &4 4 K ) (Chistoserdova et al., 2005)
Figure 1.2 Proposed AOM model based on reverse methanogenesis
(a: reverse methanogenesis; b: sulfate reduction; ¢: biomass generation)

)FTHER

HRZMHFRPEENSRAFTHRERTENRETRBENIAER, A5
H#RUTFRAH LS, B0 ANME TiF| FFhifu CO, 4T L%, MiE
ZE# SRB A, W ZBR AOM P HP a4y, RETLTHENEA
(Zehnder & Brock, 1980; Hoehler et al., 1994), )5, Valentine 7 Reeburgh X 3 i
7 —# # #32 # (Valentine & Recburgh, 2000). ZE #{8i% ANME #| Qi #&4 FF
% 4 28 fo Hy, T3X #5488 7 49 X3 SRB #| Al R Al B # it % 1 47 SAMO
Bk B bR R B TR FAE, W £ ANME %0 SRB #E 7 R B i3 72 + R
E4eiihE; Hk, ZERB R T ANME 5 SRB  F #hskiki#, NH@ETH
4 SRB JE R 77 1°C 5 H 47 BLR (Thiel et al., 1999; Hinrichs et al., 2000; Pancost et
al., 2000).
3)F EfLEw

Moran S HREZ A RTKRURBCHZRERRE T —MEHHEL,
# 4 F 2% % (Moran et al., 2008). ZHE# A4 FEHZ SAMO fE A #7 % [7 7~
M, XA YR B ANME it e 8 fn CO, R = £, H R4 SRB Fi A
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L A¥F+ EAHX _ - A&

A. )

WHE 1.3 T, FIRES W M(Coenzyme M, CoM)% £ 3B PR H BT
AT ATP 9468, CO, MERXUTFREDFFRERNT ARALE, HE
ERr@me e FRE T Fhif CO M F (Moran et al., 2008), AAAN R4 T [
— 7% CHy-CoM, A HHAMNER, CoM B & RHF S LR FFIRE
fbfo CO, B9 IR, T/ 4 o P BN B4 8 SRB F| FLE SO.7.

1¢0,

\\f‘r VAR
b ' 3 e 3 GoM
J%:___:__H_ Y

B 1.3 B 243 #1 % (Moran et al., 2008)
Figure 1.3 Proposed AOM model based on methylogenesis
QBLRHBS R F B~ 415 SAMO HHL 4]

BT, Milucka £ 2 I T SAMO RS H MK, ZNHELTRE FTZARiE
# SAMO £ Al & 51 ANME #0 SRB 14 [F] 5 5. 49 , 1 & B1 ANME #: & 5% A& (Milucka
etal., 2012).

Milucka %41 I 3 b 6 Tsis X L RIS T \EHBRER, &
BT HAEH AOM B £ M(ANME Fo SRB 5 & # # 95%)(Milucka et al.,
2012), i 3 BEEK K S L 24 & (Catalysed reporter deposition fluotescence in situ
hybridization, CARD-FISH). #% = % % F & i%(Nanometer-Scale Secondary Ion
Mass Spectrometry, NanoSIMS). % &#i2. ELFHM foE M RE — % 7 H3%
# P TFERFDRENFFR, KT ANME LA BHKF A Lf SO LR
I fE (B 1.4).

EZH# LK SAMOREK T, T4t 5 SO, 4 # 1 ANME #0 SRB # 47X #,
fii Milucka %A%, ANME FI8t£5 7 ¥ 560 f 1o SO,” 497 E (Milucka et al,,
2012). A 14 fi%, ANME ¥ FiREMLE CO.RELTF, FHaTFAT
SOS W, FEARE M A KK b [F] = 4 S°. ANME # S°# i M 4h 3 5 5L 4 R B
BEZHAWE 14). st HATHOAN EA SO EE H 4y SRB, R htksF
EFHTTEM, RAAEELHE ANME 480 ZBih Y # 3g E A A R
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MILKFH LR X E-¥ Im&i

SO,™ fu 8 1t 41 (Milucka et al,, 2012). iX — K 3¢ T AOM #y#5F 5t LA RA B Tk,
# %, SAMO k1 & 1 ANME % 5k 65 £ 9 142, T A% S AT A 4 4 it ANME
5 SRB W kA ek ty, Eok# SRB £ SAMO fEA P RELAM; HK, #
AN R LR SO # SRB, KA RAMA — P ER SOTHIREN, BhEs
ANME Z R HFE T ENH X %,

7502

1505 =«

4Hs,

7HS

B 1.4 LLEMER A 4 69 SAMO 15 B 5 E#E & (Milucka et al., 2012)
Figure 1.4 Revised model of SAMO involved zero-valent as key intermediate
ZHLH BRI AOM R T T E 2 FERNALH F & oye, 2012). &

%, ANME ¥ SO TR & Eoysiins, B, RAZMBFEAHBEH
34050 3 R 2B LB A J7AE . 2486, Milucka $4% 1 T F BE-F S KRLE
BRATRAMEL SOTERMBENSFLS, AU ALETE BARK
(-530mv), H Ik ANME 8y 3£ B 86 7 E £ 42 F E 72T SRB(Milucka et al., 2012).
HOR, AL M H) SAMO fEA B9 A 4 2 ANME  # — % (ANME-2), F i,
Hfh ANME(ANME-1 fo ANME-3)& & 2 A #4451 SAMO fER ik H R FH
#-FHR. WA EAFRCH SRR RN ERTARKESE
HEFE.

1.1.3 $5 SAMO &2y i & %

WHFE, TRREREFAREZRERSR, AFHKWAT ANME 5 SRB
REHE, BEXREY.



FIAFTLFMR I F—F XM&ER

1)ANME

%4, F ANME F 8 £ Bt i 5 % ¥ ERF 3 H B F(16S rRNA 9 merA
# F)#o & it B T (Knittel & Boetius, 2009).

HMER S FRNEFFFEFHLIATEA AOM 38 85 ANME, R EAT
AR LYEEXFHRE. Bt ANME 165 (RNA ZEEZ KL T, TH#
ANME 7+ % = #%. B ANME-1. ANME-2 fo ANME-3, #% ANME-1 &
Methanosarcinales #1 Methanomicrobiales # % — & & 3 % % & (Orphan et al., 2002;
Knittel et al., 2005; Conrad., 2009), ANME-2 /& -F Methanosarcinales(Orphan et al.,
2001; Conrad., 2009), i ANME-3 1| § Methanosarcinales &5 Methanococoides v
Methanolobus % 7& & # % % (Losekann et al., 2007; Conrad., 2009). X = # ANME
ZHEBMEZZRE X RZRE, FIIHUERY 75-92%, £E ANME2 BT 44 =
AT #%. B ANME-2a. ANME-2b f1 ANME-2c([ 1.5a). X %38 F A< F B & #
7 ANME RA R hHapin £ B, BRTENTH E24TERRF.

# S HRW morA ZE K ANME 894% R iEsh ek £ BAFIEY, AT ANME
MER. NHREEARATRAARTSNAFATLI, ANMEL-3 &% 4+
2R Z(H 1.5b).

a b
>400 sequences
>35/10 habitats
=500 sequences
>140 sequences [N 35 habitats :
>1Shabitats  [RRAMAEE 1570 g
b \ b i »15 habitats i - Al
A | 3 ethanosarcing d
s GOM Arc 1 : i \
Methanococcoides ) 4 \
Methanohalophitus —=.1/ = ___— Meéthanosaeta
;7 (/" a z
Methanalobus /,.‘ N Methanacoccoides burtonii —— ._‘_ 1_,_‘ - .Vs:ns:nu-sﬂe:a
RN i N thermophilo
Methanosarcing A NS Methanomethylovorans & ermop
ETMNOSOREIG” ) N TR >700 sequences hollandica s
A | I - 50 habitats 3 e~
| A S "'\ A7 R pa '
i | | - d Methanomicrobiales
1 ANME Methanococcales / %
/ | \ coccales /| \
/ \1 . N
/-" \  Archaeoglobales Methanomicrobiales .
\

Methanococcales
Methanobactenales

\ \
\
met A groups a-b IANME

\ Methanobacteriales
0

B 1.5 T 16S IRNA % H(a)F merA 2 E(b)4 ANME % % X # 4} (Knittel & Boetius, 2009)
Figure 1.5 Phylogenetic trees of ANME based on 16S rRNA gene sequences (a) and mcrA gene

sequences (b)



HIIREFLF LR X ¥ ¥ XM&ER

2)SRB

. SRB #%X+&, ¥%¥5 ANME 37%. )38 T Deltaproteobacteria
DesulfosarcinalDesulfococcus(DSS)i# % 5 ANME-1 1 ANME-2 3t % (Boetius et al.,
2000; Orphan et al., 2001; Michaelis et al., 2002; Orphan et al., 2002; Knittel et al.,
2003; Knittel et al., 2005), 3 A w48 f & R14K. Desulfobulbus # % 5 ANME-3
#%. £ SRB 5 ANME 3t A AB S0, WAEXRARLIA DSS 5
ANME-3 #7#830%, % Eel River Basin 4 IBRWH Xk I T Desulfobulbus 5
ANME-2c Ll % DSS 5 ANME-2c 3t # # 3% (Pernthaler et al., 2008).

1148 WA T ]

ERNSAMOFARZHMEAEH/LT4, EAMINZIRH TRRER.
EFRAEMFEEQEUTILA: DERNENT ZLWN; )F RALERNY
" & M A 34 XK 4 K 2 B (Alperin & Hoehler, 2010). 2% K B4
ft SAMO FR A MAMFRNERANE, RRAEFRNIEN 1.

1.2 DAMO X # &

1.2.1 DAMO R BB X

DAMO 5% bl NO;/NOy £ 5 . F %4k #5 AOM K BL(RX 1.2 #1 1.3). L4 70
R, RAF¥FRELBEREETELA AOM BERA LI st A M, Bl
5 & & % (Davies et al., 1973; Mason et al., 1977), ER¥ —&RE K, A1—E
KK E2) AOM B R A AW FERIEE. HF 1991 4, Smith £H F B B &
BETEEREIAT —% 75 TASRFE FHE AOM BB KA 1L #9 FLK (Smith
etal., 1991).

5CH, + 8NO3y + 8H" = 5CO,+4N, + 14H,0 AG=-765 kI mol' CH, 1.2

3CH, +8NO; +8H" = 3C0O,+4N,+ 10H,0 AG=-928 kI mol' CH;, 1.3

2004 &, Islas-Lima $E LR ELGETHAERE NO, R #HLBERATE
BEF, NEETFhf NOyH B HAKIR, UK NOSH, Frethil
F4h 3 BR4% 1k (Islas-Lima et al.,, 2004), R, ZHARI A BEEFY TP HREY

9



HILAFR L FUHX ¥ ¥ WKL

ey, BT LR AL ZIBEREDFE, FT6AHIEY DAMO 3
KUK EOLERE, 2011). 2006 4, 5 2B % A R Raghoebarsing 4 R % K B
AEFROFIAFREARHENERY, 21 164 F 8938 5%, K% T L4 DAMO
) k8 B & 3% 35 M (Raghoebarsing et al., 2006). 16S rRNA # H# W & Hi% & £3%
FUEEREREE, HESZRNAFR—MHBRTNCIOTHHEE, FEN
1242 — %3 BT Methanosarcinales & H. HZEEEFUA-FEELXA,
EAFREF NCIO [T AE(LTHMHENCIO [ TEE)ES T DAMO IR, it #
*tF DAMO 1k Fl & 4k 54 7 4 (Ettwig et al., 2008).
B—AREBEXHEHHEAR Hu SRR SARBEARY . REHATFR
MERERABRSYWENERARTESR, EXRBELAGT, 2RRBTHER
FE# DAMO B&E x4, ERELAHT@@2T), EEERWIE NCI0 14
AR, TEBEXETGSC), BEE Y b NCI0 |14 E fod & 3L F 4 & (Hu
et al., 2009). T &% FZKFE A2 DAMO B £33 5tk & W4 A ¥,
UNO N FZAR, BEERYNE NCIO [THEAK, T NOSHEHET
THRGAGT EEERYE NCI0 T4 % fo i # 3£ B 4 K Hu et al,, 2011).

1.2.2 DAMO X 4 #.38

DNC10 |74 # DAMO £ {LHL 3

Ettwig % #f NC10 [ 140 % & {t DAMO WHE#T T HR, RAIUAREL
E# DAMO EEEFNEARR, TRTHF NCI0 THEH2EXHANF,
H¥ZEREL N “Candidatus Methylomirabilis oxyfera” (M. oxyfera)(Ettwig et al.,
2010).

B3t M oxyfera BELEHAFFI O LI, M oxyfera MHEH T A &%
R ERMAREHBTOAEE, $D %5 N0 LRBHEE. 8 M oxyfera
HE Y TR IR ER N, MA M oxyfera HE LRFE—F KB
BB ERTEWAER N, Woh, A —BREREY, M oxyfera HEH
PHEEGRDFETREABYAERE, BARRATEFILLR, Enwig FXR
M oxyfera BW k4% B T A AR, W —WLEAAA T F sy E b (Ettwig et
al, 2010). RFEULEBER, Etwig E8#-H T M oxyfera 4 ## L DAMO I

10



HILAFFLFMRX ¥ ¥ &R

RNEREAR(E 1.6). MI11AN M oxyfera MEHAM AL LMk th NO i
1eBE, XMBEREBHE NO MALARES, NTTRRFRNFEEL. ZEREH
B %388 T M oxyfera 401 & 4t DAMO 132 #9413 (Ettwig et al., 2010),

nirSJF Unknown
D/GH/L enzyme _ Ny

2NO,™ == 2NO
r2e‘ 02 2 I
»—Y+ CH,0H =-1===»CO
3 2
CH pmocaB ]

B 1.6 M. oxyfera 40 & . DAMO ¥4 4 B (Ettwig et al., 2010)

Figure 1.6 The DAMO pathway of M. oxyfera

Wu$ X M oxyfera Bl FHEDNHALRIRENMBERFHAHTTHZ,
#—SHARLAL T — G X R FAHHAT T 83F(Wu et al, 2011). Hik, Wu
FAN M oopfera HE T EHEARTATPRAAMIIN, 55 T @pte
RFB(Wuetal,2011a). )5, WuEHREKLIFEER, KA/LTFRAL
Ao RA AL T AR B Pk B F AT o B (pMMO)An NO, I B B (NirS) 3t Fl # £
F M oxyfera BEWHKE N, #—FiEHT DAMO IR R M oxyfera ME &
I 5 B #(Wu et al., 2012).

QH HH 55 ) DAMO % Ll

EWXNTERRESSE T DAMO HBMARR, EAFENHREREFR
THRATESS T DAMO 1.

—MREANEE TS NCI10 [THEHF T &K DAMO B#. EHH, 4
ZR®X{HET DAMO BHEEHRM+ ¥ 5+ & L4 &% S (Raghoebarsing et
al., 2006; Hu et al., 2009; Hu et al., 2011), # H = # ¥ & #7 16S rRNA £ H 7 7 #
MERBHO82%), E%#F S5 DAMO BB W R THEXHPE T
Methanosarcinales W& H . XMt H 5 AW ENEERFTYRA AN ELREH
A, BRRAHEANOTHRES. R, HuSNEREXRTRNETTH&
(NOy#7 NO)xt DAMO B &R A ME S LA S HMN, HhaiBus
HXT NOTHRE SN ERTHAY, TABANO,WELHHERTEHE, B
& W B A T R R NOy #4624 NO,” (Hu et al, 2011). 5 — R LA M &
HRE—MFHFFRES, R A NCI0 @F R M E >R EEHNY

11



L KFH L FEH X #-F ImsER

#HTEHF(Wuetal, 2011b), EHHHRARTEEZHRAE.
123 DAMO $: 5% 4 %

ERENFELERE T, DAMO EREFRMFEEINCIO THE S £ T,
RED ¥ DAMO ER#EFMF, % J3B T Methanosarcinales 84 & .

Ettwig $¥ E &ty )3 B F NCI10 [T X EF 5 #4177 16S rRNA XH R4 X
HoM, BB AEF5| 4 X W4, BN groupA. group B. group C #¢ group D(Ettwig
etal., 2009). KA BRH 5 HCE 1.1)REH NCI10 [THAEF 53438 T group A
%o group B, ¥ FiH DAMO FHEHRMFH NCI10 [THEHVTET group
A(Raghoebarsing et al., 2006; Ettwig et al., 2009; Hu et al., 2009; Luesken et al.,
2011a; Kampman et al., 2012; Zhu et al., 2012), 74 # % fFFEH K F 4 NC10 1]
41 % M )3 B TF group A F group B(Ettwig et al., 2009; Deutzmann & Schink, 2011;
Luesken et al., 2011a; Kampman et al., 2012; Kojima et al., 2012; Wang et al., 2012).
B, TLLAKIFET group A # NC10 |74 £ A 8L DAMO A28 7,
Y3 J&F group B By NC10 [THE R ER AL WAL BT L.

NCI10 [ T4 R A 4 sk th F i i R ALk 2. pMMO AL F e F AR L
B KR, RAD 3 o T 2B pmoA # B LA & & B 1R F ¥ (Hakemian & Rosenzweig,
2007), H1E R e AR LY Z A T I F o F I E AL £ 0 698 W (McDonald et
al., 2008). Luesken £ 3%t 348 1 T A FH M NCI0 |14 pmoA R H 85| #1714
(Luesken et al., 2011b). Wang £ XA Z W REABLELMLR, RAER
F group A B9 NC10 [ T4 & b % #4M2|, V3BT group B & NC10 [ T4 E N
7354 M 2| (Wang et al., 2012). Deutzmann #¢ Schink R F B £ 1% i+ # pmoA 3| #
H-BERBBAAFHLULAT ARG AR. ZEAKA-FRIETHET
group A B NC10 |1 488 £ # f¢ 1t DAMO # £ /7 (Deutzmann & Schink, 2011). &
ZBHRBHNCIONNAEFIIED KRI85 1 & B %P7 A A A DAMO
T8k Hy NC10 |40 % (Wang et al., 2012), H#&# —F h1L.

R, Kool £ B x4 # DAMO B EREFYFMANNER KL, K
T FHM NCIO [T Fi A BB IR B4 10MeCio F2 10MeCigiar, FF¥ZIEN
NCI0 [T E 44 & &£ W AR E M (Kool et al., 2012). Zhu 4 F| B qPCR Fufig i 24
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HILAFFLFLAX ¥-F RER

FEARARKNCIO [TEEHFELI, NCIO | TBEHREES LB EMERY
REEZEMX, RAXFHRER AL LUEN NCIO [T E 8 4 WAFIE M (Zhu et
al., 2012).

% 1.1 DAMO 44 PCR R F 5| 4

Table 1.1 The primers used to amplify genes of DAMO microorganisms

5 4% F3i(5>-3") Kb 54 Xk
202F GACCAAAGGGGGCGAGCG 16S rRNA # & Ettwig et al., 2009
1043R TCTCCACGCTCCCTTGCG 16S rRNA # [ Ettwig et al., 2009
gP1F GGGCTTGACATCCCACGAACCTG  16S tRNA # & Ettwig et al., 2009
qP1R CGCCTTCCTCCAGCTTGACGC 16S rRNA X & Ettwig et al., 2009
qP2F GGGGAACTGCCAGCGTCAAG 16S rRNA # Ettwig et al., 2009
qP2R CTCAGCGACTTCGAGTACAG 16S rRNA # & Ettwig et al., 2009

Al89_b GGNGACTGGGACTTYTGG pmoA # B Luesken et al., 2011b

cmo682 AAAYCCGGCRAAGAACGA pmoA % Luesken et al., 2011b

cmo182 TCACGTTGACGCCGATCC pmoA # Luesken et al., 2011b
cmo568 GCACATACCCATCCCCATC pmoA * Luesken et al., 2011b
1.2.4 DAMO ¥ #3&%4

EBR*F DAMO BEMNARMATRS N B, REH DAMO EEE#Y
%% 12). EWAT DAMO ANEEEFNEMNE B R TR AR v
MR, RELBAR, RANERES A TRBGERE, RANERY
REHFHRIER,

% 12 FFl DAMO B £33 k41 th 3

Table 1.2 Comparison of the DAMO cultures

R ER
B89 ExE BEFRX  WMAEHAR NO, (mmol 5% X #h
L day™)
KAFE ¥ 80% Raghoebarsing et
Ik B R 1.07
ikt ATRRE e HH 10% al., 2006
Raghoebarsing ‘
AT3EHRKL EHER HE 70% 0.7 Ettwig et al., 2008
BERERY * g
WA #

ATHERE  #H4£RX “E 70% 2.15 Ettwig et al., 2009
WEH

13



HITKFFLEMHX

#—F XmER

RN LN
HAFRAE
KEREEY
RN LN
HFRAE
RERRAY
HuE%
EeF L]
Hu %
Exh

R E
ik ]

AT ¥
IR
FKH

RE LK

AT HEFRE

AR

ALREFRE

ANIEFRE

ATIEHRE

AR

ATSERE
AL
i il
FK
FEK

F#eX

(22C) .

B
(35C)

F# AR
fm NOy)
Bt R
fv NO3)

ik

F#ts
R

R

M 15%

HE 30%
+H 40%

HE 70%

#HHE 30%
HH 50%

4 60-70%

#H 70-80%
M 70-80%

4 80%

N/A®

1.73

0.3

N/A

1.1

2.39

27

1.0

Hu et al., 2009

Hu et al., 2009

Huetal., 2010

Hu et al,, 2010

Luesken et al.,
2011
Kampman et al,,
2012

Kampman et al.,

2012

Zhu et al., 2012

a: NARTXBMFRER

1.3 ARBHFXNEXE AR

131 FREX

TUHLHERFHNEKARERD RN L E RN EATRFEE, T
FREHNFE - FEREFAK EAZEABRNPHERRE. 57 E, EWREY
AETFRENAVATRAZEEARRTRAZ, HERBTENAKEESR
b, BREANBRALEZTEE. DAMO REHRIAANFHRARMEEAES
RONERBTHWEBPLE. THRE DAMO EEEFMN G4 H DAMO
TR AR KA A A B B MR AR

B%, DAMO EREFRWHRBEAMARE —HAABK AOM 5 R#
CHRAENHLAFE. NCI0 [THFS 58 DAMO REBEHE TRELAERN
(B 1.7), Bk, ENXAERENF L EMHRAFBERIRY A AEEE L.

14
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NO,

E LINCIO (T8 $5 # 4 ok AW (4 EARE H % DAMO of #)(Ettwig et al., 2010b)
Figure 1.7 Carbon and nitrogen cycles catalyzed by NC10 bacteria

HKk, 2F DAMO BEEEBFHWMAITH NCI0 THAFNAE ENF LN
b4 (Wu et al, 2011a; Wu et al., 2011b; Wu et al., 2012a; Wu et al,, 2012b). %
B 40 An kit 1k 72 (Etwig et al., 2010). & %3 34544 (Ettwig et al., 2008; Ettwig et al.,
2009; Hu et al., 2009; Huet al, 2010 ) ¥ F B Z 4%, FRAF THEWFEN
2, TR B A A A A Y B T AR T S FERE I — A2 5 SRR R DU

%2, ARFEIENAFER, DAMO RAERAKAMGARTAFHTEEAK
ST Y F K AR AT T &R, DAMO EA 7 £ F ¥t 5 NOy/NO; B #7573
BB ER, BRAEREIBASPRAFEENEANE.

Luesken ¥ % £ RAFALE hEMFRANAET DAMO BEEFRN.
IWTZAT B ABRE IR ARTE S &M gkt (Luesken et al., 2011).
Kampman %42 £ 7 % DAMO [ F T 18 & 4.3 1k 5 K #y 432 (B 1.8)(Kampman
etal,2012), ZL¥TAMBAGTEZAREHACIZEATERAFIRE 64
BE R ER, —FETAERF IR RERNBRERE, - A EEM TEAY
MALZFERAMFSEFREAMS, FRETEERSE. b, ZHAFERD
7 # DAMO 4 5 K 4 4.4 1t (Anaerobic ammonium oxidation, Anammox)if#2
18 4 & 47 B K 478 8934 % (Luesken et al., 2011; Zhu etal, 2011). 1AL K F
AT RITEE T NCI0 [ TAE 0 Anammox L FHEEERY, LI
TEMFRATT T #4.

W BB, Tk st NCLO ITH# AE 4 MR R LR LS DAMO Xk
BEALEISHITE, HEEDAMO E£EAM A AR, RAWAMERA,

15



WILAFHEFM# X #—F ik

NCIO [THE £ K ERUSH HF AL 1-2 A), x3EHRFFEEL ™%, 38 DAMO
ERERYA URE. Hib, KA K47 DAMO KA M E EEFRHEMNDRE.

BREEK. REBHBE=AMXREEFHTT 0G0, UHtE. BRKE
DAMO R EMB B 554,

sewage UASE digester
10-20°C 10-20°C 3B°C

1.8 # B DAMO % /4 ¥ T ¥ (Kampman ct al., 2012)

Figure 1.8 New concept of DAMO wastewater treatment process

132FERE

ARANFEAZZREGCE: DFRTEERNE L DAMO MAEMW T4
t, BT RHRLREENY. DFRTFREFEESE DAMO MAW KT
t, BRBRHBBEREFE. DFRFRAHERE BT E DAMO RAEMHK
F, BEREORRE.
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133 ERBE

AEFHEABREWE 19 R,
DAMOM 4 Sty B ERKARK
i

[r— e ———————————————————————— S
: FRAEMWERER | FRARREERRA | RRARRRRE R R
. DAMO#CEtILEAE || DAMOMAMMILEIR | DAMOMA WA LLEHI
| |
| BRI A | CETE | E2

|
DAMO DAMO DAMO DAMO | | DAMO DAMO DAMO DAMO
Wit WiW #i%  ®4% it W% RN RAd
whe KRR RER  AMKK | #BeR AFe EHER MKW
. | LEZ S E-1 B | | nad  HieN

\

| DAMO DAMO DAMO DAMO
L #4d R4% R4 R4
FHE  HER AKX AKH

] | Aol M

. e ———

e e e e e . s

B

4 4
BB RARAE ——— RAWPERE

. -

1.9 RREERAEABLE
Figure 1.9 The outline of this rescarch
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FIAFFLEFRABX #-% TRERNELREF DAMORA P WBHE

FoF TEBMH TR R DAMO Mk Hrth e Beot 50

5

ZHMARERH, NCI0 [ THELK+2 4%, ATHERS DAMO E£3#
Fo+AER. BH, KEY DAMO EERANTAARE 12). AT, BH
% DAMO R B HLBR & 5 WM M ER, REXARWERERN. TREAY
BRI R FRER G TR EEEAMRT S X5, 3 Hxt DAMO T ¥ ##
FREALAREENESN. HH, DAMO #MMEERH FHANAY, HA
RIS ERE, FATRY. RS RAE RSS2 0B e L REH
3K B 1 3 (Raghoebarsing et al., 2006; Ettwig et al., 2009; Hu et al., 2009; Luesken
et al., 2011; Kampman et al., 2012; Zhu et al., 2012), MWK FEAHR.

DAMO HE & 4 B X KEE R KA+ FHA NOSNO £ 5. EARA
ARAERBLFAXETHR, AAERHEAKTAGLEA—ERNHAR,
R 6 1 A8 T % o P UK S R T B2 DAMO W E B M. RE
ABEEREAANNASTROEESHE, FARTFRENAREA, HEERK
TEFPRERN, ABPLUBARNHAHLE, EHASLEE DAMO X4
WA A, FATEARYEE R R EAXRE, AR ETEAE
%, ERSBAH % EH NOy R NOy, FHERTHIENRESRIEL
BHHABYPRAK, HRAATERRERZL 4L DAMO & BT 4 4.

AL BRI R TS 6. R AR 30 AT R 1
BHWRT DAMO W MANMESE, LIKBTESN DAMO EE£EAY, F
HARAFANSERUMNEERR P BB EL, UERCHERNEE
DAMO 3 S8 MBI TTATHE, T A B EMM, Uy KEMMHFR.

2.1 M5k

2.1.1 E:H

REFFRBATRONE EREFHH” FRARGTRRE) REAELE
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HILKFH L F A X % TRHEMNMELER DAMO A HNEKEAL

(B KA EREARE, BREREAREUT 5-10 cm)fo 3% A F1# R A (A
ERAFE, BERENARHUT 0-20cm). Z MR Moy X REA TR
21 i, ZRE/RNEHHEE - ZBHNOLN, TRES FHBMERIEK
FI# R T 0 NH N RER W REARLRE -MER.

K21 ZHERMHEREMMR

Table 2.1 Basic characteristics of the three inocula

# R4 pH NH,-N (mg/Kg) NO,-N (mg/Kg) NO;-N (mg/Kg)
REFFHEFRITR 742 308.17 1.98 19.76
REARLE 6.64 49.63 0.64 12.19
B AR # R IR 7.36 323.06 1.00 31.88
212 %%

KA X ARHFAPH 7.2-7.3, NOsKE K 3.64 mgN-L', £f0 NOyK & H 1
FRAUR)FnEBH NOSMEA R EHRIT DAMO MANBH B EIER. £ 500
A BERIRF, HANOHKREMNT mgN-L'#AZF 21 mgN-L', pH g4
#7072, SHE FREGEFIRELEFESMREL 20%EE,

213 EHEER

RAAFE 4 SBRATZHEMNGEEERE2.). ENMNEELER K 25L,
BHEAOSL, FERKZE20L, SHEFAHOSL. ZABEREH 30°C
fBiREST. SBRIX 72 h H—ANEATHH, BFEO0Sh3#AR, 70hREH, 1h
UM, 0.5 h AR, EHAM, WAERE, FAHFSLE SBR FRANER,
URIFHREABOREINR, EHRAGpHAE. AXERE, #LAK, A
100mL 85 FRE(E N 99% EREEXR BT HRGRYEA. AN, 4
SBR # 3 1 L L&, shbt, AMEBESE, BiEEA#N. #AHITLE
FHERE. EEERSIZANER, TEMBRIH(0-180 X), #KANOKE
FHE TmgN-L', #0545 100 REFA T 28 mgN-L' 8 NOy, W&y
HIAHUR, 100 XJE#% L&t NOy; &M B+ H(181-400 X), #AK NO,HKE
RAZE 14mgN-L'; BEMBEH(401-500 X), #A NOyRERAZE 21 mgN-L,
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HIL A A F B FEEAYEEEH DAMO 4 i L R E

— S a1t -
RERE — || —m— BUHE O
R =

s

=7

E 21 B DAMOWAEMY SBR £ &

Figure 2.1 The SBR for enrichment of DAMO microorganisms
2.1.4 FEENR

FRMMEBAEZFEEERS R, R2. R3 # DAMO ##. REZME
ERFUFIAFE NOHEFRER R IR, MEAR IomL EEXANEHE
72 mL fu g H . FAoRERENOKRE 28mgL!, pH7.2)E 50mL. £ kAR
AR ES 15 min, PR DR AR EIOR. B AR
99.9%H7 B 4%, A FRIKERHE 45%EE. SMMEREZATTH -4
B4, MEERFRTFEN NOy. FREFHERATER, BRERE
£ H & 30°C, RFEHEE N 100 rpm, HHREHAX 10h. EEFIEF, FFR2h
BRI M B RORIE S U NO SR, %€ DAMO R R B M H 4 8 AL+
HEXA.

2.1.5DNA ¥i# 5 PCR ¥ 3%

EMBE R BB E-20CHE. FRHRBEZAEREFNE 0258, XA
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HOLAE B $4# X F-F TRERYTEN S DAMO M4 Wi AL

Power Soil DNA Kit (Mo Bio Laboratories, Carlsbad, CA, USA)#1T DNA #i#%.
FAERPCRAFI =M EEEFMP NCI0 T4 E # 16S rRNA 2 E F1 pmoA
EEHATY . REWFTEA N Wk 2.2)&K PCR LI 44 5% Luesken % X
#k (Luesken et al., 2011b; Luesken et al., 2011c). F7# PCR = #1/8 1%¢h BE g 58 4t
Je L sk H AT
%22 PCRERFALIH
Table 2.2 The primers used in PCR amplification

HEEAG 5 MFFI(5-3) 5% Xk
202F GACCAAAGGGGGCGAGCG Ettwig et al.,2009
1545R CAKAAAGGAGGTGATCC Juretschko et al., 1998
gPIF GGGCTTGACATCCCACGAACCTG Ettwig et al., 2009
qP2R CTCAGCGACTTCGAGTACAG Ettwig et al., 2009
Al89 b GGNGACTGGGACTTYTGG Luesken et al., 2011
cmo682 AAAYCCGGCRAAGAACGA Luesken et al., 2011b
cmol82 TCACGTTGACGCCGATCC Luesken et al., 2011b
cmo568 GCACATACCCATCCCCATC Luesken et al., 2011b
216 XEEMF

PCR =M 55 R AR A &R AT, 4§ PCR & ¥4 2| pMD®19-T #
& L (TaKaRa, Bio Inc., Shiga, Japan), ¥ % N\ & &K XHATE & SOC 4K % H iR
Ik 1h, MG ERIRA T2 A ¥ # B F(Ampicillin, Amp). 5-#-4 #-3-7%|%-
B -D-+ 3| # (5-Bromo-4-chloro-3-indolyl B -D-galactopyranoside, X-Gal)5 5 &
- B -D-%i AR % ¥ 34 3 (Isopropyl B -D-1-Thiogalactopyranoside, IPTG)# LB
FREFFREFHEFRGTCHER16h). B E ARMHHIRE %%, A% A PCR
ERUEFNA B (Huetal, 2012). FMERRBE L 20 MNEBEREXLTA TR,

2.1.716S rRNA 2l 5 pmoA ZH R KR W 47

%/ MEGA 4.0 # 4 (Tamura et al., 2007)5 i Sk B 7 HT R 5 K T 4.
FFIRA Clustal W # 3 #4T 3457, 8 )6 R A 484 (Neighbor-Joining) i Hy 2 % 4
K B #, K p-dianstance i 8 , 3 %t H 2 93 # 47 Bootstrap 247 (1000 A 4).

22



HIL K 28+ F 4 h X $-% FREMNEEER DAMO HAe Y LEFE

%  DOTUR #X ¥ (Schloss & Handelsman, 2005)7 NC10 |1 48 % # 16S rRNA # &
0 pmoA # E #4174 2% # £ ¥ JT(operational taxonomic units, OTU)Z 4, 481
B KT 97%H 16S rRNA # B Ff 5 FoAf fil B K F 93%H47 pmoA X B 53 4 —A
OTU(Luke & Frenzel, 2011), #4h, FIAAR C=[1-(ni/N)] x 100%34T 3 1 & B
ERNUHE., AP o H—FF5RE—NOTUNFFHE, Ny -ATBREF
IS0 21k @

2.1.8 LW % X € & PCR(gPCR)

ASLHHILNCIO [THE 16S rRNA 3k F 45574 5| 41 qPIF/qPIR £ 4 £ B A
K H 5 4. KA iCycleriQ5 3£ Bt & B PCR X (Bio-Rad, California, USA)# 47T £ %,
qPCR R [ %4 W X #k (Ettwig et al., 2009). PCR "3 J& i B4 2 247 5 4o
SEAET WA TR Hu et al, 2012). HHHEFE N KIS Threshold
Cycle(Ct)ff it ¥ % 15.

2.1.9 X KA 4 % (FISH)

WA RI. R2. R3F#AATEM. BEfoix.

BE: ANEARNBFABEARS | mL, BOF EFERFARBRE R
(Phosphate buffered saline, PBS)###. B 0.5SmL R WmASRFEBE A+, B
FokL3h BOHEXAPBS Wik, ®&JEH PBS 5 LEBNEABRI:DEMR,
B F20CE& % THRAE.

X REZFHERNERE 10 L B EEF K L, HECEHT
BRF. FE, REO%RTRERENRRA HRETZETEREA. #TH
I A RKET 50,80 F1 100 %y BB A& A, FMNREMA3 24,
BAZERERTHRZ. FIEBEEKER S pmoL-uL ' 4R AR, KA N
S-*-DBACT-1027-a-A-18, % % NC10 [ £ # (Raghoebarsing et al., 2006), EUB I-I1I
BAHA, 22X HH (Daims et al., 1999). FAH SR 10 pL 2R F0 1 pL
HREW, FARLNMCEEHBERERXAEERY. BERXECE (50
mL), EENE PH—KFBFEIRE, 2R KRR 2T HE ZRAK
E. BEFAREBNBOEE, BRXEATETELE 46°C TREZTH S
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WL A% A+ FAH X & TRERYE LR DAMO A M LEAR

RN W, A 46°C A TRE 15 h, RAWEI R, B8 AR ERIIAS T
E 48°C. 2XTHE, REEFAHAHA) BRERATHE. HE, ¥
FHETHRERT, HE48°C FHTHK 2004, AATEEREEHRK,
AR REBANCHELK, MEET 46°C RXPPTER. B TREHHKE
TREFRE.

FISH BE&HER A XA F R * B & B MK (Zeiss, LSM710 NLO,

Germany).

2.1.10 4 F %

NH,*-N. NO,-N o NOs-N %5 VSS ¥R APHA iR FHAAE
(APHA, 1998), ® ¥t XA Agilent 6890 % 7|54 £ i (Agilent, USA)FH TR E .

22 4R

22.1NC10 [THEH T

SBR KR & UL 72 h A —NETAR, FANEBTAMBEHEFRaHR
B 20%, URIE-ANEBTAHATRBEL AR, O TERNEERAIRTF
e fReR I, HhEEEFRIBPH DAMO FEH U NOHFEFEFEH
(nitrite reducing activity)tf A 1645, BEEFIRF, ZAREE NOH#HHFE
Rl 2.2 .

EEAR(0-180 X), #H AT 8 NOKRE EBMEATF(7 mgNL"), #H#&
BT 100 R &9 #EK$ 7 v 28 mgN-L' 8§ NOs, MR AMA R IER, ik
FALH AL, 0-100 X, Rl B NO; FHE B IEM X 6.45mgN-L"d", H 4 NOy
WEELTE, T R2. R3 W NOyEREMARN 40 Rt 5 R1 MY, 25%
2|7 5.35 mgN-L"-d" #15.12 mgN-L"-d", W/E R2. R3 # NOs # 7% J& 7% 1 3 #f
TH, F 100 RE#AL HA NOSRERAFHT, RABFWRRMLFDCE
EARELE, ERFLEEZAMREEP RN NOS. 0-100 X, Rl # NO, EEE#
e, FHAREFMA 1.54 mgN-L'-d?, i R2. R3 # NO, B iEM KA+
T#sh, PHEEFHRLFH 1.14 mgN-L"-d" 9 1.34 mgN-L'-d”. 100-180 %,
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H LA FEH L F LB X o TEEFDE RS DAMO MAMNLEHAE

RI # NOy R BL7E M 53 100 RABY, FHHREEMY 145 mgN-L'd", 7 R2
5 R3 B NO; T R B A T W, F-H LB FH 25 B E 0.76 mgN-L-d" v 1.02
mgN-L'\d', RAZE LM RBCEREHAT. TEENBAMO-180 X), BHK
AT REHFR, EAZATEERMX NOy R NO HARARE, =4
RSB S KA AR LR ER N £(H 2.2), 3k BIH B DAMO &
.

B Bt 1 B Bt 2 Br B3
R1 .
—_ e R2 L 7N ‘l
i s R3 LI
=M - A.;. .
5 Ao
b . l‘:“ g =
il g g %
= n = I.E ] il!c } -
) A .3
i . - % °a
T fms ™ e B Pagl
I ) . ®
= A [ ] .
= P A e a F A "" b
@ o A #
. Ag (@ o X
[ [ ]
0 1 1 L

1
0 100 200 300 400 500
B A COR D

B22 BHEMEFIAEF R R2. R3 77 NOY B AR

Figure 2.2 The NO;-N consumption of cultures R1, R2 and R3 during the enrichment period

EEM B P H(181-400 K), 3K NORERAZE 14 mgN-L'. Rl Ak
NOWREM B AR, NO; RBREUMRF, FHERAEMLLHT 1.78
mgN-L'-d"'. T £ # A& NO, R ERFA B K4 100 iE?E#JWIE]&W(ISHSO A
R2. R3 # NO,RE &M - EABERAT, 45 % 066 mgN-L'd' v 0.63
megNL'd'. B£280 X% E, RRAURI Y NO, REFMHA TR EFNHERA,
FHEEEENFEB T 1.44mgN-L"d" 42,07 mgN-L-d " (B 2.2). LB
Rl B EEHF KA A, T R2. RIGRMUEAZEFH FH,. DAMO M
BL R,

&% MBS B(401-500 X), #AK NO;RERAZE 21mgN-L", RI. R2, R3
B NO,y T KB A #— % A, 25145 T 276 mgN-L'd", 269 mgN-L'-d"
Fo2.81 mgN-Ld"'. AR = F PR LEA E & A# % DAMO BHHAE.
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B AT - F A X ¥ TREABEREL DAMOMA WY HLERE

2.2.2 WA 4 DAMO FE & WB,

EBRIERSORZG, RN 4 #ER I = F F £ 55744 DAMO %1t
ZERET, ZRERMR. RARHRERAHAAFRE NOy, HERERX
HAEW(CHe: NOS-N)A A 4 3:6. 3:7.5 fu 3.8, MM FE I 3:8. ZHMHKA
b & ¥ 21 % 0.06 mgN-g'VSS-h'.0.15 mgN-g 'VSS-h™ #70.11 mgN-g'VSS-h'(H
23). ZHERER, EZHEEEFISP, R2 LA K FHH DAMO FE k.

24
m RI
L 2 . R2
o~ = R3
el
2 18f »
y-2.37-0.15x
o » R=09
-]
B
bl 12
= F\-H—aﬁ_ y=114.006x
e A L\\,__ R'
Find - —a— R0
" o6l ~—
= 4 y=107-0.11x
B Ta R0
L }
ng L 1 1 1

0 2 4 [ 8
B[ C )
B 23R1. R2, R3 4#7FH MK DAMO thiF
Figure 2.3 DAMO activity of cultures R1, R2 and R3

2.2.316S rRNA £ H Y5 pmoA % H & 5B W H

EEREFOENARE, RANCIOTEE S FM5 4 PIF/QPIR HZ#E
FEHRMRI. R2. R3 # 16S rRNA £ BHATH ¥, 2HHEEIEEHSHH
FNCIO [THE R EHAA. 165 RNA REZ AL T AN, “HELEREH
MERBHFINEFF—%, HREH 1 A OTU, ZHB 2 FHF MM
BB T 99.1%-100.0%, 3 B33 B F NC10 [1# group A (Ettwig et al., 2009)( &
24a). 5=REEERHRI. R2. RINCI0 [THFFFHMERANEERE £
W RTE T LR B LU T R(5 A AL ) Lieshout)fk 4 % # 41 12 5| % DAMO
BRERY. MMESHNERT 97.1%97.6%, 97.1%-97.8%, 97.1%-97.6%, 5

M. oxyfera BPHRBUEN 2 H K 2] T 96.7%-97.2%, 96.7%-97.4%, 96.7%-97.2%.
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group A—

Enr-R1(22/22); Enr-R2(21/21); Enr-R3(22122)

DAMO enrichment culture, WWTP Licshout (JF706177)

DAMO enrichment culture, Twentekanaal Canal (DQ369742)

DAMO enrichment culture, mixed nocula (FJ907182)0

Paddy soil (JN704461)

Lake Biwa sediment (AB661586]0

Candidatus Methylomirabilis oxyfera (FP565575)

DAMO enrichment cuiture, ditches sediment (JQ362448)—)
g9 r Dithes sediment (FJ6215501 ]

2 WWTP Lieshout (JE706170F group B

Lake Biwa sediment (AB661499)
95 o8 Paddy soil (JN70443210

Ino-R2(23/25); Ino-R3(23/23)

99— Ino-R2(1125)
Ipaddy soll IN704435)

e I
95 Paddy soil (JN704425)
E‘< Ino-R1(26126)

L
0.02

Acidobacteria (D26171) -~

B 24a EEFHRMT DAMO M A 5 E S8 NC10 [THH 16S rRNA R AL B H
Figure 2.4a Phylogenetic tree of the 16S rRNA gene sequences recovered from cultures R1, R2
and R3 with Acidobacteria as the outgroup. The tree was calculated using the neighbour-joining
method and the p-distance correction. Bootstrap values were 1000 replicates, and the scale bar

represents 2% of sequence divergence.

KB pmoA 3 B B 45 7 4 51 # 3t cmo182 F7 cmo568 X R1. R2. R3 #] pmoA
REHATY H, HHREF N pmoA K EFFIHAT R LK E 2 K IPT KBS pmoA
EERF 5 HE F F—H(E 2.4b). LL 7% cutoff #4711+ ¥ (Luke & Frenzel, 2011),
Z#HH OTU B4 3. R1.R2. R3 F B Z|# pmoA X EF 5|5 £ HRE & NC10
NaE 5 REEALE HEY(Zhu et al,, 2011)F B /B NCI0 [1HH F 7 BB XL,
MMELF L2 T 85.5%-89.5%, 85.6%-91.2%, 85.1%-90.5%, 5 M. oxyfera ty
FEABERN 2B %2 T 85.6%-88.4%, 85.8%-89.7%, 85.1%-89.7%.
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LA EH L FMAHR X $-%F TRERNEEER DAMORAHH L BHE

63‘4 RI (16/16); R2 (19/19); R3 (24/24)
48

Co-culture of anammox and n-damo bacteria (JN609384)
52 Co-culture of n-damo and anammox bacteria (JN006737)
Candidatus Methylomirabilis oxyfera (FP565575)

o Uncultured bacterium, paddy soil (JN704402)
;E Lake Constance sediment (HQ906566)
53 NC10 bacterium enrichment culture, WWTP Lieshout (JF706198)

Ooijpokder ditch sediment (HQ698932)
NC10 bacterium enrichment culture, WWTP Lieshout (JF706209)
— Methylacidiphim (FJ462788)

—
0.05

B 24b EEEFRM T DAMO iR AN S B 48 NCI0 [THHE pmoA R AKX & #
Figure 2.4b Phylogenetic tree of the pmoA gene sequences recovered from cultures R1, R2 and R3
with Methylacidiphilum as the outgroup. The tree was calculated using the neighbour-joining
method and the p-distance correction. Bootstrap values were 1000 replicates, and the scale bar

represents 5% of sequence divergence.

2.2.4 E R

C0%
B

Log (B &)

R2 R3
B m R D)
B25 BEEFRMMO X)E EEERAM(S00 X)EE£HE M R1. R2. R3 % NC10 [T4H
BEZFER
Figure 2.5 Abundance of 16S rRNA genes of NC10 bacteria in culture R1, R2 and R3 from initial

period to final period.
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AERME EEEFMATEE PCR M. WwH 25 R, ZRHEMF
HEE-EHEHNCIO TAH, 2542 T 6.76 x 10° copies'g” (dry soil), 4.33
x 10° copies'g™ (dry soil)fn 3.44 x 10° copies-g” (dry soil), # & F &4 E]. £ 3¢ 500
R BEREF, RI. R2. R3 F6 NCIO [THEHKELFIEKE 432x10°
copies-g” (dry soil). 1.26 % 10" copies-g” (dry soil)# 6.86 x 10° copiesg™' (dry soil).
AR T 63 15,2909 (40 198 1%, X P RR Y NCIO [ THEKEHNKRAL.

2.2.5 FISH

KA FISH AR A KB =T REFM+ NCI10 NNHE AN FERRATE
¥, %4 DAMO #RH#H 4t S-*DBACT-1027-a-A-18 H4H (L 8)5 @E H4t
EUB338 [ - I 4t (K E)EF X, NCI0MHERMUE, BRET, ZHE
EEFMR]. R2. R3IF NCIO [THEHIEHRIES, NC10NBHFNUE
REMMES S ARY, 5L AHAG AT T 50%(E 2.6).

H 26 BHEKESH 500 X5 Rl. R2. R3 ¢y FISH . RA 4 # & F K4 EUB HIGE £ €)f0
NCI10 |14 % # 212 5 4t S-*-DBACT-1027-2-A-18 (Cy3)(Sr )M A HH#HTHEZ. NCI0 ]
SEBEAMEEE AT EARLE. HFR: 10pm
Figure 2.6 FISH of biomass from cultures R1, R2 and R3 after 500 days enrichment. The cells
were hybridized with probe S-*-DBACT-1027-a-A-18 (Cy3) (red) specific for NC10 bacteria; a
mixture of probes EUB I-1II (dark blue), which detected nearly all eubacteria. NC10 bacteria

appear pink due to double hybridization with the specific (red) and general (dark blue) probes.
2.3 ik

B3, DAMO B %3 4 oy 5 M 4 1R - 3 A& YU ¥ (Raghoebarsing et al,
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2006; Ettwig et al., 2009; Kampman et al., 2012), & 75 #(Luesken et al., 2011),
RAME TR Y. FEHE T RAE R IT R AR A M (Hu et al,, 2009) 70 KK B L
#(Zhu et al,, 2012). A EBKHFIRAREST FREKEG R R EARSLROHA
FEAFMRDEETEENE DAMO ity = B £ 5% R1. R2F1R3,

BEMNBAM(©0-180 X), ZHELMEFY R, R2. R3 # NOsfu NO; R
ERARE. WHAERE, RARANBORAFREVEND, EEEH
BATH, 4 IRA LB R (Bttwig et al., 2009; Hu et al,, 2009; Luesken et al.,
2011b). AT RAUTHERE: €%, ERPEARETRES FRBAAE
R AERK, FRECHES S, BAXE RUREFEFRTHRENH
MAEFHFEN FRRAT, NG ARA R KA EERE T KR T3
B REARLEES RATERRESFENANARAREEEREFIRTH
AMRAEMER T TR E AR R TN EFIEBRACEENA. XK,
FRREAN, EEREZRGFAT, REAEALAEAER NO, RSN
E 3% F NC10 | 140 % (Luesken et al., 2011a; Zhu et al., 2011); T EANAHFEH &
BT, REACEFES REAAM AR TS AFANRR NOREFRIER
(Ahn et al., 2004; Dong & Tollner, 2003), B4 #4040 4 K i & 7T 5 # ty 100 £
Pt (Kumar & Lin, 2010), BEt, #MELEAVHERA AT ES NC10 14
WHREXARER NOHERFE S /. EFULS, BUZAREEFRAEN
FTERNRRBMAKER. BENEERBAM, #A NOsf NOyEAH Rl M
%%, W R2. R3 By NOyfu NO, BEERNZH T, AN TRENFEFH
AN E R E R REABRITE. AEERFVPERZSE, R2. R3HK
A L1 R & AT B — MRIK B AT

AW B $(181-400 X), R1 By NO, B 7t M AR B9 R A/ L7,
WEANE EATH T NOyfn NOyEREY —ERFHBEILRE, LHE RI
RRGERBMER. EEEFHHW 100 XA4A, R2. R3 B NO, LR &M
AMARREGRAT LA R, SAEFEREAT. Enwig F5 HuSEE
ERBFHBD T REAGAR, FH B2 L2 T 80 X(Ettwig et al., 2009)F1 180
X (Huet al,, 2009), XV &2 w4 ERE#EAN, —F E R2. R3IWRMALE
WRATHAE, LHH NOHANR DAMO HAFK, HEHCBIKHH
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DAMO 7. {2)LE R2 fo R3 # DAMO B H55H, stERFRE B+ H8h
BEZ, ATHARENRAZTE-—BRHEEMNERN. 257 100 5K ER T
ZEEMBEH@01-500 X), R2. R3 # NO, N #EEXEERE. Euwig &
(Ettwig et al., 2009)EE MR BN B NC10 [THFEHHKERTT UM, £
NCIO [THEHKE L NO, ZREM ERFHEM XY, Eok#F NCI10 [TAFHHK
EALHEREHE K, £ DAMO BHEERA,

MEREFRURILR.RIGFRIKLERE R, = # 093 FBE/R## W(CH:
NO2-N)Z %1 4 3:6.3:7.5 Fo 3:8, ¥4 i T # % th, 3:8(Raghoebarsing et al., 2006),
#-FUELTEENBRENAREEFETELANRE DAMO R 1. REFLFE
EW, RISRGFEHEREERE, SHOFARZXANARAEMNH et al,
2009; Kampman et al., 2012), Hu %38 7 662 by T A Y 3t 9 4 69 R L 16 R BR
F(Hu et al., 2009).

16S IRNA R X EANEFR, ZHEEEHRY P AREH NCIO [THE
R343R T groupA, 5ZHHHARLER—%: groupAINCIO [THHR £ 5
DAMO K i # £ } F (Ettwig et al., 2009; Luesken et al., 2011). F|F LA # 16S
IRNA 5| #7303 A B AR B L3, e R B HINC10 [T A8 XA Y3 & T group A,
E A #H4)3 BT group B(Deutzmann & Schink, 2011; Ettwig et al., 2009; Luesken
etal,, 2011b), RN EF NCIO [ THFHHBHLEMEE T DAMO BEE
FU. ERERMEFERR T NCIO THARBI RN LERAAATLEES
438 F group A 8§ NC10 [THHE By £ K82 T HER LM, Wb NC10
NMEENETARENXMTRHHEBBA. EXZREET, ZHEEERY
R1. R2. R3 #H a4 £ ME NCIO THE, ZHFFELEAREET 1 A OTU
B, ZHBEWZERFFRMENET 9%, T5 M oxyfera B FF 5K UK & &1
1%L . FH, 3 pmoA AHNZELXEANET, ZABEEEFM+5E
B pmoA HEEFFIMEF F—#%, 5 M oxyfera I F FIUERBER A 90%EA.
— R T PR A E AT UL 97%M 16S rRNA 3 B $1 93%HY pmoA % B AH
LB # ¥ (Luke & Frenzel, 2011), MLARERFRATHELER T —%¥d
NC10 [14H# .

ALK = AEMYF NCIO 11408 16S TRNA ZE# N5 6.76 % 10°
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copies-g” (dry soil), 4.33 x 10° copies-g” (dry soil)' % 3.4 x 10° copies-g” (dry soil)
X 5 Kojima % 7& Biwa % & JIF 4 RE 8 NC10 |18 E $ B M A (Kojima et
al., 2012), Ettwig % X LM & DAMO 7& M 89 38 v, NC10 [ 40 X B ¥ v (Ertwig
et al,, 2009), ALK 500 X BEHEHS, R1. R2. R3 7 NCIO |14 % oy 3
B2 545 T 4.32 % 10® copies.g” (dry soil). 1.26 x 10" copies-g” (dry soil)#® 6.86
x 10° copies'g” (dry soil), 7# & R2>R3>R1, 5= HWJAWEN—&, i
ETERERAMT, ZHERYTFREABLERRAEMNY. FISH £RE
7, R1. R2. R3 # NC10 [THA# S L AHHBHLAHERT 50%, E%#E
NCI0 [TAFAE=ZMELEWFEEEE. NC10 1THAERELE, IHALEL
flty DAMO E£MUBA L E RELRMNBEENTHALA, BATHAY
T8 5% 40 M X o 18] 75 A 4K 3 B 4 RLBE 7T 9 2K (Schmiid et al., 2000).

GEAIRHER, ABIRRRAEMY, XTHR EFARLRIEHKRY
YR R E T B A M B ST (Liesack et al., 2000). AR LEH KA L
EF, FRFREQAALETHANAR L RETF R, AHdTREHNAER
A, BHEERABEFHRAEIH, EHLEENEAT, ABP2EELUHE
ROBAEEHA B EZHEALE, IFHYRGFERKEELH N DAMO 38
WMEMGAEFRETEFERNAA. TEIREALESNS, RESFRR
HAERE-—FRFRBEYR, ERLHT, ARATRIIELERSET DAMO 5k
WL T REFREN DAMO BER YR TTH, ER#A-PRUEELG, ¢
ZRERERFEHE RN DAMO EERFY, REFFRFRFTRELR N —F
¥ EA# % DAMO ##4.

24 &%

AFRERAREST FRBAEE R REARLE. JOAAEARIE N &
MR E T AH DAMO B EHEHRY, §REETHAREARLEHE
ABFYAIT DAMO HMAMELRTITH, H DAMO EEREFYHKE
RUETHNLE. FEOERIRESTFENFAMERKAREAL L ER KRS
BHY.
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HILAFHL LR X FZ¥ TREFA DAMO A YEKEFNLEFALR

FZE TRIEHRE DAMO R4 W EREEFRGLBFR

5l

BRERBENEREROXRREE, EFRAMENGEKRER R R0
ZEWAKET, FEHAMERRGEE TN EFTE.

RTHANEEREEFETOAXRREREALERE, ATEFEARK
RE, 0 Anammox AH W EEM L RAALRFE, RTE —RHFLET, £
RAEREFREMELERYATEERFREAAIEREATHWKE. vk
Anammox 4 W B E £IFEFH AT, van de Vossenberg & F| F 41 1 ¥ A B 4| #h K
REFERAHERIIPHHTES, EE2 T HMHHH Anammox 4H, TR
BN TAE S KR A 38 3R 2 ] B B8 4 #9 % i (van de Vossenberg et al., 2008). 1,
4, Nakajima 45 Hu %2 2| | K ¥ 7K (Nakajima et al., 2008)5 3% A (Hu et al.,
2011a) BB W EFRERG EEE THH Anammox HH. XLHEKA T ARE
FETRAAEXEUATIERERZ AR, TUERRELR FAIERE RS
FEMAEN.

% 12 FiF, BB DAMO AN EREEFRFRAATERE, EHil,
AEBRRRRREFREZEDAMO AN EERF LR EFERE, XEXAK
HARIREE - EFPCHEARRAABHMENENN, 2R AXRER
ERAIBFEHTERRER, FHELL2TAENFER, XEEEFIN
DAMO b7 . NCI0 TABE ALK . REFHTLE, kBB RRNER
F, AEIDAMO HHEHBERE K5 A7 DAMO A RHEH T,

31 HlEFE

KBRE: 3 1]

BRAPAE -F 211 PHREMHREARLE.
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312 ¥ k%

ALRRAGRREFRAWE —F 212 $HR. RANAIRERES%
Ettwig % (Ettwig et al., 2009). 3 3 & A3 F & 2 KHCO; 1g; KH,P0, 0.05 g;
CaCl,"2H;0 0.3 g; MgSO4'7H;0 0.2 g; NaNO; 0.0345 Z 0.069 g(Tmg N-L" £ 14
mg NL'); MUMEBLEAR 0.5 mL; BMRETEAER 02 mL. HFABRBM
£ L E B2 FeSO, 7H,0 2.085 g; ZnSO, 7H,0 0.068 g; CoCly'6H,0 0.12 g;

MnCl,'4H,0 0.5 g; CuSO, 0.32 g; NiCl,'6H,0 0.095 g; H3;BO; 0.014 g, &7

MM E T E B WA Se0,0.067 g; NayWO, 2H,0 0.050 g; Na;MoOQ, 0.242 g.

3.1.3 WHEX

ERHANMEES 2.5 L SBR PSR EREEO0S ER, 2HHRRRRER
ZEANTHEHREZ20L. FANSBRAMN 72h, A 0.5 hth#HAH, 70h ey
B, Th sy ¥UERM, 0.5h HAM. ZESHAY, WARFE, ANEEnE
EYRANEA, URBREAFHWRENE. ARKEXE, FLANGA, #
100 mL B9 FIE(AEE N 99.9%)ENEE X BT # B RGRRHEA. AN,
BANEEXRETHE 1L LR, FERABPHASEF4ERE. AAIARK
BHE CEABTEN, BRIRUARBERDERRLHY. EENEERR
¥, K NO-NHRE N TmgN-L #AF 14 mgN-L", pHEEFHE 7.0-72 2
], FRAFREEZFESHREN 20%E4. EEER 100 XEREN, &
FREFR AR P HF A 28 mgN-L! £ NOy, 100 X &1 v,

3.1.4 FEHRR
FESNLE—F 214,
3.1.5DNA $#i#® 5 PCR 3 ¥

HESERE_F21S.
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3165 MF
HiEENE—F 2.16.
3.1.716S rRNA % H 5 pmoA 3 H % KR W N
HESERE-E 217,
3.1.8 qPCR
FiEHNEFE 218,
3.1.9 FISH
HiEsNEZE 219,
3.1.10 24 ¥ 3%

FrEHsELE =% 2.1.10.
28R

3.2.1 WX

ALRFARBEFRESATEREHITIB0ANEEER, RETHAMNE
REFMSI 582, wE31fix, EENEERB SIS 2 EMAMBEATH
EREAHFENARAHB. EF —HBO-180 X), HMREE+RHWHER
ERER. AKEHAHREXABHE 7 mgNL', AH#AFEFMT 28
mgN-L' a8 &. S1 5 S2 A A MHAATHRE, £ 100 X, S1 5 S2 x4
RHHATAE TR, RMLERZHRAE, AP ELEMHARA. S1 5
S2 R AHE — A, EHENHAEETRE, FETRBERNB,
FHEZEANEHAHBEATLATFEARNZR. EF ZHBRA81-380 X), #
Ak EHERERAZE 14mgNL" I & S1 5 S2 #9 Bl R FEE R YT
BERA, Hop#%. £ 181-320 RO EABRA, THEE S2 0y T AHAE
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BT LK 3 A+ 4 ik X

B FRERE DAMO M4 M H RBH L BHE

REFHTFSL, AHEX —MAFAEHAHEERE - S HE 0.85 mgN-L'
Eh,0KRZE, 2HTHAEEATHFTHINRA, T S1HTHAHL
KFRATHE, BHHOGEFEH - FHF, % 320380 KR EBRA, HEHT

HEHRMEEREE 286 meN-L' £5.

Figure 3.1 Different NO;-N consumption rate between S1 and $2 during the enrichment period

3.22 EENR

W RGN EEE FE(mg g ' VSS)

Figure 3.2 DAMO activity of S1 and S2 after 380 days enrichment
EERERIOXZE, 815 S2 4 DAMO AHATHK, FH LR L

—— BB i B 2
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--l .-.-. " ags =@
n" se
w
5 ) " 2
0 100 20 300
B @/ K

B3l BEAEFS25SINO, NHARRZ

25

[
(=1
T

n
T

=]

¥=2.1627-0.0185x
R*=0.9681

¥=1.8618-0.1054x
R=0982

o A At )

B 3.2 81 fr S2 4 fE 714 WX DAMO 7
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LK #HEFA R FZ#E TREFREYN DAMOMANE XA WEHE

W, S1 582 B K HLE AR W (CHaiNO, ) #1 2 3.24:8 #0 2.96:8, %A Eip
t.3:8, XA T DAMO HEHHELETHEMEELERYP. S15 2R AL ES
a5 K (;.02 mgN-g'VSS-h! #7 0.11 mgN-g'VSS-h'(E 3.2), EEMBEALLENE
WA 5.5 .

3.2.3 16S rRNA X B f1 pmoA X H R EX W7

ATHRMFEFHEEERY S1 5 S2 F NCI0 [THF MK, AFEMA KN E
—Bt#, RAEK PCR x4t S1 5 S2 #i3R i1 ) DNA #4743, x13KBH PCR &
HATHE. BARSHART 22 5 23 M ES#TAF, #id#A NCBI $ 48
JE (The National Center for Biotechnology Information) % # 47 %! th. x4 447 & 3.,
FrA M FFIH BT NCIO T, RAXEAMENR, HHPRBNFI2HF K
TH%K REZEFFIEANEUEERE, SI WFFIHEMEN 98.7-100%, S2
B F FIA LR K 97.6-100%, T 7 # 2 [ 8 504 L B U R AT 89.3-91.3%.

Ettwig % NC10 |14 4 group A 5 group B(Ettwig et al., 2009), EZ B #{ &
EEFYEBHNCIO HEH)TB T group A, B, —KIAXVFTET group A
#INC10 2 £ DAMO 3 ¢, 17 )3 & T group B XINC10 483 | X B & sh o k.
AREK S FRENFFIHITE T group A(E 3.32), 5ELFF M oxyfera H#
MEZL 2T 96.3-97.0%, T 53X 5 FF 5 A0 5 & & 69 F 5 (DQ83724 )R B — AL
WHEESAE, FANMUERET 969-97.6%. AMMR, S2 F Ik EHFF
33 B F group B(E 3.3a), 5§ M. oxyfera tyRABLEAR N 91.5-92.4%, 51 F 54
MERBEHFFIONTOA3NKRE THEFFHREARL, FIAAMEXET
97.4-98.0%. XIANEREZMARHRNAHEZL, £EB+HE DAMO B
B S2 ¥ MEHR 3BT group B T3k group A # NC10 0%, HFEH S2 4
DAMO 73 S1 E#& L #1%.

A 7%H9 cutoff # 4T 1+ ¥ (Luke & Frenzel, 2011), S1 5 S2 # pmoA £ FH 5 7|
#H R4 14 OUT(HE 3.3b). S1 5 S2 ¥B2|ty pmoA ZHFFE M oxyfera t
pmoA FEF B HAE 2B 85.9%-86.6%F 86.1%-86.6%, T4 X % F 1)
B & B8 FFI0F706203)% B TR A5 RIFFREH DAMO B4, F3
FALE 5 4 86.3%-88.4%%0 87.9%-88.4%.
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$1(22122)
Donana coastal aquifer (DQ837241)
Denitrifying AOM enrichment culture Enr-F4 (FJ621560)

Candidatus Methylomirabilis oxyfera (FP565575)

Group A
99| 16 Paddy soil clone 7-17 (JN704461)

Lake Biwa sediment clone B84 (AB661586)

Denitrifying AOM enrichment (DQ369742)

Denitrifying AOM culture clone LCB_B2C7 (FJ907182)

98 Elake Biwa sediment clone RS (AB661499) 7

Ditches sediment Ino-F1 (FJ621548)

Paddy soil clone 34 (JN704439) Group B
G:LE< $2 (23123)
87

Acidob

ia (D26171) -

—_
0.02

3.3aS1 47 52 ' DAMO 2 #8441 5 £ 4 #1 DAMO 4 41 168 rRNA 75| R S % # #
Figure 3.3a Phylogenetic tree of the 16S rRNA gene sequences recovered from cultures S1and S2
with Acidobacteria as the outgroup. The tree was calculated using the neighbour-joining method

and the p-distance correction. Bootstrap values were 1000 replicates, and the scale bar represents 2%

of sequence divergence.
52
S1 (15/15); S2 (9/9)
52
30 DAMO enrichment culture, WWTP Lieshout, Netherlands (JF706203)1
20 Co-cuiture of anammox and NC10 bacteria, Netherlands (JN609384)

Co-culture of NC10 and anammox bacteria, Netherlands (JNO08737)
Candidatus Methylomirabilis oxyfera (FP565575)

Saline lake sediment, China (JQ429432)

Paddy soil (JN704402)

Ooijpolder ditch sediment (HQ698930)

Lake Biwa sediment (AB661605)

Lake Constance sediment (HQ906566)
Ooijpolder ditch sediment (HQ698932)

Methylacidiphilum (FJ462788)

i
0.05

3.3bS1 0 S2 7 DAMO 3 #4155 B4 ¥y DAMO W4 # pmoA FF 5| % G X ¥ #t
Figure 3.3b Phylogenetic tree of the pmoA gene sequences recovered from cultures S1 and S2
with Methylacidiphilum as the outgroup. The tree was calculated using the neighbour-joining

method and the p-distance correction. Bootstrap values were 1000 replicates, and the scale bar

represents 50% of sequence divergence.
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3.2.4 qPCR

FEERVME R BB S1 &5 S2 6§ NCLO 1408 BB 12 16S (RNA £ H
BN Y #TEE, TE PCR NEAHSHRANSIMEEE Euwig SHHR
(Euwig etal., 2009). #FME5BE 380 XE S1 5 S2 P DAMO et E T L1
Sl 34 Fim. BAEE, AP DAMO ey 3 E 394 3¢ 4w, S1 # 8 DAMO
B 3B A 1.59x10° copiesg (dry soil)}¥ A | 1.01x10% copies-g'(dry soil), S2
#5 DAMO % # & I\ 1.59x10° copies'g" (dry soil)¥ fw#| 2.01x10® copies'g”’ (dry
soil). BRWFLE KM, S29 DAMO HHIMER S1 th 21, R 5WEXAN
#] DAMO b 7& f 48 IE B2

By
B 51
/82

Log (¥i)

|

0d 400d
moEC R D

W34 BRERVAO X5 EEEFANE0 R)EERAM SI S2F NCIOTAEH
B R AR
Figure 3.4 Numbers of 16S rRNA genes of NC10 bacteria in culture S1 and S2 from initial period

to final period.
3.25FISH

FISHZRTZ T, EREFRM SI ¥ RIHLNE T NCI0 T@EMW L), # A
HEERERFYPEEES. MRMEHNER, S2 FHRARNE NC10
MBEAFERAES(H3S). BLRAAREAMER, 24 FNCIO HEHR
HHH SR RAE(R I E T group A 8 NCI10 [148T), B {EVI BT groupB
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BNCIO [THFEE 52 &%,

B 3.5 WK 280 X5 S1 40 S2 9 FISH H.S1-1 f0 821 B 7 S1 A0 S2 + sy Mg EUB
LI 530,812 B3R T A# B NCI0 [T ME % R 4B 455,822 B 7 M F 84 NC10
MagsrERaax. FR: 10um
Figure 3.5 FISH of biomass from cultures S1 and S2 after 380 days enrichment, The cells were
hybridized with probe S-*-DBACT-1027-a-A-18 (Cy3) (red) specific for NC10 bacteria (group A);
a mixture of probes EUB I-11I (dark blue), which detected nearly all eubacteria. NC10 bacteria
(group A) appear pink due to double hybridization with the specific (red) and general (dark blue)

probes. Scal bar: 10pm
3.3 it

BB R B &P BT group A B9 NC10 [ 48 £ 4 DAMO 7% 1 (Ettwig et
al., 2009), {234 F V3B F group B #7 NCI10 [ 41 & T B A DAMO ¥ 1 JI) 748 iy
P AEBRARMKEABLELERY, RAAIEFERTER ERRDHK
787 5T group B By NCI10 [T &5 34 DAMO F £ £ S2, ¥ KiFL
T V38 F group B # NC10 '] 408 |5 # £ 4 DAMO 7%,

AERZFFURS KA TEEHET goup B # NCI0 [THE 5 T 5w
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DAMO E£¥5#4, TEPETHRANEMNYEHBOERE, XibXE=
LML TREAGLER —MAHERE DAMO EMY. RAXTAHN LA,
PHEMRYPFHNCIONNAEESBKERSLGAE T 10° copiesg’ (dry soil)), 3#H
FrikFr 5133 B F group B, E ik, Ao M4kt % B £ KB 3R T group
BHINCIO [T4® A £ 34 DAMO E£RF YA ET RIFAS. F—FE, ¥
FrEx DAMO AN E R T LA — R B4,

MRERERTUEY, S2 # DAMO EHEHT S1. AEHHF NCI10
e L RRXE, BRAENH KB T group B 8§ NC10 [T4H, XALMH
FHET groupA HINCI0 [THERER %D, URBRULNE, XA TES
438 T group BHINCIO [THEE Y EE XA FH T )& T group A # NC10
Naw, BrBIHFAREANESR, TRENEEERY S1 4 52 % NC10 14
FNRBLFAELZR X ZRTHRFEFH DAMO ERZRNIERA.

HAK, HAREET, BRE—ANCIOTHE B FE—A 16S RNA X H#
M, M4 )38 F group A # NC10 [T 48 ¥ 4H ML 49 & ¥ % 0.09 fmol CH, d”'(Ettwig et
al., 2009), & & B B B A HE KW 3B F group B HyNC10 140 41 fL oy 75 44,
EARERERBE Y, £ group B B4 H DAMO &2 group A 4R HY
276 1%, FHKANL LN DAMO #M tEEE R, INERN LR
RFFE &K DAMO FHEZ RN EE.

FZ, ZWHFRER, RAXRKEREES Anammox HEERAATLHE
FEFFEREEEHEEKHuetal,2011a), ATEFREAHARGEY, 2R TE
BRARE, MAZRFRAGRAEAEREEXAAE, B TFEXXRA. BEE
BEREENRS, —FEUFZART IRNALSLFE-—TNER, KEAHTHR
R ERERTE-EHRH; EX, GATEREHL, RAZFRENE
MRS WERRE. 4. 5. BUR-LHETRAOREARM JIETEFH
— R B LA T B2 A B K38 S 8 R B & (van de Vossenberg et al., 2008).

Zhu SR A RKELREAMERBRERGRE T —HHFHNCIO [THE
(Zhu et al., 2012), KA T RALART A L LBk B RBEWLAH LK
BT, S EREGRENNESE. ARESRARTH - REMPHBER
o, FERARMAGEMERE, THLAEEAESHHNCIOTHE.
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3.4 %%

AEBELTRARRERAS AT REL S MR EARGLEF KD
EH£Z NCIO [TH#, MM DAMO 75 NC10 TR EAK IR T ATHERER
AREFREEZSEANCIOTEEEBRAERE RTIRRHELEE T growp
B # NC10 4% 4 £ ## DAMO E&#E5R4Y, WA T )& T group B £ NC10
4 B A 2L AT DAMO 74, % & T A17 B4 DAMO 3 b #5 NC10 A B9k o,
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L AEFLFMHX FUE TRMERNEEE% 5 DAMO #4 h ey w5 &

FUE FEHERESEEEF DAMO KA W LB

5E

DAMOBANEREM, ERERMERTH— LR E# DAMO i i —
MR, REMDFEREZI, TH-LURBAXREEERIR PR,

Bk, TR DAMO MANKEE T4 %%, FhZE NCIO [TEE
EKFRENEAR, BUEMNCIONTAEEL AL, LARGREGHTHEA
AW R, EFEE —MAXEEREZHEEK, BREFRIEKSEEK DAMO
WAYHEXEKEBTERE. £ T, FRAERTHENCIONEHEER
FHXRBAFRATH E, 2012). .

EKR, BEEFAIBTANBNRASAEEESYMN DAMO Bl AP
. AHRELN, DAMORANEEERIR PR AN AN ERHEA DAMO
7% ¥ (Luesken et al., 2011), Kampman %7 DAMO A MW B &R F IR P LI,
REGERELE T AEWEEMN 41-48%(Kampman et al., 2012), X7 & F KK
JZ A DAMO M a = EH 5. U LHTx DAMO AN EEFRHZA
7 SBR, ZHKRATHANKENREELNEN T XFE+ 208K, BH,
BRUEERBTANENFEN A TEERFY DAMO B,

AZBETULAMFH AT THERHAGREE: DEFAARRNE
(Magnetic stirred air lift reactor, MSALR), B AL FIrBAHN T R BALENEH
B #91% BT; 2)4 # I8 R B B (Biofilm reactor, BR), 3t 4 #y 3N}ty 4 B A A
REBREEGEHEREMS. Bt MSALR. BR 544 SBR R B A E &
HREFREHREE. DAMO EH, NCI0 TAFRES) LH, Hadsst
BR M EME,

4.1 PR 57 %

4.1.1 BMY

AEBRBERAAFE - EYRELREFTINREY.
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WL AT F R X SwE TRHDEEEE £ % DAMO #A H & L BFAR

412 LREF

A& %45 % A MSALR. BR #7 SBR #47 NC10 |7 mﬁ#ﬂ%i(é 4.1). =
AR BEEFHN 1 LEREN 03 L, RAEKKEHN09L). AREEHN
24 h A—NEEHERT, REREML 220 BEHN 150 JKk. HAH
H05h, BAEMEBERGAKEN 0451, KHEERFEHN 48 h. ZH3HE 30C
£ TELT.

B
Fa ) R
m* ok Yot
ok @ ale :
] | ]
e 1

[

L oF 8
XiWK: PL, P3, P4, P5.
BT100-1(2) JDG-2. DG-6
%iWiM. P2, P6, PT.
BT300-1J YZ1515x

& 2.4+0.8, 17T#(189). AN
#HAZE: P1, P3, P5.
f§s+®. P65 PL.

Bl 4.1 MSALR. BR fu SBR $ B # E/7 7 EH
Figure 4.1 Schematic diagram of MSALR, BR and SBR
MSALR # BR Ll SBR A& AHA i, ZHWhamk 41 fir., H¥
MSALR ZRFEHELBAN T ALAFT RN ELFE LB, RREXHA
0.69mL'min’, BABRAKKE, Fet@ SRS AR B RHTH
ABARE, REMEEHELES; BR AHHE TAHER, TEIMAY
BEAAEANIXZALDENEE. ZHHAHERSN 01 L, R+
MSALR # it # 5§ A & KR4 T, T BR 2 SBR U BRAHKE SR KL BN
RAE TR, Bkt F IR AKER A 100 mL, £ 548 F 55 B4R % B 1K 3| 100%.
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% 4.1 MSALR. BR #1 SBR £ BE#H R GZT)4 &

Table 4.1 The operating properties of MSALR, BR and SBR

BE® X8 B4R #KEHR)FRX REAWEH

MSALR 4&  &# BHFLEBAN ¥
BR 4E  &# BeE A &
SBR 4% &# BB EN %

4.1.3 KX

 ALRRANEREARECE 312 POATERE, SEAESZAT
DAMO RAMM E R, FREXAXEZERXFHANR —MERAEHRE,
EERFNBRIHFLL 40X, P 14 RFEANOIKE X 7T0mgN-L", 14d 2 5,
#AK NOyRERFA Z 98 mgN-L",

4.1.4 DAMO 7 ¥ W,

MSALR.BR # SBR # & & # ty F 4t F AL 7E Ml 1t CH, ty ¥ M £ 45 2.
AHBEARNBEFHEENE 10mL EF 72 mL i+, FimFa NOsH
EHEZSOmL, AASRAKRE 10min 5, AHBRESH, %74 30C, 150 pm
FHE TSR 24 h, UE R E 65K 50 # A @ BiE AR An N2 R (PCH, 1 NOy)
£ PCH, AR B BHIE 4.5%, NOS-NKEN 7 mgN-L'. % 10 h i 5kiti
% 2 h(#5 0 B A4 10 pL 247 "CHORE , 1 B BAAE 1 mL 547 NO,-N
KE. BAREBRERANFARENNEL, —NHBEARLFEM N0y,
— AT Fm PCH,.

4.1.5DNA #i#& 5 PCR 43
HEEE & 215,
4.1.6 X & 5NF

FHEBEE _E21.6.
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BT RFH L FUH X FUE TREEREEE LR DAMO BAM S WEHE

4.1.7NC10 [T W ¥ B 247
HERF-F218.

4.1.8 16S rRNA X E# pmoA £ H £ X ¥ 247
FEEEE2.17.

4.1.9 FISH
FESERE-_F2109.
4.1.10 ¥ K 3%

HEE %% 2.1.10.
428 R

421 EEBERA ZRNR

HE-_ETIRREBNEEREFMR]. RAUR ZHHWESWENBRY L
Bl#fF MSALR. BR #2 SBR ', FR=ZMHFEHE KB EE DAMO 4
MR, UZANREBFHAK NOSKRENE AR, THLEEERIR
A HEANNB(E 4.2).

% — W B(Phage 1)#¥4 14 X, LM BF A NOREN 70 mgN-L'.
BB, MSALR WARAZRELZ] ThEHKABRERTHNIR. 15 X,
MSALR # BB R LR R AFIHEH 524 mgN-m>d' # K 2|7 31.70 mgN-m>d’'.
6-14 X, BHRAEHREFTEV R v, ERRIE 3000 mgN-m*d' £5, £
BRAEREN 2987 mgN-m*d’'. EE &, BRIWERAXHELT T K
AR, BREAERENTLEN 4.80 mgN-m>d' K2 T 10.00 mgN-m>d’,
FHEBREEBREN 1002 mgN'm*d’. £—H BT SBRAZFETHRERE L
#, BRAEHREAGIESH 4.16 mgN-m*>d' K 2 T 720 mgN-m>d!, LAEE
T BHR, FHEREAEREN 5.92 mgNm>d',

% W B (Phage 2)#4: 23 X, B P #HA NOyRERFAE 98 mgN-L.
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HILAFHRLFMRX Ewug FEMEREEEEEE DAMO ML iy B X

LR B, MSALR HERALRE# -SRI TRIFEARA. 1530 X,

MSALR B F-H AR A ZHRBED T 4223 mgN'm’d”', BRE-HBEATH—%
RE. ERHBNARAERELRE, FERXANES. 3137 X, MSALR
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Figure 4.2 The volumetric nitrogen removal rate of MSALR, BR and SBR during enrichment
period

5% -HBREM, BREZBRALTHRFEL -_NBERAMES T wsh Lieysd
2, AFAEHREMN 1000 mgN-m>d’ ¥ 3 T 1785 mgN-m*d’, FHERA X
M 1744 mgN-m>d'. £ W B, SBROAEMATHESLMENME A,
BREEBREM 7.20 mgN-m>d K2 T 11.37 mgN-m*d’, PHEREAERE
# 9.3¢ mgN-m’-d”'.

Gt, BRE 40 REEEER HEEERYGEARAETREEHHL
EAEEMES, KA MSALR BRGEENERALRELHREBEE B BR
SBR A E.

4.2.2 DAMO #E#

RRERERERE, #HMEANEBEPTERE RN DAMO #EH. UL
BCH, hHEEZBEEEMNTRAAEY. wERAIFFR, 23 10 h BHIRGE
k, CREEEEMBHET — £ 88 "CH,. MSALR. BR fuSBR ¥ B £#1 ¢

DAMO #E®# 4 %1% 022 mgCHag'VSSh', 010 mgCHyg'VSSh' #1 0.11
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Figure 4.3 *CH, consumption comparison among MSALR, BR and SBR
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4.4 MSALR. BR #7 SBR B #5165 NO,-N 3 H.1% FLDN 4 K # 4.1EF)
Figure 4.4 NO;-N consumption of MSALR, BR and SBR (DN represents denitrification.)
WEAAFTT, AMERMALLI, ZHBTEERN T HEETRBEY
R#ER. REMFEFT AR BT E LR M+ 85 DAMO A% NO,-N
A TRA T, HHEEELF A 052 mgN-g'VSSh', 0.23 mgN-g'VSS-h #n
026 mgN-g'VSSh'!. REHFERERNERNERAT — % 8 RMLIER.
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423NC10 NaE T

RF QPCRER M AR B BEFNRE EE Y+ NCI0 1 T4HE K E#
TTIRRN. w45 Fi 7, BHHT NCI0 [THE th# LKA 6.64 x 10° copies-g”’
(dry soil) MSALR. BR #7 SBR B £ &M+ NCI10 |14 M # N ¥k 2 514 2|
7 2.10 x 10° copies-g” (dry soil), 1.71 x 10°® copies-g' (dry soil)#0 6.64 x 10
copies'ig” (dry soil). MSALR # NC10 [T4 % # I Z W E% T BR #0 SBR, X
5 = # 2 A1 4§ DAMO 7& b 3K fb 45 IC KL,

10

RN %
B 4.5 % M4 5 MSALR. BR. SBR BE£E#M+ NCI0 [ TAEHKE

Figure 4.5 Abundance of 16S rRNA genes of NC10 bacteria in inocula and culture R1, R2, R3

4.2.4 16S rRNA 2 H 5 pmoA X H % 9L 8 W 47

AR At# A f0 MSALR. BR #0 SBR + B &I FH M NC10 [THEH 16S
RNA ZA#ITREREAN. EREN, B NS ANEEESR, ZARE
BHH NCI0 NEEARERYFH NCIO [THEHETF—%, FHHBEF
group A(H 4.6a). AT, = M & £3F FWHLZ F B R SR K 96.5%-99.8%.,
FKATHPHNCIO THEMHBERLAE T —EHEh. Wi, H5HBEHNCIO
I 40 7 5 AR LR o B B F B B TN LA 4 (0X532016), MU 5T
FURIBLE B 97.4%-99.3%, = # B £33 415 2 F FIRME L5 K 97.2%-99.3%,
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96.5%-98.0%F7 97.0%-97.2%. TR WA =M EEME M oxyfera ¥ F FIARLUE N
A8 H 97.0%-97.8%, 96.5%-97.6%, 96.7%-97.8%F1 97.4%-97.8%.

MSALR; BR; SBR; JX532016
‘WW TP Heerenveen clone (JF706194)

{ ltured b ium, paddy soil ( )
Pristine coastal aquifer (DQ837250)
Lake Biwa sediment clone RS (AB661586) group A
Denitrifying AOM enrichment (DQ369742)
Denitrifying AOM enrichment culture Enr-F4 (F1621560)

Candidatus Methylomirabilis oxyfera (FP565575)

Denitrifying AOM enrichment culture clone LCB_B2C7 (F1907182) _}

Lake Biwa sediment clone R8 (AB661499)

Uncultured bacterium, paddy soil (JN704421)

Acidobacteria (D26171)

0.02
A 4.6a EEMEFMT DAMO Sk A M 5 .69 NC10 [T46H 16S IRNA R4 X F#
Figure 4.6a Phylogenetic tree of the 16S rRNA gene sequences recovered from cultures in
MSALR, BR and SBR with Acidobacteria as the outgroup. The tree was calculated using the
neighbour-joining method and the p-distance correction. Bootstrap values were 1000 replicates,

and the scale bar represents 2% of sequence divergence.

z“—< MSALR; BR; SBR
C Iture of and DAMO bateria, Netherlands (JN609384)

DAMO enrich culture, W W TP Lieshout, Netherlands (JF706203)

Co-culture of BAMO and b ia, Netherlands (JTN006735)

Candidatus Methylomirabilis oxyfera (FP565575)
paddy soil, China (TN704408)

Saline lake sediment, China (JQ429432)

West Lake sediment, China (JX531982)

ditches sediment, Netherlands (HQ698931)

o5 Lake Biwa sedi Japan (AB661621)
36q_|; Lake C di Germany (HQ906566)

0

6 peat soil, Netherlands (JX262153)

Methylacidiphilum (FJ462788)

—
0.05

& 4.6b EEZEFM T DAMO TR £ 5 B 4ty NC10 [14H pmoA REXEH
Figure 4.6b Phylogenetic tree of the pmoA gene sequences recovered from cultures in MSALR,
BR and SBR with Methylacidiphilum as the outgroup. The tree was calculated using the
neighbour-jbiiﬁng method and the p-distance correction. Bootstrap values were 1000 replicates,

and the scale bar represents 5% of sequence divergence.
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MEMEEERY P NCIOTHE pmoA XEH R AL T AN KA, B
BT %, FAR5HMAMERBE pmoA 3 HHHUE R T 92%), =#
5 HALUE & B 49 pmoA 2B K B T anmmox 5 NCI10 TH# #EHREY, F
FIARLEAR A 86.6%-91.5%, 86.6%-90.0%, 86.6%-91.0%. 5 M. oxyfera & JF 7|
LN 25 % 85.1-90.2%, 85.6%-88.7%, 85.1%-91.0%.

4.2.5 FISH

FISH £ £ 877, NC10 [140% (% % €)% MSALR. BR #1 SBR #§ § £ 5
W EEES, FENCIOTAE QA 2R L E¥ R BNERBEE 4.7).

MSALR

& 4.7 MSALR. BR #1 SBR # 3 sk 4 # FISH B. R B &8 A4 EUB LR K &)F
NC10 1405 % 5 # 4 S-*-DBACT-1027-a-A-18 (Cy3) (41 ) M4 #7442 NC10 [
AHEHHFHEEARTTEARE. HFR: 1opm
Figure 4.7 FISH of biomass from MSALR, BR and SBR. The cells were hybridized with probe
S-*.DBACT-1027-a-A-18 (Cy3) (red) specific for NC10 bacteria; a mixture of probes EUB I-111
(dark blue), which detected nearly all eubacteria. NC10 bacteria appear purple due to double

hybridization with the specific (red) and general (dark blue) probes.
4.3 7t

Wads: b Ay At 3R k5, DAMO 04 ¥ 8 38 ka4 A2 b SR R L e oy 4 R (F
¥ &, 2012)f4 4B 893k % (Luesken et al., 2011; Kampam et al., 2012)%
DAMO AN EEEFH MK BB HEE, ik, RERAEMLSKSBR RN E
Hy R gy ah F B3k it 7 MSALR fu BR iFF R B, WEAETHRPHEHE
AF . B FRAER, % DAMO #UEH k4% E %433k % F 5% % & DAMO
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R, FHERERNEANFMENE, BBEpnBFERy, BARSINAE
nEHR K.

#Ji MSALR. BR #1 SBR R N BB EH AL 40 RZE, ZARMBHE
FEEZBREHETIRABENRA, MSALR AR AFHRENRABERK, BR
MEFT 827.10%, BRXZ, BEARH T 302.92%, i SBRALHEH T 154.09%.
RENRAEBFRERRANEREHAATFREBAREATRENRA, &
RRANEEWE, FRERSTEARATRERNTREATAENENFTE.

Ffr & #EHE L%, MSALR FHE £ KW A A REN DAMO #
b, W R 5 MSALR AR A M ERBMEE, # — %K% T MSALR £ DAMO
WAEMGE %K EAAEFHBE. WA BR M SBR # § £ 548 DAMO
FEHWA KA, HE DAMO FHEZRTAR, WA M NENERA£RE
REERIABHZR, M4 BR ARKAZWRERL SBR HHHIRATER
FAB A Y dm R A AL U B TTRRET K.

W R =M EERFPE NCI0 T4 BRI K I, MSALR # # NC10
NaEEHERE, XERXREHEFREAETREAREH DAMO EHEM —&K, X
su ik B AL E0IE T WAL TR NC10 114 % 4 K DU &K DAMO #FH R B x#E
%. BR 5 SBR ¥ NC10 |14 % 93 & % th MSALR it 1-2 Mk &%, BR ##
NCIO /T H ¥ Bt SBREFH —NMKER, R R M FTBRALMWEFERS
%F SBR FT&.

16S tRNA #0 pmoA X B Z KK F AT KA, =R MEFREH NCI0 [T
HEWFFIAEMES B NCIO AT HFIMUENZRARA, ARERE
BB NCI0 [THE THE —RITHEM.

BRMMEBRAZAEEERNAFERA AR RAR KRR BE
BAEHREHEFEHETLKE T DAMO EAHTR, £+ —HorRRAHE
FF 8. RALBAEHARMANS, B bR LR B R e AN N %X
ETREBAR, EAREBHETIRPRA, ZHOHATHE T
B, BAULAR LA - R ENEIBE RO RYOARESL), Hib, X
BENMENFETRRRMAEAKENFE. ZEHHME £ TRAUT
LR R, F— XEHNNTERE FEERMAENERZER TR RN T
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 Bff(Strousetal, 1997); %=, REANYT R REEAKE WL RY. A
th, TG G — PR A AL,

WE_EFRR, RMALEE S NCI0 [ TAFHFERFXRZINO, HEH).
TR AT E S R TEML T NCIO [THH. Elt, ALEH—FHRE
—RANRBALAFEAMNCIO [THENRE XA, A - SHERHIHLEE
WA, o7E 2R R dm R B AL B30 % (Toh et al., 2002), AT DAMO 7
RG-S HRE.

4.4 &%

D= FFE A R B % E MSALR. BR f# SBR ¥ R A # % DAMO ##
HITheE, B4 E 0 DAMO AN EEERRE. £RE—NMANERES,
SEWBERRTRERLINEE T 827.10%. 302.92%%0 154.09%, DAMO 7E#
Bl %4 0.52 mgN-g'VSSh!, 0.23 mgN-g'VSS-h! 7 0.26 mgN-g'VSS-h';

2MSALR R AR EHH AR A £MEEFolk K# DAMO E%, EREZ#
PR E EEHF DAMO MANNRNEE.

INFRERAMANFERIAREELR, WHZ DAMOMANESR
EFABTEAXBOREEE.
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Lk EH5R%

50 FELE&®

AR XX DAMO AN BEERARATIHAR, TEL®LT:

DUEBRTAREH Y EEEHR DAMORA WK ZR, B T DAMO E4& i
FOREERY.

ORK T REAF FRBAETE R R E AR L350 3% AT H TR W1E X 74
BFATH, BT BEERFIRF NCI0 [THEHE ML L DAMO ity 2
 RPBERERMNCIO THAENREIZREMNWE T 6315, 2909 40
198 &, REBMNEEE RN DAMO EH 45 A 0.06 mgN-g'VSSh'. 0.15
mgN-g' VSS-h! #10.11 mgN-g'VSSh', R 7 = R34 5% 4 DAMO #%
EYEREFRNBEMY, 3 KT DAMO BRMERE, X DAMO E£E£Y
HRBRE T HNRE.

Q¥ AA AR EAR LREXNEHY KRS T DAMO EEE 5N, Fi
EREASTENFANERAXAREALLER ZF P RAERY.

DUBETAREREL ATHFERFE DAMO BAWE £ FKE L
Z5, 51 7T DAMO E£EFRARTIEHE.

OUWRTARERESATEFRETEREF DAMO MANNER, REYN
B &M DAMO ZE 2% % 0.02 mgN-g'VSS-h 1 0.11 mgN-g'VSSh'!, A
THFERRRIEFRELN 5S4 NCI0 TAFHKELF A 1.01x10° copiesg”
(dry soil)#u 2.01x10® copies-g” (dry soil), E#RMH ML, NHXHTLlkHE
ABLREAERY, ATEFEBRRERANEERFARRES.

ORAREABLIREAERY, UATEFBREFRESE LS T UL group
BH#NC10 4% 4 £ % 8 DAMO § £33 54, 8 KL% T J3 /& F group B #/ NC10
#E F # KA DAMO &% .

BT TEME RSB E £ DAMO K4 Wit 17, 5% 7 DAMO &
EEFNBAR L EHE, .

Ot& T =M FEHA # K 1 & MSALR. BR %1 SBR & £ 3 % DAMO #%
EMMER. BRE-NIWEERER, ZHNEREAZREEHHIRFT
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827.10%. 302.92%%¢ 154.09%, DAMO ¥ 4% A4 0.52 mgN-g'VSSh', 0.23
mgN-g'VSS-h! #7 0.26 mgN-g'VSS-h!, R T ZM#HAEXEALARE DAMO
EMEThEE, HEBHEN DAMO AN E EEREE.
OMSALR AH R EHER AT RER TR AN DAMO %, HhR=Z#
PRANEEEFR DAMOMANHRNEE.
ONFRERPBAENFEEAFHEELR, WER DAMOBMANESR
ERdBEEAXBOREEE.

52 R #FA

DY KIEH T REARLEETE AN DAMO AW E KBy, ¥
AT DAMO £ ## iy X3, R T AN DAMO A& M £35 8 T #;

DR A K REFERIIIKE T DAMO BEEEHY, ¥ A T DAMO # 4 M3
FERE, HEERENT BT group B 8§ NC10 [T4HE A& DAMO H 8,
¥ X7 DAMO R 4 H g fb K 55 6. ;

NYKIEAT FRNERZ DAMO AN EEERAXREE.
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DEAFRRKEBHEEERME DAMO FHHRME, BRUARLATRELF
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IR Pm.

DEFAREPREN DAMO ERERY T HAE—THRHUER, NO &
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