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DNA-stable isotope probing (DNA-SIP) LL&Z&’]S&TUEl(iﬂ’lﬁﬁ’]\‘]’mmW’wij AOA uaz AOB laun
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Abstract

Project Code : RSA5780096

Project Title : Autotrophic ammonia oxidation of ammonia-oxidizing archaea and bacteria (AOA
and AOB) in wastewater treatment plants identified by DNA stable isotope probing (DNA-SIP)

and selective inhibitors

Investigator : Tawan Limpiyakorn, Ph.D., Department of Environmental Engineering,

Chulalongkorn University

E-mail Address : tawan.|@chula.ac.th

Project Period : 16 June 2014 — 15 June 2017

This study aims to investigate the ammonia-oxidizing activity of ammonia-oxidizing
archaea (AOA) and ammonia-oxidizing bacteria (AOB) in wastewater treatment systems
(WWTSs) using DNA-stable isotope probing (DNA-SIP) and selective inhibitors that allow only
either group of microorganisms to perform ammonia oxidation at a time. ATU and PTIO were
selected as a specific inhibitor for AOB and AOA, respectively. Appling DNA-SIP to three WWTS
sludge revealed that AOB in all three sludge incorporated inorganic carbon into their amoA genes,
while AOA in two out of the three sludge showed positive signal for DNA-SIP. The incorporation
of inorganic carbon into the amoA genes of AOA and AOB implies that the microorganisms
involved in ammonia-oxidizing activity of sludge. Tests of ammonia-oxidizing activity with sludge
from two nitrifying reactors demonstrated that ATU concentrations of >10 uyM provided complete
inhibition of ammonia oxidation of AOB. For AOA, complete ammonia oxidizing inhibition occurred
at ATU concentrations of >500 yM. ATU concentrations between 10 and 200 yM may be useful
for observing the activity of AOA in systems where both microorganisms coexisted. Applying 80
MM of ATU to DNA-SIP confirmed that ATU at this concentration mainly inhibited growth of only
AOB, not AOA. ATU was then applied to sludge from 5 WWTSs. The results indicated that AOB
played the main role in ammonia-oxidizing activity in all WWTS sludge. In WWTS sludge, where
AOA outnumbered AOB, AOA contributed around 20% of ammonia oxidation. Further studies are
required to confirm the role of AOA in ammonia oxidation in WWTSs using different techniques.

Keywords : Ammonia-oxidizing archaea; Ammonia-oxidizing bacteria; DNA-SIP; Wastewater
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Hagtuiimsiaunmssdalulasadluiidedenszuaumemedaine Tagldadunisvannvanenduded
FinsdsusUansuszneululasiauiiuansety maianndanantiefisanumainvatslunsidenldnszuiums
Medimeuuseiinumnzanfuindourasssan - nsvaumslunsiiadu-ilussiedy  (Nitrification-
denitrification) funsrurunsaaduildiuegraunsnans Tngluthmdsldinsimunszuiunslussiedunuy
vied (Partial nitrification) tieasnsldndssnulunisiiuerne Tnethesnainnsyuaumslussiadunuy
vediu aansathluvidasemenseuiunisiulasnalussilady (Nitrite denitrification) #38n5¥UINANTLOUUN
and (Annomox) 18 asuiuldinliinagldnszuiunisnedivenuuulalumsidalulasion agliaunsondnides
nsoondladuosludeludululnsmiaduiuroududuremanszuaumsld faiiniseondladuesluieludululs
snieidutuneudiasne esinqdunidiifndestumssendladuesluieluidululasmisannmaaiadivls
Muagilrugeulmdeanziadengaileisuiugaunislunszuiunsinglu

ogslsfinulutigtuaudlafeafudunidivimihilunisesndladuesludelubululasmiinng
Wasuwlasegnann teglutiendy 100 Wkundanudilafuiiifieweilniveondladuadide (Ammonia
oxidizing bacteria; AOB) wihiiuiivimiiteendladuesluiieluilululnsm sedeuddelugas 10 Fwuiwenlude
panlaT99151A8 (Ammonia oxidizing archaea; AOA) Aanunsaeandladuauludeluidululasmlawuiu (Venter
aeAdy 2004; Kdnneke wagAny 2005; Treusch LWagmagly 2005; de la Torre Wagmanly 2008; Hatzenpichler Lag
ARJE 2008; Lehtovirta-Morley wazanss 2011; Tourna wazaass 2011)  dwdulusyuudiniugds dnnswu AOA
Tuszuuimnideimlanlunivsuisnmile glsU wazowe (Park wazmAnuy 2006, Wells wawAsy 2009
Limpiyakorn wagagy 2011, MufZmann wagagy 2011; Yapsakli azaty 2011; Zhang tazAny 2011; Bai way
Ay 2012; Sauder wagAtdy 2012; Gao warAdy 2013; Gao warAtuy 2014; Sinthusith aganie 2015; Li hazAy
2016; Sauder wazAny 2017) msﬁmsnai’wmuﬂizmmsqaum%ﬂuszwﬂwﬁmﬁwL%’EJ NUTIIUEY amoA 189 AOA
117171 AOB Tuuaseuu (Limpiyakorn wazae 2011; Mufmann wazaty 2011; Bai kazade 2012; Sauder wag
Ay 2012; Wu hazatdy 2013; Sinthusith kazaay 2015; Zhang wagAny 2015) Tuvasfluunesyuunus by
amoA 184 AOB 11nni1 AOA vaslinuiu amoA ves AOA (Wells wazaauz 2009; Yapsakli kagAug 2011; Gao
wazANY 2013; Gao warAny 2014) Aaulfiinsnusiuaui amoA 81 AOA wnandt AOB Tuszuuttntideuns
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amoA  nulidndudesduiusiuianssuniseandladueuludevss AOA lasmse wipsanduldlamilauiuin

AOA 1988 amoA aguslilldliBuiilunmsisstinlaeniseendladuenluileluidululasvluszuuthdninde w
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Aunsfinyfanssuesaurilagluszuuidionan (Mixed culture) YildifissAnwiuidoqdunisuansiidauen
Ianszuusihidy  ednlsfmulutagtuldfineimumedalunisianunssosameasvesqaunislussuuto
waw wazseyriavesqaunisilidesaaeansvantduld enfetharumaia Fluorescence in situ hybridization
in combination with microautoradiography (MAR-FISH) @iz DNA-stable isotope probing (DNA-SIP) 1{usiu

auRaniffAnwAnssunsoentleduonluieves AOA luszuutidaindedogesnedain 1wl 2011
MuBmann Lazau wuhssuuatdsannlsanauiisiuiu AOA 1nnndn AOB 10,000 111 WARANITIATILIAIEY
walla MAR-FISH naulaimunisfsansetiunidansueudigiuadues AOA sewinnseendladuenlunievenzneou
nszuudiiniidesingn Sadululen Aoa wanidldlfeendladuesluileluszuy udorderomiddulunms
srsaddnluszuudinindet edhslsfinnalud 20162017 1gfinsdnuen AOA nsvuthiniideldidunaduse
lae Candidatus Nitrosotenuis cloacae way Candidatus Nitrosocosmicus exaquare fiailiu AOA Liis 2 i i
Bushunures A0A lussuutiininge Tnedunsdauenannszuutidaiidsluduasuaumaudiu (L waz
Ay 2016; Sauder WagAmy 2017) NANSANWINUIN AOA W 2 fhiianinsaeendladuenludsludululasvlngly
ansefuridmsvouduunamdsnuld assiulainmsanwifanssuniseondladuenlutoves AOA TuszuuiUn
thidsuennasiegesnednfinuds nansnwdeinnudaudetu shlvdanudndudesdnufanssuniseandlad
wouluiloves AOA Tuszuuthinindesussn

Femmrafind nuiteifoinisinwianssuniseandladuonluiiioves AOA way AOB luszuutitaih
deluusunlng Tneordemaiiniauiu 2 malaldud DNA-stable isotope probing (DNA-SIP) wazansdiudsns
vhauanzngl AOA uaz AOB msldimaiin DNA-SIP egneldaunfgiuiiin AOA uax AOB THueslandoduunas
wdanunagldasefunidasvonduunaaniveu FadunmsasyiulauuuesinlnsUseninsiieandladueslznde
Famniinisnsranunisldasetiuridavenduunansuauly AOA uaz AOB fewmnafin DNASIP gauiiay
Gululdunndl AOA uaw AOB axeandladuenlanileld n1svaaes DNASIP shllnsnisuunzneuanszuud1dni

N e P

deruluasuawnansuaulelelny “C-HCOs wag PC-HCOs lagmnqduvsdinisiinisasayivlauuuselalnsy
a N 1w ' N 12 o 13 PR & 3 {'] A < 1 o o
JAuVIInquANaravan “C uag PC iindwad wardmensluweniinnudiasluansazaty CsCl agaunsauen
DNA 73 °C #8n97n DNA 13 C 1@ ifipaanntminves DNA 73l °C agutinnan DNA 7l “C waziilaliimaiia
luana (Molecular technique) agannsszyladngdunsdngulanld °C Tlunmsafavaduazaiuusenausingues
waaku DNA lasnisneaesiavldtu amoA Wududmunevesis AOA way AOB tHesannduduildluns
pondladuanluieluidululnsm wenaniliioaain AOA war AOB fllAssasuwaduarinoniseendladuanluile
(Ammonia oxidation pathway) fiuanenariu Feansaldansniiuisiaduasdudinmsianueniznguves AOA

1158 AOB 1@ F9azdrglunisdnwunianssuniseandladuenludeves AOA %3 AOB TusyuuenauRigdunsgn
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downguilogsiediu Allythiourea (ATU) Tilwnedugueuley AMO Fudueuleuiililuniseendladuenludy
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fus¥nI1e AOA uaz AOB s?fqma%uag;ﬁummLsﬁm%’uﬁé’um ANULANANTUYBITVENIABEALY UAZAUUANAINYDY
dnduvas Copper Tidudmusznauvaslusiuludlug (Shen uasame 2013; Li wazaniz 2017) anmsanwiiu
\Heqdunisuiqriuasiegniandauwandes (Martens-Habbena uagaai 2015) nui1 AOB axgndudsldse ATU
AR luvneil | AOA %gﬂé‘fﬂé‘?ﬂﬁw ATU ﬁﬂ'smvﬁuﬁuqqmwmﬂ @13 2-phenyl-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO) Huansfidu NO scavenger 1ag NO Wundndueiserinanansves
nseendladuenluieluidululamuss AOA (Walker wavpiy 2010) NaN15MAABIUDY Martens-Habbena uaz
Az (2015) wud1 PTIO annsodudsniseendladueslundloves AOA anertusuiav’ 1éun Nitrososphaera

viennensis, Nitrosopumilus maritimus strain HCA1, Wag Nitrosopumilus maritimus stain SCM1 16 Toeliiina
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1. ATNTIUNINARDS

nuATetulinsmaseseendu 6 meaes mavaaesii 1 “msdndensruutidatide Hums
#3193 11IuBY amoA 83 AOA uay AOB lussuutidatide 8 svuu Femalia gPCR leidenssuuluns
naaesialy Maveaesii 2 “nisszynseendladuenluifisnuueslalnsuues AOA way AOB Tussuuthiminge
W39ewatia DNA-SIP” nismeassiliumsldinedin DNA-SIP Tunisseyniseantladuesludlouuuselalnsuves
AOA uaz AOB lussuuutitatidsais 3 svuy seiiasld PC-HCOs Wuamnlumansaatansldlumsvewmdu
uwiasaniuaulunsaiasadues AOA uay AOB Fsndnmsldluasueiumuuviainueulumsaiiaead faed
winliiuil AOA uaz AOB agltuosluoduuvadmdsau Jamneauin AOA uag AOB Tdwsnilumseandled
werlandeluszuuthiminde msvasesil 3 “msﬁmsnmsé’us“?mwsﬁwmmwwﬂﬁjuﬁm%’umimafﬁmﬁ%ﬂﬁmms
oondladuenlanioves AOA uaz AOB” manaaasiaziumsnaseunsldasiudiianssunseendloduonluie
493 AOA Wag AOB Suldun ATU wag PTIO suddfu fungneusindainsalaintieslfifinig amaiinismeaes
fldmznouandafnsainntesufifinig  AlleanmanssnuvesgaunidnguisnivlsTnsuiinuannlusznauain
sruuidathidssiwomstiudimahomenizngy  Inendnfidenanududuresamstiudimainuanis
nauldudn axthlunaaeusamiumedn DNA-SIP fsn1smaaesil ¢ “Asszyfionssuues AOA uaz AOB shumala
DNASIP  wiaudheansdudansvamamengy”  dudunsinwnisliarsedunidasveulumsatasading

AOA uaz AOB ludisufjnsalaniieaufjidinis wazlumsfinvwavesansdudimsianuenznguitanududud

Wondensasiugadues AOA uay AOB lutaufnsalainieauufinig Wetuduudiinaisdugansvihauaniznay

o
o a o

fiududuiidonannsadudnauinduie: Tneqdunisdnnduinihnulfey asanssudinmsiinuans
nauiienududuiiden TlHlunmsAnwfanssumsoondladuenlanioves AOA uaz A0B Tussuuthimindeads
famsvaaesii 5 “nisnsratafansaues ACA uar AOB lussuuutimindesishematiudinsyinuans
naw” Tasdunsfinuniussuutidatidesss 5 ssuu daumsvnaesil 6 “wavesasmnlalnsfiusanazeyneda

3 P a P, a a a = = a a &
naiuﬂumaﬂf\miimaﬂ AOB L‘U‘Uﬂ"ﬁ‘ﬂﬂaaﬂLaillLWllLﬁﬂJ"ﬂ']ﬂIﬂiﬂﬂ'ﬁ FAUUNTANWINAVDIEITAN 2 YUAUNU

Aanssunseendladuenliilsves AOB TudsufnsalarnviesiRins

2. NM5NAaaed 1: n1sAndanssuuUUnUEde
A5N9a9n 11 Jun150932 793 uuEU amoA 183 AOA waz AOB Y8353 uulUALLEY 8 S¥UU Mmewmalla

gPCR wiaidenszuulunisnaassdnly ssuutidnundens 8 ssuu laua 1) WwTp 1 Jussuuiidmindegusy



wuuURgNouLIUaee 3 BOD dnduaveen 155 uay 9 mg U 2) WWTP 2 lussuuiimiidenainanwuuitas
m39 9 COD Wt 213 mg U wenlandletnd 48 mgN U 3) WWTP 3 1luszuuthinundeyusuuuungnay

wyuane 4 BOD dndiazesn 36 way 7 mg ! wesluilednduaveon 4 uag 1 mgN ! 4) WWTP 4 (Juszuu

v
o

Unudeguruiuungnaulyiuase i BOD Widuarean 24 uaz 9 mel” uanludloundiuazean 8 uag 1 meN
(' 5) wwTP 5 @uszuuthdnindegususuunsnouwsiuasy I BOD dnduazesn 39 way 11 mg U woulude

v

dnduazeon 4 mgN U 6) WWTP 6 \ussuuthimhidegusuiuunzneuseiuass 3 BOD iduazesn 36 uaz

v o
a a0 a

11 mg U wasludeduazeon 5 uay 0.1 meN U 7) NRI WudsunsallusdlvdsiidniduszuuluiosufUiRins

v o
a a0 a

waz 8) NRIl Wudsufnsallumsludeidiiuszuuluiesufjifins Tnsrznanswasdundmiudsufinsal NRI uaz

NRI Tun1sveaesii 3 sely

2.1 719959999 97149UFU amoA 189 AOA Uaz AOB

MN1991579T991UIUBU amoA U83 AOA laz AOB §1e) Maxima SYBR Green gPCR Master Mix (Thermo,
USA) fuiaded Mx3005P instrument (Stratagene, USA) THln$iue$ Arch-amoAF (5-STAATGGTCTGGCTTAGACG-
3) Az Arch-amoAR(5-GCGGCCATCCATCTGTTGT-3) (Francis kagAz 2005) 115005123091 UEU amoA 193
ACA waglnsiues amoAlF (5-GGGGTTTCTACTGGTGGT-3) 1@y amoA2R (5-CCCCTCKGSAAAGCCTTCTTC-3)
(Rotthauwe uazaniz 1997) dwiuntiaiad uiudu amoA ves AOB MUFNTeniuinns 25 pl Gsusznauluse
12,5 pl Master Mix (2X) 0.4 uM vaslndiodusazidy 1 ul vesiognsmdute seuanizdsl 95 °C 10 min Ay
#2830 5 95 °C, 1 min 53 °C, 30 s 72 °C mmn 30 50U MuEIBASASITAR 78 °C 15 5 AOUDUINITFIUATEY
7 10° &3 107 copies ‘vié’qLﬂ%ﬂ??uﬂﬁﬂ%mmmmwmawwLmzawaawé‘mﬁmsﬁﬁwﬂ’ﬁﬁw melting curve analysis

ey agarose gel electrophoresis

3. manaaasil 2 msszyn1seandladusluisuuusslnlnsuves AOA uas AOB Tuszuuutiiainidesss
Argmaila DNA-SIP

ASeildmaiin DNA stable isotope probing lunmsssymavhausuueslaingy (dumaeasuauain
HCO5) wes AOA way AOB laeilndnnisfe gmsnszaesvesiidulerilaifioriuiiaianin HCOs Aiflansuey
Telalnuunnsafuszwing C uaz °C Tnevdamsiuuenseiies Ultracentrifuge Aldutefignadesshonisuey
lolalny “C aziinisnszaesnlunsiiieust (Gradient) vesdiounaslsd (CsCl Tutasnnumuuiuge vasfinidy

wiignasemsueulelelnd  °C awnszanedmeglutianunuwivinnd  Janguidueiiiinainaisueu



lolalny PC Wehludnwselussdvaneiudmemailn gPCR vie Clone library agvilvimsiufisnquydumsd

WhraneAvaulaasauan1izuas nainsuaunimue

3.1 DNA-stable isotope probing

vhmsuungnevludsuuuuulnaseidesuiigs 1 1 Taglimnududungnoususiludaisegi 50 mg
Tnely 1 nsvesomsiaestieusynauluame NHaCl , NaCl (1.0 g), MgCl, * 6H,0 (0.4 g), CaCl, * 2H,0 (0.1 g), KCl

(0.5 ¢), KHaPOq (0.2 ¢), 2 mL of IM@ns5azaney NaHCOs, 1 ml nonchelated trace element mixture, 1 ml
@1358¥a18 vitamin, 1 ml @158za18 thiamin, 1 ml @158za1y vitamin B12, 1 ml @158za1¥ selenite-tungstate
(Widdel et al. 1992) dutsznaureioImsiasndesnuUamnain Konneke wazan (2005) war Tourna Wz
Az (2011) THdsUn 2 gausenousie “C-HCOs waz PC-HCOs Anuidudu 1mM uunasmisueu tnawiusyuug
fu Tneflsveznandnifiuin 4 Su Uaedosmunauiuas 8 alus seazdendu 9 USuuneain Niu wasaae (2013)
namlnededo wisuomsidsaieliusaain 2C Tnenslaenniad pH < 3 Tngldormeafilill co, udausu pH
n&UIT 7.4-7.8 mMsiinomeldennailaill Co, Tnediuiuas 2 afa shimsunluiitia ~28°C wenanidwinisuy

v 1 ode v 13
U

[ ! s a g Y ! 1 o Y Y =
ENUUN C-HCOs LIJ‘L!LL'MﬁQﬂ?iU@u@ﬂ‘qﬂ@fU‘u’]uﬂu IEWINNITUN QWQQWMLGUQJSZJULLE]QJINLUEJ 1u1m5v1 LLaSVLULG]TV]

Tudiduazeon Wiupznoungauuyn 1 a1y 11 DNA-SIP

anaAduLeaINATNBUAIY Fast DNA SPIN Kit for Soil (QGiogene, Ohio, USA) nTuTAUSINURLE UL
WaIUIIYAdweamann 8 mL polyallomer centrifuge tubes Tneisuannshmdueysuna 0.5-5 lulasniunay
fiuansavany CsCL(7.163 M) wazansazane TRIS GB BUFFER (0.1M Tris HCL, pH 8.0; 1mM EDTA; 0.1M KCU) Usu
T#léid Buoyant density gaviedl 1.700 g/mL Tntuwmiidesinenelunassiivdedie Mineral oil sudiuvaen
ymhnimaendnaies Ultracentrifuge Optima MAX-XP (Beckman, USA) iiteugnduiitduie Tngld Tsmas MLN-

80 (Beckman, USA) #4A1A11L5259U 44,100 50UABIUNT (LLiwﬁquéﬂamaﬁ'a 178,000 gy ) ﬁqumﬂuﬁ 20 991

waddea Wual 72 ke easunaifduenelunasnaziinniswenduauinndnaisveulelalny °C uay

v
v A ®

PC dlniSeuiisusyautufiduevesgaunsdviiafieniuseninmasnlolsiny “C uay PC asnuiinelunasn
Lolalny PC aznuidueluszauifeiuiumasnlelelny “C sulufuedmunelugaddneunisuuey uazi
Wueuddsadisnnansveulelalny °C seuinsnisuneglussduiidnididuesiinfeaiudledisuiunaen

lolalny “C wa@nan1swanaanIng 1



DNA HC

Talalm 2C

DA 13 Agunisuy

L J

UNAZNAL

ar -
HNRALDULED

- &
LENALBULE

DNA 2C -

lalalny

1 3{:

A 1 Fumeun1svi DNA stable isotope probing (DNA-SIP)

DNA BC

«{ DNA BC




nsiiuwsaduaziiunslatevasnlasuiaiuwnsaduasUssuna 200-250 lulasans lnensaiule
Ysuaslndidesiunnuaen wasdiuiuwdsadusening “C uay PC arsiidnuuwiduiieliaunsaSouiieu
Turugaaannulukaazinsaduls nduinAiAuruILUuIeLAaz LI SATUA281ASDY AR200 digital

refractometer (Reichert, USA) 9 ntunnagnoumdulourazuisadunie glycogen wag polyethylene glycol

a

(PEG) d19Rdwtasae 70% ethanol wastiusnwinidweluaisazane TE buffer figaunall 20 asAgadiToa

Y

MNUUATIVTATIUIUTU amoA 183 AOA way AOB miswmalla gPCR nuHtef 2.1

DNA %C 1A
DMA C 111 e— Pl L
A ET
T T .
T e e el — :
____________________________ — 4
———————————————————————————— o b S
———————————————————————————— Ty 2
"""""""""""""" sipiaiohdel P t
i i
0 0
AAA e AAA
YRAVAVAY. 3L fraction YAVEVAY
12 3 4 S TR
AR LA LB AR LA LB
(1.690-1.760 Rruredanan) (1.690-1.760 PEureliaBan)
o o o o
AfRENaLARULD EAnEENDUAERLULED

Wiudmeniidua fignnnd -20 °C

L J

MuA 2 si‘J’UG]EJUﬂ’liLﬁULLWiﬂ%’ULLaﬁﬂﬂﬁﬁlﬂﬁgﬂ@uaﬁum



3.2 IATIEsIanUgNTsUYedE amoA Yeq AOA uay AOB

1olnsiuas CamoA-19f (5’- ATGGTCTGGYTWAGACG-3’) wag CamoA-616r (5’- GCC ATCCABCKRTANGTC
CA -3’) (Pester uagAnly 2012) d195UNT15TLASIN BU amoA 9839 AOA Laglwsiues amoAlF (5-
GGGGTTTCTACTGGTGGT-3) k@ amoA2R (5-CCCCTCKGSAAAGCCTTCTTC-3) dSunnsias1y 81 amoA 1a4
AOB (Rotthauwe wazme 1997) ta3audrunas PCR #a8 Thermo polymerase (Thermo., USA) wazldia3as
Thermal cycler (Biorad Laboratories, USA) Imﬂ‘ﬁﬂmﬂiuﬁd‘ﬁ 2 min 94 °C #1uA38 30 s 94 °C, 45 s 53 °C, 45 s
72 °C samum 30-35 s8U AUFAE 10 min 72°C v‘iw%qmémﬁmﬁm% PCR #18 NucleoSpin Extract Il Kit (Clontech
Laboratories Inc., USA) LLasﬁﬂﬂau‘ﬁﬂ fe PGEM-T Easy vector system (Promega, USA) @4 Macrogen Inc.,
Korea Lﬁaimﬁzﬁiﬁﬁﬁuﬁqﬂﬁu Ymadiléfanyih Operational taxonomic units (OTUs) 7 99% OTU identity #ae
TUsunsu using CD-HIT (Huang et al. 2010) ﬁ’]iﬁaﬁuﬁqﬂﬁuﬁﬂuﬁﬂLL'V]‘Lli‘LJ%Lﬂi’l%ﬁﬁuiﬁﬁﬁ(ﬁuw]ﬂﬁﬁ?EJIﬂSLLﬂﬁiJ

MAGAT (Kumar et al. 2016)

4. manesasd 3 “nafnwasfudimisinuenizngudmiunsasaiafanssunmssendladuslandeves
AOA ez AOB”
4.1 Sfnsallun3ings

faufnsallusdlnds 2 S5ldun NRIwag NRITudfnsaiuuulnadeidesiilifinaiounsnou fvsums
5 Ldwsudsufnaal NRI T9fadedusuanssuutimindesumu Tasmah PCR felwiwesiamsianzasiuiu

v
o

amoA ¥83 AOA uaz AOB WU BuaaUVSENa 2 wilalufiedns e mnsideadadmiu NRI danududunenlanie

Sudu 28 meNU! wazlu 1 nsvesenmsiasadaysznauluaae NHaCL (0.107 g), NaCl (1.0 g), MeCl, * 6H,0 (0.4

g), CaCl, " 2H,0 (0.1 ¢), KCL (0.5 ¢), KHoPO4 (0.2 g), 2 mL of IM @15agany NaHCOs, 1 ml nonchelated trace

element mixture, 1 ml@15aza1¥ vitamin, 1 ml@15agany thiamin, 1 ml@15aza18 vitamin B12, 1 ml
@13agan8 selenite-tungstate (Widdel et al. 1992) ﬁ’mﬂimauﬂuaﬂmmﬂgmL%@ﬁﬂLLUaﬂmmﬂ Konneke W.ag
AfiE (2005) wae Tourna wagAmy (2011) feUfinal NRI lAussuUiszazaanin 5 Yu dmiudsufnsal NRI 19
Foisudunnszuutntiidegeainnssy Tnen1svin PCR faelwsinedianiziansasiudu amoA 1e1 AOA uas
AOB WU st AOB Tuseehs lu 1 nsvesenmsiasutoussnouludae NHeCL (1.05¢), NaHCOs (1.5 g), Na;HPOq
(4.05 g), KzHPO4 (2.1 ¢), MgSOq-7H20 (0.05 g), CaCl,-2H,0 (0.01 ¢) thaig FeSOq-7H,0 (0.09 ¢) (Rongsayamanont
wazany 2010) TnsdanudadunonlandeiFusiu 420meNU’ dsufinsal NRI idussuuiissazinanin 4 Ju daufnsed

[

32 619 1huszUUR 27-30 °C pH 7.3-7.8 wag DO 11nn31 2 me U vislllafuseuuuszana 3 U neulsunisvnaes

See

SENIINSHAUSEUU 3 U asiadaenududusenlaie lwlasy wagluwsn Twihesnegrsainaus



9 3 daunsallunslnds

4.2 MSURIRg NRZNOULAENTAANAL LD

\Fudegenzneunindsufnanl NRI uaz NRI ieuazads iuszesina 14 waz 7 Woumudiu 14
nznautmnuiiUszana 2 me Tunisatamidue dmsunisvih DNA-SIP Iegraih 400 ml 91ndeus DNASIP
N599HUNTZAEASET 0.2 pm wazdnnszatvnsondutuidn q ladaisue afamiduiosie Fast-DNA SPIN

kits for soil (QBiogene, USA) a519@0UN15a nRLdULDA1E 2% agarose electrophoresis (Bio-Rad, Spain)

4.3 77159599INTIUIUEY amoA Yad AOA ag AOB

e 2.1

4.4 MIUATILVTHANUGNTIUYIETY amoA 189 AOA uay AOB

fite 3.2

4.5 Scanning electron microscopy

4iASa3 SEM (JEOL, JSM-5410LV, Tokyo, Japan)
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4.6 Aanssunrseendlndueuludenieldantieiid ATU uas PTIO

WnNouINaIU nsal NRI uaz NRIl Tdvangusunusunas 250 ml Tuldnnududugaying 70 mgMLSS U
! Buemsideatedid HEPESUSIns 200 ml asluvan Tasarmsidsadeiianududuneslunies 7 meN U iy
ATU waz PTIO Tneldainuidudu ATU 1 10, 30, 50, 80, 100, 150, 200, 500, 1000 waz 2000 uM @2y PTIO 14
ANALUULY 50, 100 Lag 300 pM LONANLEWNTAaDaTilAL 100 uM ATU 521U PTIO A3 u9Y 30, 80,

150 wag 2000 UM wAarn1sNAaein 3 91 vnisunluiiila 28°C iAushegraianudardrluImsigsinmaiig

WutukaNla eI uIu 3 91

5. Manaaasdi 4 NM13sEURaNTINYEY AOA uaz AOB Faewaiia DNA-SIP wiaudisanstusamaiauaniz
ngu
5.1 DNA-stable isotope probing

¥1n13MAaBs DNASIP Aupgneuaindeufnsnl NRI iilensaaasunisldarsetiunidansueulunisaing
wadlag AOA uar AOB Tufsufnsal vinmsuusgneuludsunnuulvasioidos3ues 1 1 Taglianududunznou
Suduludsuad 70 me U WmmilﬁymL‘??aLLUULﬁmﬁUﬁ‘L‘t’J’ﬁuﬁwﬁﬂsﬁ NRI Tnedinsndudunonlady 14 meN
Tiaun 2 gpUszneude “C-HCOs way *C-HCOs iWuunasmivou Tasfussuugiu ssovnainifuinvesdea
oeffl 5 Yu TwaniBundu  giate 3.1 uenaniduihnisundsunild PC-HCO, WuundsauouBnyaduuuiy
TnedsUuiifinisiiu ATU fiennaududy 80 pM Tuownsideade iiefnwnaves ATU Aaududusiendasenis

a519.9advad AOA way AOB

AW 4 §sUs DNA-SIP

11



6. N5NAA9N 5 N15ATIIANINTTUVDY AOA 1ag AOB Tuszuuutrunudeasstiea15sdugannsiiauanie
naY
9
HnsnaaswsuLiefuiiden 4.6 tagldmnududu ATU 91 10, 30, 50, 80, 100, 150, 200, 500, 1000

wag 2000 uM AupgNaUINTEUUUNUAUILENATS

T. m‘mmaaﬁ 6 Nﬁ‘l]aﬂﬁqi‘v‘l'ﬁ'ﬂﬁiﬂiwuaﬁLLﬁgaHﬂqﬂ%ﬁL'J'E]%u'ﬂuc‘iaﬁﬁ]ﬂiiuﬂaﬂ AOB
o @ a & a 2 = A
ﬂ?iﬂﬂaa\ﬂ«!ﬂ'E)L‘Uua'J'L!LﬁiiJLWQJL@NQ"IﬂIﬂi\TﬂWi IVIEJLﬂUﬂ']iﬂﬂ‘U']Na“ﬂaﬂaqiwqiqlﬂimiwu@a

(Paranitrophenol, PNP) wagaunad@ariosuilusenanssuves AOB luilawiulagldngnauaindsufinsal NRI

7.1 8ave9a1snIT1lelesilueasananssuved AOB
luudazganisnaaedldnznauaindsldnsal NRIl laglvidanududuy MLSS Susuluganaass 70 mg U
AMadNtuLeluToEuAY 14 mgN U anududuaes PNP Aildlunisvnaaesd Taun 0, 1, 5, 10, 50, 100, 200 uag

400 mg U (0 5) iudeegaiiiteTaaaududunealudle

A9 5 naresansnslalasilusanenanssuves AOB

12



7.2 HaveaynIAdalIeTuIluneNaNsTLYed AOB
luwsazyanismeaedldngnauaindeufnsal NRI laglvidannududu MLSS Susuluganaaes 50 mg U
Aududusoulidesudy 14 meN U aududureteuniadavesuiluiildlunisneassi laun 1, 10 waz 100

mg U iAufmegraiieinaududusenluie
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NANTSNNABILAZIATAINANITNIAAD 1

N15AALEBNSUUUUAULEY

Tudesiulddndenszuuidaiuds 8 szuu Tas 6 ssuuidussuutiomindeass WWTPL-WWTPS) uas
#n 2 srvuduffnsailunslibefifussuilufesufioinis (NRI uaz NRI) Tnessuy WWTP1 WWTP3 WWTPA
WWTP5 waz WWTP6 \Juszuuuuungnauwiuase (Suspended-growth system) d@uszuu WWTP2 uszuu
WUULans s (Attached-growth system) @uszuu NRI Lag NRITuszuukuung nauweiuass ¥innsasiainsnuu
U amoA w81 AOA uaz AOB luszuuseweiin qPCR fauanslunnii 1-1 Taewusts AOA uaz AOB luszuu
WWTP3 WWTP4 WWTP5 WWTP6 way NRI d@1115Uszuu WWTP1 WWTP2 waz NRI wutaniz AOB Taednuiu AOA
#osnd1 LOD (Limit of detection)

Mnuansvaaedldtresiildidonazneuainssuy WWTP3 WWTPA uaz WWTP6 dmiunisviaasdil 2
“masvynseendledueslailouvueelalnsuues AOA uaz AOB luszuuutdaindaishewmaia DNA-SIPY
dloannifa 3 seuUiis ACA way AOB pejFaufiu wilidnd utssans AOA uay AOB uandsiu dmiunismnaes
fi 3 “nsfnwassufimahauamengudmiunismnaiafnssuniseentleduonluiioves AOA uay AOB” 14
PENBUATNTZUU NRI Wae NRIl L9917 2 seuufidnainuseains AOA way AOB uansinsfiuun wasiiuslald
ihidsdaeseidlifasdunislunadesssvuandunauny  shldedunidngueninlsinsdlussuulinnde
Fieufungneuanszuutitaiidesia silvitsanmansenuresauvidnguisvinlsnsdsomsinuansdudang
yharmamenguld deaglinammaaesdarudnauiety dwiunismaaed 4 “nisszyfiansuves AOA uay
AOB dhewafin DNA-SIP wiodeasdiudanmsvinnuamezngy” agvhmannassiungnauainssuy NRI uag NRI
idesnnifunsmaassdideiiominnmeaesd 3 dmdunsmaassil 5 “nsnsaainfanssuves AOA wag AOB Tu
sruuutimindsateineassudnisinuamendy” asvinsinunifungnouainssuutitn WWIPT WWTP3
WWTP4 WWTP5 waz WWTP6 aeidennzneuannszuutntn WWTP3 WWTPE waz WWTP6 iiesaniduszuy
shinfidendwiunsmnaesii 2 1ud dauaivaiidenaznauanszuy WWTPL fae esainszuuiinuud AOB
Fovstrefudunarasassudsnsihauanenguse AOB Tafniuistu dufidensgnauainszuutith WWTPs
sodlosniduszuuiinu ACA ge dwdumsvaassil 6 “navesansmnilalasiiueauazeumadaieulusie

A9NI5UVDI AOB” Ae¥n15AnwIUsEUU NRII windy Inenisnaasstneidudiwasuiiuiulasanis
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O AOB amoA EAOA amoA

1.0E+06
1.0E+05 -
< 7
O 1.0E+04 -
Qo
£
2
$ 1.0E+03 -
o
£
8 1.0E+02 -
o
[e]
o
1.0E+01 -
1.0E+00 - : : : : : :
WWTP1 WWTP2 WWTP3 WWTP4 WWTP5 WWTP6  NRI NRII

M9 1-1 §1UUEU amoA V83 AOA uay AOB Tuszuuiitnundsuazdaunsallunilus
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HAN1SVAABILAZIATAINANITNIARDIN 2
nsszunseandladuanlaniisuuuaslninsuvas AOA waz AOB lussuuutntaundeass

fuwmatlan DNA-SIP

nsmeansiiumsldinedia DNA-SIP Tumsssynisldarsedunidasuelunsaneaduos AOA way
AOB Tusyuuthdmingdessss 3 svuu Taun WWTP3 WWTPA uay WWTP6 #dnn1saenisnsiaaeunsnszatefaves
MSuefiadienin HCOs fifasueulelalniunnsnstusening 2C-HCOs war °C- HCOs Tnewdinistiuuensae
1394 Ultracentrifuge ﬁLﬁuwﬁgﬂa"iﬁaﬁwm%uauiaiﬁzﬂm PC agiinsnszaeiilunsifeuivesaisazats CsCl
TugemnumuIwug mmzﬁaLﬁumﬁgﬂa%’wﬁwmﬁ‘vaﬂaﬁﬂwﬂ e %ﬂigmaéf’mgﬂuﬂmm’]wmwuﬁmd’l T
sxnsuradiovhnsiuunsady wazyhn1snT19TRs Uiy amoA 183 AOA uaz AOB Tuusasursadusiawmaia
gPCR

v
o

9191

AUSUNTNAABITUNZNBUAINTTUUUITAUILELATI ABINENILTNUNZANADNITNTLINEAIVDIRLDUY

o ' @

\@onou 1ieanlames (Rotor) wagiAsed Ultracentrifuge Ailtlunsvaassiidnuwazunnaineainauddeiniuun
W eemnsBeavedlsmeiseguinans ievnsesmaenvainn syumies [uiu Fenadinasonisuendives
a g A ] o = o & v a ' o aa ' a Yo Y

Auiwanasiueenly Jedndudesdinimesssdsartiadeninanenisuenadue loun aududuasazas

CsCl uag wswilgudnans (G-force) Nl

1. NAVBIAMUTNTUEITATA8 CsCl

a ' o

wannInszeiivesidueluasavaty CsCl Auegiu %GC lufiduovesgduvsdurazaneiu

o

amsu

2Na

AUNTINGN AOA uaz AOB Wudl %GC wafiwegil 45 % Aeliuniswusarmnududuansazaty CsClisudunou
naufuAwio luukeninsifeuinieiases Ultracentrifuge avsinliAndiansideusives CsCl unnsnadiy
sonld Fuildnsuaimududuresaisazals CsCliuduimINzaufinTaunguY9n13NIzaBfIRL S UL veY

o

AOA ag AOB Minanasuaulalalny C way °C AAunuILUUSUAUYY CsCl Mvin1sveassiiasell 1.80

a

1.82 1.84 1.86 uaz 1.88 emL " dwvinisilunendieiedes Ultracentrifuge ﬁqqum 20 °C ANAHLEITOUVDINTS
‘Viﬁ@u&?ﬂaw (G-force) 178,000xg Sz&zLIan 72 Fl9 NANITVARBARITININT 2-1 21NNITRUTAIAILVLILIY
999 CsCl Budunounanfuiisuenaziluuendaenies Ultracentrifuge WUgaansifieusin1snszanefives
CsCl aznUsmuanumuLiuEudures CsCl Insfiranummnuiududuves CsCl sasiliiansfiswinni
WwiLee CsCl fde finnsananeenfinvesaniueulelely %C vos AOA uay AOB NUTMNAIAUNUIRLY

93 CsCL I3udu vos88ans Ml AOA agiluszanal 1.69 gmL” vaugil AOB BamnsIWBEfIUsEIAs 1.70 gl 91n
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naufszyimneadaiinisazan °C lihdiwadd 100% msiedeuiivesns °C azndeuiilunmsnlaggonnsm
299 °C 9xiea1ngennsmaes “C g 0.036 gmL™ Faunsidentanisnsraneinsiiewives CsCl 3edaaden
FasfinseunqunsiAdouiiveans il °C linanmsazan °C ihdluadd ves AOA uay AOB Tafldn 1.726 uaz
1.736 gmL™ sud1du 9901591500510 DNASSIP mudniidnemammnuyuisaduves CsCl 1.88 gml " (Iagagld
AAnuvuuilenauasazanenndndad 1.70 gml ) Wuefimnzaudmiunsuonfiduleveanguqaunie
AOA uay AOB BsanemuvutiufananazgaliidurrmnumunuiuEusues CsCl lumsudsAanusisouves

LLiwﬁ@uéﬂaNLﬁammﬁmmmm
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A04 omod ERNes 13¢ ai3c L0B omod genes

Cofl density 1.80 gfml L Cal density 1.80 gfml
1.0
1.0 P
I 1
- | 1
0. B0 | |
| |
0.4 [ i
0.2 | \
0. o = at
18 1HM 18 L8 1R 1M 1M 1k 16 1.6 166 168 LW 1% 1M 1%
. Cull density 1.82 g fml L CsCl density 1.82 g/ml
s o o im Ij'
jo. 1 0.8 4
jo. &0 .I | 0.8 I
1 |
o4 o 0.4 1 | 1
o [ 0.2 | . 1
. Ll .00 el }
; 16 1M 18 18 1®m 171 1M 1% 18 16 16 16 1T 1T e I B
3 L3 CsCl density 1.84 gfml 1. Coll density 1.84 g/mi
£ 1.m 1 i.m *
E .60 _4' L1 8- 1] Iy
.60 I 0.6 [
é [ | .I
3 [ ] F| " 0.40 .,, ;
0.3 | "y 0.2 ! \
\ &
0.m = - b 0.0 o Mesna
18 168 18 18 4 1M 1M 1% 16 18 18 16 1M 1MW 1M 1%
g i Lol density 1.86 g/mi L0 Cafl density 1.86 g/ml
s .
% 140 " L ¥
", i\
2 0L.ED | ',I 0.0 Al
b6 [ & LS [+
0.4 [ \ .4 J o\
d [ ¥ %
0.30 L ¥
/ i E
o0 '.\'\-- o -]
18 1.6 18 1B 1 17 1M 13 ie 28 im 18 1M 1M 1M 1%
€501 density 188 gfmi CC] density 168 gfmi
1.3 1.4
i 'F"-_ i.m 'y
0.0 |4 0.8 N
\ {1
1 i
0.60 [ 1 0.60 o
0.80 | 0.4 [
P I
0.30 [ 0.2 \
0.00 _:. L. — .0 [t .
1.8 164 18 1.68 1.0 in i i.7% 182 i.684 188 184 1.7 im i 1.7

Buoyant density [g/mL)

2T 2-1 M5UAsuLUaINIINIEINEFIvRIRBUBEMSUTY amoA 389 AOA wag AOB NIAUVUNLUUSURUYDI

CsClL 199
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2. Havausmtgudnans (G-force)

wswdlgudnansvazdinisdunenfidue  Tnasenisuenfdueiniinisazauvesnsuoulolalnui

' [

WANAUsEINe 2C way °C Tnemanudiseufivhnnsveass 3 3 A1 #ail 178,000xg 184,000xg wae 190,000xg

Fnsunisnnassildmdunanailaainsegisluinussuninuinwadinisazanansusulelelnd °C waz *C Wd

U

\wAdeEuULaY Fana DNA-SIP auanin1suenseninensml C uag °C (nmil 2-2) namsudsAusavilgudnan
WU 919 AOA way AOB Hanuwaurn1siaasufvednsm “C way °C Mudleunu An AOA TNWNALANIIMUISEIUNT

gurveans vl °C lidauriudunsin 2C Nuisanaiwansdsdndiuisueiiinainnisazauuee °C Faminnin

AdueUnfiasenn C dulugisianumnuiureins il PC (1.68-1.74 gml") FalAganingisAiaay
NLULYDIEenT I C (1.68-1.72 gmL™) waug? AOB ansueniinszning ns vl “C way °C ag1ednlau lng
ganNIINYBIIIARINTMITAIANMUIRINARAWBgUSENNM 0.04 gmL ™ Asiumsiinnsanienauswmdaudnansds

o

donfiansanainua DNASIP vad AOA Wumdn Tausmigudnarsiifimsuenvesnsm PC idaauiigafe
178,000xg  uazillelimavsumusimilaudnadigiiunuiigeansm °C ves AOA  fimsueniidewas
Fatiu @nnzimunzauilddnsun1suendu amoA ¥ee AOA wag AOB fmelA3ed Ultracentrifuge &

31 AAUVLILULEHAUYEY Cscl 1.88 gmL ™ (Ingaglimanuvuiuwiuiionauatsazanenndiuddf 1.70 gmL™)

AusmilAudna1e 178,000xg gaungilvaizluuen 20 asmieadidea sveziiain1stu 72 il
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ADA amoA genes —={IC —a=13C ADB amoA genes

17E,DDDxg 17B,000xg
130

100
=D
s0
(1]
030
oo

170
1o0

o= 0.0

1K)
0.e]
L1 ]
fika]

S0
040
alei]
ake ]

1.3n 130
1a0
0LED
(=)
040
030

(alex)

Ratio of gene copies to makimum in CsCl gradient

D.ED
D.ED
.0
ubel]
.o

Buoyant density (gfmL)

Al 2-2 N1sUABuLUaINIsNIEERYesRoued S UBY amoA et AOA uay AOB Tusiilaudnand (G-

force) #1149

3. nM3szynseandladuanluienuusalalnsuves AOA uaz AOB TuszuuutnUnundeass
PNHANINARDIN 1 IiFonanauanssuy WWTP3 WWTP4 wag WWTP6 wilddmiunisnaaesi

WI999n7a 3 s¥UUNY AOA uaz AOB g5auiU usildndiuyseuins AOA uay AOB unnsaiulag WWTP3 il AOA

YJagni1 AOB WWTP4 & AOA TnatAgaiu AOB way WWTP6 & AOA 11nn31n31 AOB
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4. n3szynseandladusuluienuuaalalnsuvas AOA uaz AOB luszuuutnUn WWTP2

ACA amoA genes  _ . 13C a13C AOB amoA genes

120 Day 7| (120 Day 7

100 ) 1.00

o.z0 N 0.20

0.60 0.60

0.40 0.40

0.20 020

0.00 ad 000 e PR WP

186 1e8 L70 172 174 176 166 168 170 172 174 176

Day 28| | ., Day 28

120

1.00 100

0.80 0.z0

0.60 0.60

0.40 040

0.20 020

Ratio of gene copies to maximum in CsCl gradient

0,00

0.00 . ]
166 168 170 172 174 176 166 168 170 172 174 178

Buoyant density (g/mL)

AT 2-3 M5UBEULUAINTITNTLANLFIVDIRBUDEINTU BU amoA 183 AOA (W0I918) wag 81 amoA ¥83 AOB

(02721) VesRzNaUINTTUUUITAUNEY WWTP2 anatdntuleauluiile 7 mgNH.-N/L souil 1

AW 2-3 waz ATl 2-4 uERsHAN"SY DNASIP aandiagangnauainsyuutdatnds WwTp2 Tu
s0Uft 1 wae 2 Tngldmeznauiitivanntisnaniuansetu 5 Weu Welunsvendmiuduiunanisnaass A
dutuuosludeludundiegd 7 meNHe N L wazarmduduneslindoduiiluduogi 0.5 meNHsN L' wa
msneasanuitluseudl 1 (awil 2-3) dlonsuuruly 28 Fu lifinsiedeuiivesnsiv °C 993 Bu amoA w83
AOA szt S amoA wes AOB finsindsufivesnsinl °C uoneanannsv °C sghsdmaudionisuusiuld 7 5u
waglgnanisnnansdnuaiientiudiovhnsuagiseud 2 (nwd 2-4)

v

Weavihnsuuagnaulagladuwenludeliwniiudn wadluamsusiuamuiiy wuindleuussnauly 28

Fu (and 2-5) ldfinsiedeuiiveansin °C voaiadu amoA vee AOA Lay AOB wansvnasduandliiiuil AOB

arunsaltarsefdunidarsueunnlalunisadravaduardiuusenauanegueagadidu foue e Weiinsld
a & ' ) 1 Y] a s ¢ Py 1 P v & a |

worlududuwnaandsnu neazliinnsldarseiunddasvewiiolufiveuluily wandlviuin AOB faiusiuly

nseendladuanluielnenznouainszuuinuninds WWTP2 d1nsu AOA luwunsldasetunsdansuauunly

Tunisasrawadluanizniwauludy wanslmiuin AOA luldsineandladuwauluiielunznauainszuutivnin

\de WWTP2
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ADA amoA genes  _ ,_ 12C a_13c AOB amoA genes

Day O Day 0
- 120 120
A 100 % 100 oo
e v 1
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= 0.00 e, L S 000 L eene® . sepee
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a 100
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° 020 7 0.20
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= o.oo [ ol L R L
T 0.00
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166 188 170 172 174 176

Buoyant density (g/mL)

AW 2-6 M5UAEULUAINITNTLINLFIVDIRBUDEINSU BU amoA 183 AOA (4a918) wag 81 amoA ¥83 AOB

(02721) VIRENaUNTTULUITAUNEY WWTP2 aadnduleuluile 7 mgNH.-N/L souil 2
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AOA amoA genes —a- 12C —a13C AOB amoA genes
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=
A 120 Day 28| |i30 Day 28
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K 0.0 0.80
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0.20 0.20
0.00 0.a0 —
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Buoyant density (g/mL)

AW 2-5 M5UAEULUAINITNTEINUFIVDIRDULEINSU BU amoA 183 AOA (03918) way 81 amoA v8d AOB

(401977) VBIRENBUNTEUUUNUAULEY WWTP2 anuitadutkonlanily 0 mgNH, -N/L

5. nsszynrseandladuanluiisuuuaslnlnsuvas AOA uaz AOB Tuszuuuvitin WWTP4

AW 2-6 war ATl 2-7 uERIHANTSY DNA-SIP a1nfiegnangnauainsyuutdaunds WwTPs Tu
s0Uft 1 wa 2 Ineldmznouiiivandraniiunnsneiu 1 Weou wWodunsisdmiuduiunanisnaass nans
veasanuiiluseudt 1 (nndl 2-6) ensuusuly 7 $u Smsiedeuiivesns °C vty amoA 181 AOA uay

AOB dmSunisungiseun 2 (nnd 2-7) Tenaludnwaziieniu lneinismasuivesnsin °C vaeiadu amoA va4

o v A

AOA 91ntuseun 1 Wwenunsimaouueanswluiud 14 dusudu amoA ¥ AOB NUNISHARDUTDINITINAILA

v

Jun 7 devnnsuusznaulagliddusesladelmniniudn wadluaisusueaiuiy nuidlevungnauly 14 Yu

v
o

(1 2-8) laifinnseaeunvedns il °C voanisdu amoA ¥89 AOA way AOB

23



HANTNAABILARILALTINITS AOA WAz AOB anunsaldansefunidasusumnldlunisaiiawaduay
dulszneudemesgaaity fowe 1a Weinslduenludoduwvamasnu Insagliinsldaseiunidasuou

Welufiweuluile wanaliiiudn M9 AOA waz AOB Hdwusiulunisesnidladuenluilelaenznauainszuuiidniin

Wiy WWTP4

AN 2-6 N5 UAEULUAINTITNTLINLFIVOIRBULEIMSU BU amoA 83 AOA (W918) way 8 amoA ¥83 AOB

AOA amoA genes

-4=12C —= 13Cc AOB amoA genes

120 Day 0 120 Day 0

100 f'f 100 A

0.80 1y 0.80 If !
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A
0.50 o 0.E0 R
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Buoyant density (g/mL)

(W02Y71) VBIRzNEUANTEUUUITAUEY WWTPA At dulonlaily 7 mgNH-N/L souf 1

24




ADA amoA genes —a= 12C —a 13C  AOB amoA genes
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Buoyant density (g/mL}

AN 2-7 NM5UBEULUAINTITNTLINLFIVRIRBULEINSU BU amoA 83 AOA (4918) way 8 amoA ¥83 AOB

(02721) VIRENaUNTTULUITAUNEY WWTPA anadnduleuluiile 7 mgNH,-N/L souil 2
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AODA amod genes  _ 4 12C —a13C AOB amoA genes
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AN 2-8 N9 UREULUAINTIINTLINEFIVOIRBULEINTU BU amoA 183 AOA (4a918) way 8 amoA ¥83 AOB

(402v77) VoIRENBUANTTUUUIUAULEY WWTPA Asduduauluiy 0 mgNH-N/L soufl
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6. n3szyn1seandladusaluieuuusalalnsuvas AOA uaz AOB Tuszuuutiin WWTP6

AN 2-9 WAy AN 2-10 WARINANTSYN DNA-SIP 91nfiegnanenauainseuuinunidy WWTP6

v
o o

Tusaudl 1 waz 2 edunisidrdmiuiudunanismeass nansnaaasmuITiusoudi 1 (Al 2-9) diensuusiiu
U 1 §Uni Snsiedeuiivesnsi °C 9essBu amoA 18 AOA wag AOB dmdunisuugrseud 2 (nmit 2-10)
Ignaludnwaeiiontu devhnsuupsneulaglifuuesludeliudied witluadvewamudy wuindious
azneuly 4 §Uatk (andl 2-11) lifinnsiedeudiveansan °C vouiadu amoA ves AOA uas AOB
NansVnasLanslifiuITie AOA uay AOB ansaldaseduvadansuounnldlunmsairaeaduas
drulsznausnaqueagadiu Adue 18 Welinslduenludeduunamdsau Tneaglifinsldasefiunidansuou

Walifueuluile wanslidiuin 9 AOA war AOB fdwswluniseendladuanluislnenznauainseuuiidniin

Wiy WWTP6

AOQA amoA genes ——1ZC ——13C AOB omoA genes
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Buoyant density (@/mL)

AN 2-9 A5 UABURUAINTITNIEANUFIVDIRLDUBAMSU BU amoA 183 AOA (L0918) waz Ju amoA a3 AOB
(W0221) VesREnaUAINITTUUUITAUNEY WWTP6 Anaidndulouluiily 7 mgNH.-N/L souil 1
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ADA amoA genes ——12C ——13C AOB amoA genes
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AW 2-10 NM5UABULUAINITNTEINUFIVDIRDULDEINTU BU amoA 183 AOA (0I918) wae 81 amoA ¥83 AOB

(W02271) V8IRTNEUANTEUUUITAULEY WWTP6 At duonliily 7 mgNH,-N/L sou?l 2
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AOA amoA genes —+—12C —*—13C  AOB gmoA genes
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29 2-11 NM5UATULUAINITNTEANLITRIRDUBEINSU BU amoA 389 AOA (aE1e) wag 8U amoA U89 AOB

(401977) VBIRENEUNTEUUUNUAULEY WWTPE anuitatutkonlaily 0 mgNH, -N/L



7. MIMIAATIRAINERUSNNTTNYBIEU amoA vas AOA Tuszuuutrin WWTP6
Tumsveaesildidonaznaunnssuuthdntiids WWTPe wiinsigvisiaiugnnssuvesdu amoA ves
POA Mnshaeheiiiivlusoud 1 uag 2 vessyuuthdminds WWTP6 nanmsnaaenuin AOA finy ag/lu subcluster
meflu group 1.1b Thaumarcheota (nwfl 2-12) wansliiudilsifinsiasuuvainguuszing AOA Tusheged
Wt 2 sou siifaluefiany AOA subcluster dluszuuthiminidedy (Limpiyakorn wazan 2011) agndlsh
pudidlainy AOA vhnawzdedldlu subcluster § AOA fivhmamzdsdldanssuuthimindsasdneglu
subcluster 8ulmefl Candidatus Nitrosotenuis cloacae Fwnanszuuthtnindeludu dnaglu group 1.1a
Thaumarcheota (Li wagAny 2016) wag Candidatus Nitrosocosmicus exaquare ﬁLWW%LsﬂﬂlﬁﬂﬂﬂizUUﬂﬂﬁ/ﬂﬁ’l
L?iﬁﬂuLLﬂumﬁfmagTuﬂEju Ntrososphaera sister cluster Tu group 1.1b Thaumarcheota (Sauder wagauz 2017)
dm3u AOA Tu group 1.1b Thaumarcheota #idwavan svimzdswnanegililfinanssuutidmiige
unNAIENU Candidatus Nitrososphaera gargensis ﬁ]’lﬂﬁlﬂw%au (Hatzenpichler wagage 2008), Candidatus
Nitrososphaera viennensis 1@y (Tourna wagamz 2011) Tng AOA fiwulu WWTP6 gninoglunsvesshils!

Faumsiuana1aain AOA Mdusunuues group 1.1b Thaumarcheota FauanaAauin AOA inuly WWTP6

UnagildnwazautRaigan AOA Mdusunuves eroup 1.1b Thaumarcheota
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AOA-DD-R2-8-15 R-2-W8 cluster 3

83| AOA-DD-R1-0-20 R-2 cluster 3
™ ADA-DD-R2-0-23 R-2 cluster 3

67

70

WBMO50405_45P2A1 (FJ227760)
A3 5T (KJT78551)
AQA-DD-R2-0-29 R-2 cluster 6
g ADA-MP2-2 (HM191515)
63|l AOA-DD-R2-0-1 R-2 cluster 2
AQA-DD-R1-0-2 R-1 cluster 2

93| | AOA-DD-R1-0-21 R-1 cluster 1

ADA-DD-R2-04 R-2 cluster 1
AOA-DD-R2-8-5 R-2:-W8 cluster 1
DGGE gel band A2 (JX570740)

93| AOA-DD-R2-0-2 R-2 cluster 4

ADA-DD-R2-8-7 R-2-W8 clustar 4

1 93| - ADA-DD-R2-0-22 R-2 cluster 5

ADA-DD-R2-8-2 R-2-W8 cluster 0

g3 | ADA-DD-R1-0-3 R-1 cluster 0

ADA-DD-R2-0-9 R-2 cluster 0
FJB0156T 1 L te clone MS_31G4 ammonia monooxygenase subunit A (amoA) gene partial cds

99

|#

12 _B‘I|— HQ317000.2 Uncultured crenarchagote clone Ref_D_H37 ammonia monooxygenase subunit A (amoA) gene partial cds

EUB60260.1 Uncultured crenarchasote clone S17-11 putative ammonia monooxygenase subunit A (amoA) gene partial cds
DQ534704 1 Uncultured crenarchaeote clone Grass3 putative ammonia monooxygenase subunit A (amoA]) gene partial cds
MX_2_JAN_2 (DQ501115)
EUGT1718.1 Uncultured crenarchaeote clone 3F_44 ammonia monooxygenase subunit A (amoA) gene partial cds
SGX-374 (EUS90489)

FMBETE3T 1 Uncultured soil archason partial amoA gene for ammonia monooxygenase subunit A clone D10-C1-5

100
EUB85674 1 Uncultured crenarchaeote clone 3063-A-05 putative ammonia monooxygenase subunit A (amoA) gena partial cds

5 is (EU281320)

MamSp HO8 (EU239476)
2 L|_|; haera i is ENT6 (FR773159)
PS35 (EU315719)

soil_fosmid_54d9 (AJE27422)

y-CR-10 (DQ278587)
| [+ icus fi (KU290366)
Candidatus Mitrosocosmicus exaquare (KR233005)
Candid: i lea d (JN227489)

N; cloacae strain SAT1 (CP011097 2)

pumil i SCM1 (EU239959)
Candidatus Nitrosoarchasum limnia BG20 (NZ_AHJG01000287)
MY1{HQ331117)

yell i (EU239961) Joutgroup

noso

A9 2-12 AUl TN AMuIeINBu amoA et AOA RnsruutUatds WWTP6 lauswaiugnasudle

£

NNSNAABINITTTaTUAUAIY AOA-DD
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8. Manalnsiuasiianzianzasiudu amoA vas AOA nwuluszuuudrtn WWTP6
HANTIATILNTRARUINTINVOITUY amoA vae AOA Tuszuuutrlin WWTP6 Wud1 AOA Nanundnsiui
ag/lu subcluster ey Jaagnnelu group 1.1b Thaumarcheota nMsnaaesludiuiiviniseenuuulnsiuesy

LaN12LA12997U AOA Tu subcluster 9 1ioEuduin AOA Tu subcluster diinsiasqavlanuueslnlnsuansi

[V VA
o a A

pandladuauluiieass Netlillosainlnsiuasd Arch-amoAF wag Arch-amoAR waglnsiuas CamoA-19f ua
CamoA-616r filHluntsneasnountinasungu AOA s vildldausaszyléinaain DNASIP 11910
AOA naaiiivialsl

nseenuulnsiwesldlusunsy ARB (Department of Microbiology, Technische Universitat Munchen
[nttp://www.arb-home.de]) Wwagg1udeyadu amoA wes AOA A Pester uwazamz (2012) dalwsiuesild
Usenoudedulua fail

Forward primer- 5 TACTGGGCKACCAGAAGA 3’

Reverse primer- 5 TAACGCAACGGGACTGTT 3’

PnilEvnseseseulnswesiioonuuulmilne msvi PCR-sequencing fushegninznauainszuy
shintids WWTPA uaz WwTP6 Tnevilaauiswasidenialaiiuszunn 20 laladdmiuusazsogslunensia
fugnssy Mnduthsvaiugnesiluldlusuldfaunsivinliteuninfuiu amoA wes AOA Fegiufoyaves
Pester wavAnly (2012) Feussysviaiugnssnvesinedts WWTP6 ilsianlniiues CamoA-19f uay CamoA-616r
(il 2-13) wansneaomuhsTETLgnssuildanlndweseenuutlmidoma mnoglu subcluster ety

melu group 1.1b Thaumarcheota fafinusnglnilaes CamoA-19f waz CamoA-616r lagliflsaiugnssulaog

uan subcluster hae wandliiunlnswesieanwuulmiianuenizianzaaiu AOA Tu subcluster Uity
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= Nitrososphaera subcluster 1 (132)
ADA-DD-A1-0-15, Pornkubwat
ACH-DD-R2-0-14, Pornkubwal

_l— ADA-DD-A2-8-10, Poenkuhval
DO-14 DindangF, Pombubyal

uneulured crenarch asote, Nltmﬁmm clugtar, estuary, WEMOS0M05 45P2A1, Bano N, SmathAD., Cafirey J
unculturad crenarch asote, AGA-
A -DO-P2-8-1, Pernkubwal
ADA-DD-R2-B-4, Pomkubyat
ADA=DD =2 =0=7, Pomkubsal
ADA-DD-R2-0-15, Pormkubwat
ACA-DD-R1 -0~4, Pornkubwat
b ADA-DD-F2-B-B, Pomkubwat
ADA=-DD-R2-8-12, Parnkubwal
ADA-DD-R2-B-8, Pomkubwat
AQH=DD-R2-0-6, Pornkubwat
ACA-DD-R2-8-15, Pormkubwat
ACH=DD=R1 =0=-5, Pornkubwat
AGA-DD-R2-0-5, Pornkubwat
ACH=D0-A2-0-12, Pornkubwat
LT ADA-DD-R2-8-14, Pomkubsat
ACA-DD-A1-0-8, Pornkubwat
- ACA-DD-R1-0-€, Pornlubwat
ADA-DD-R1-0-13, Pornkubwat
4 C1E DD-4 DindangF, Poenkubwat
CH-8 DindangF. Pornkubwal
D0-13 DindangF, F‘D\‘nhlhl-'ﬂ
DD-9 Dindangh, Pombkwubsa
CH-28 DindangF, ankuhwai
DD-28 DindangF, Pornkubwat
DO-IE thanql’-’ Porrkubwa
-18 DindangF, Pornkubwa
| CH 27 DindangF, Pornkubwat
DD-12 DindangF, Pornkubwat
r AQDA-DD-H1-0-14, Porkubwat
ADA-DD-R2-0-3, Pombuhwat
ACM-DD-R2-0-11, Pornkubwat
ADA-DD-R2-8-2, Pomkuhvat
ACA-DD-P1-0-3, Posmbahwat
ADA-DD-R2-0-9, Pombkubwat
I CH-12 DindangF, Pomkubwal
CCr-17 DindangF, Pornkubwat
— CH=3& Din F, Pernkubwat
CH-& DindangF, Pombubweat
CH-21 DindangF, Pormkubwat
ADA-DD-FA2-B-7, Pomkubwat
[ uncultured crenarch asote, ADA-53-1, Kayee
unculured crenarchaeste, Mitrososphaera cluster, soll, AQA-34, Giu, G and Lu Y. Ciu, G
A =00 -R2-0-10, Pornkubwat
ADA-DD-F2-0-2, Pomnkuhwat
ADA-DD-R2-8-3, Pombubwat
uncultured crenarchascte, ADA-54-5, Kayee
uncultured crenarchaeots, ACA-L2-1, Kayee
unculiured crenarchasate, ADA-L2-4, Kayae
uncultured cranachaeote, ADA-52-2, KHW
uncultured crenarchasole, ADA-MP2-4, Limpiyaksn
uncultured crenarchasote, wastewater, ADA-5-3, Sonthiphand P. and Limpiyakom
uneuftured cronarchascte, ADA-5-3, Soathiphand
unculured crenarchaeote, ADA-S-2, Snmhlphand
uncultured crenarchagote, ACA-S-1, Sonthiphand
uncultured crenarchaests, ADA-5-4, Sonthiphand
uﬂcuﬂurldtr-ﬁir:hlml wislawater, ADA=S-1, Senthiphand P. and Limgiyakom
ADA-DD-R2-8-13, Pomnkubwat
ADA-DD-A2-8-11, Pomkubwat
ADA-DD-R2-0-4, Pomkubwat
ADA=DD=R1=0=1, Pembubyal
ACA-DD-AZ-8-5, Pornkubwat
ACA-DD-R1=0=7, Pornkubwat
uncultured crenarchasote, ADA-L4-3, Hayee
ADA-DD-R2-0-8, Pornkuhwal
uncultured crenarch asote, ADA-L2-3, Kayes
uncuturad erenarchasote, AGA-I.: 5, Kayes
uneuhured erenarch asote, ADA-M P2z, Limpiyakesn
ADA-DD-R1-0-11, Pornkubwat
ACA=DD =Rz -0-13, Porkulwat
ADA-DD-R1-0-10, Pom kubwat
ACA-DD-R1-0-2, Pornkubwat
- CH-28 DindangF, Pombuhwat
CH-30 DindangF, Pornkutwal
CH-13 Dlnth.ngF Pormkubwa
ET=7=3 Arch-amedF, Glao
DD-5 DindangF, Pornkubwal
CH-34 DindangF, Pomkubwat
CH-25 DindangF, Pombkubwat
CH-14 DindangF, Pomkubya
DO-18 DindangF, Pornbubwat
DO-12 DindangF, Parmkubwal

- 18— Nitrososphaera subcluster 3 (31)

A9 2-13 AUlEITRININSAIUINIINEY amoA Y89 AOA anseuut1Uaunds WWTPS wag WWTP6 flaain

Inswesneenuuulvl uaglniiues CamoA-19f uag CamoA-616r IngAuinsiuiugudoyaves Pester Lazamny
(2012)
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MntuhlndwedieenuuulmilUldfuiogns DNA-SIP fivhdussuuthdninds WWTPe asidudi
warllandle 7 moNHe-N/L 5aufi 2 fiszeziainisua 7 Ju (nnd 2-10) Tnenan1snaaeuansdanIng 2-14 &
wunsmildanindwesiieonwuulug Sdnvaznsnszaresguisasunsmiiaainnisldlnduesii Camoa-
19f war CamoA-616r Faduntstuduin AOA Tu subgroup Hinmsisaivlnuuuselalnstuaiioondlnd

woulanileasa

AOA amoA genes AOA amoA genes

Pester's primer 12¢ —=—13C  pesigned primer

=
c
]
o
H
o
IS
£ | 120 Day 7 120 Day 7
=
E | Lo 1.00 :
7 | oso "
a . 0.80 Iy
]
& | nso 0.60 14
Wi
2 | 040 0.40
& | oz0 0.20
u
5 0.00 X 0.00
= 1E6 168 1.70 172 174 176 166 168 170 172 174 176
o
=]
"
oo

Buoyant density {g/mL)
AT 2-14 NSKUAIURUAINITNTEINUFIVRIRLEUDENTU 81 amoA U89 AOA Nn51aTnselnsiues CamoA-19f
wag CamoA-616r (nMngne) wazlnsiwesiieanuuulud (M) vesngnouainsyuutrUatLdy WWTP6 A1

Wuduuonlanidy 7 meNHe N/L sauUfi 2

9. uATEBuTAnwINIseendladuasludisuuueslalnsuvasyduiidngu AOA uaz AOB luszuuutitainge

uAluefmwut AOA Tleglundudug uenwiorniiwuluszuutiminds WwTPe anunsnsendlad
wosludelneldanseduridasvouduunasarsueuls  sndiedradu  msanwmemada  DNASIP  wuin
Candidatus Nitrosotenuis cloacae eTjﬂasﬂu group 1.1a Thaumarcheota @nsatasegivlanuvesialnsula (Li
wazAny 2016) WamsAnwIshemAdla CARD-FISH-MAR wuin Candidatus Nitrosocosmicus exaquare Gglu
group 1.1b Thaumarcheota faansaun “C-HCOs LSﬁﬂajmaémmzﬁaaﬂ%lm%uauiuLﬁ&ﬂﬁ (Sauder wazAtdy 2017)
agnalsAnu Mupmann uazan (2011) wuin AOA Tussuuthdaindelsenaulailald “c-HCos anmsasiadey
pewalla  FISH-MAR Immuﬁuiﬁﬂwm%’aﬁL?imﬁ’uﬁa]ﬂiimmiaaﬂ%imszﬁ.l,amimLﬁﬂiuizuuﬂwﬂ’mfﬂLﬁaﬁaeujasj'm
$1in warldnafiledmnudaudeiu Swantsvaasit 2 Auszuutmings 3 ssuu wui AOA lussuudin 2

sguuan 3 swuu  dausiuluniseendladuenluds  dudunistisiiuanuinlanedtuianssunisesndlad

wauludevaa AOA TuseuutrUndndsunndaty

34



NANIINAADILAZITUNANITNARDM 3

nsAnwasfugnsinuenizngudmiunnsaiafanssuniseendladusuluievas AOA uaz AOB

v
=1

msmaaqulﬂumsﬁﬂmmsé’us“?qmsﬁwmul,awwmju Wiglddmiunsmaainfanssuniseandlad
worlinilevos AOA waz AOB lusvuulenay (Mixed culture systems) leud faeehsainsyundswandousie
uazdegsNIEUUISAIMmnTT msdudimehoumanznduiviinisfinnde ATU uaz PTIO Ty ATU i
Whmnedudueuled AMO Fudueuleddildluniseendladuesluily Tnsasviuiiiiduds Copper chelating 7
wulatl AMO (Shen wazmaz 2013) waz PTIO Wuasiidu NO scavenger Tag NO Wundndasiszninananses
nseendladuenludeluilululasvues AOA (Walker wazamy 2010) nns@nwivihiuszneuaindsfnsal NRI

¢ Ao 1

wag NRIl LHp9a1naznowaniie 2 definsal ddndiuusenins AOA uaz AOB waNeIiUeE1IdARY Wasiiuula
Tdomsidsadenlifiansdunsdlunisdeszuuadunanny  vilifiqdunidnquanivlsinsuluszuulisnnde
Weudungneuanszuuiitninidesss iibivisaanansenuvedunsdnguieninlsinsuseon1sfinwansduganis

anuanznguled

1. 3uuuasnguUszyns AOA uaz AOB Tudsufjnisal NRI uag NRIl

paeaszEvavIMIMaaes anuddusenlisluioonvesiaufingal NRI ogfl 0.07 + 0.03 mgN U
audnduliulasmegil <LOD (0.1 meN 1) mmndudulummed 26.174.44 meN | Fsaugadueududu
worlidlelutudn nanismatasiuauiy amoA wes AOA uaz AOB yniouiumAlln gPCR wWuduuEy
amoA w83 AOA gl 5.53x 107 + 9.30x10' fis 7.88x 10° + 1.17x 10° copies ng genomic DNA™ Tngduaudy
amoA 83 AOB gl 7.38x 10" + 1.79x10" i 1.16x 10° + 1.39x 10 copies ng genomic DNA™ (il 3-1a)
$1AuBY amoA vee AOA 131 1B amoA vet AOB Taewade 16 wiwaenn1snaass Msms1eridulsl
Wannms andegaiifvlufount 1 uas 6 vesmnasandluguil Mwdl 3-2 uaz il 33 waMSANK
WU AOA ﬁwuiuffaﬂﬁﬂiﬂj NRI ﬁammﬁ'@agﬂumjm Nitrososhaera sister cluster 3afuaundnlu Group 1.1b
Thaumacheota (N1l 3-2) nan1snaaeskandliiudlaifinmaasuwanguusssng AOA Tuiidestasandivh
MaLAufeg1a @ AOB iwudneglungu Nitrosomonas europaea cluster Nitrosomonas communis cluster
uaz  Nitrosomonas oligotropha cluster (nwil 3-3) lag AOB dnilvigyiimuluifeudt 1 dnoelungy
Nitrosomonas oligotropha cluster Wag Nitromonas europaea cluster Twieudl 6 wa Scanning electron
micrograph uanslugudl awdl 3-4  TnenuwaduiawadiizusauuunssnasvuadurRugunatssTanm 0.8

v
[ 3

um in1eiudungu wenandfmuwaduuunrisiidanueiainaiguun
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65— NRI-M6-2 (1) Group L.1b

NRI-M1-1(16)
NRI-M6-1 (10)

iy i quare (KR233005) Nitrososphaera sister cluster
“Ni i (KU290366)

100 L NRI-M6-4 (1)

SL-37 (BUB60279)
52 L SF05-BC11-E02 (EU651245)

Soil fosmid clone 5449
l Candidatus Nitrososphaera viennensis ENT6 (FR773159)
I(III Candidatus Ni haera gargensis (EU281320)
53 R60-70_266 (DQS34876)
100 ——— Candidatus Nitrosotalea sp. Nd 2 (KJ540206) Group L1a associated
L Candidans Nitrosotalea devanatemra (IN227489)

0.02

209 3-2 SUlTATRILNIAS AUINAINEY amoA vBd AOA
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Nitrosomonas europaea

NRI-M6-3 (1)
cluster

NRI-M1-4 (1)

. NRII-M6-4 (12)

61} NRII-M1-4 (12)

NRI-M6-1 (8)

NRI-M1-1 (2)

YZ 43 (KT024031)

'~ NRII-M1-3 (1)

CSTR (KI930174)

- NRII-M1-2 (1)

[—erasomonas sp. Nm103 (AF272411)
AOB-IP-1 (HM229662)

$28 (HQ821903)
Nitrosomonas sp. ML1 (AY958703)

. WIC 39 (KT023808)

0 NRII-M6-2 (1)
NRII-M6-3 (1)
60 LIC743-1 (JX021612)
i | Nitrosomonas europaea (Z97861)

Nitrosomonas halophila (AF272398)
56, Nitrosomonas sp. Nm107 (AF272407)

62 ’ Nitrosococcus mobilis (AJ298701)

71

99| Nitrosomonas sp. Nm104 (AF272409)
Nitrosomonas sp. Nm93 (AF272401)
61 Nitr sp. Nm33 (AF272408) Nitrosomonas communis
3 Nitrosomonas sp. Nm41 (AF272410) cluster
Nitr commumis (AF272399)

89 Nitrosomonas nitrosa (AF272404)
Nitrosomonas sp. Nm148 (AY123815)
NRI-M6-4 (3)

NRI-M1-3 (1)

2| NRII-M6-1 (1)

Nitrosococcus halophilus (AF272521)

29 3-3 SUlITRILIATS AMUINAINEY amoA vea AOB
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x10,000 1pm I —

x10,000  1pm ‘. =

il 3-4 Scanning electron micrograph w83 NRI (a) scale bar 5 uM. (b-e) scale bar 1 uM
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«x10,000 _' 1|.|rﬁ

x10,00000 1pm

AT 3-5 Scanning electron micrograph 484 NRIl (a) scale bar 5 uM. (b-e) scale bar 1 uM
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dwisuds NRIl audutuneslufleludsegdl 14.19 + 9,56 meN U avwndudululasmegd 6.24 + 6.79
meN U1 uazlumsmog 37012 + 26.19 meN (! Tagnasauasnduduneslaude lulasm warlumsnluoan
Tndieafulutingr S1uuBu amoA 4es AOA sandn LOD fiuszunas 4.29 copies ng genomic DNA" maeanis
NAABY (WAl 3-1b) $1UILBYU amoA vos AOB Bffl 8.76x 10° + 2.08x 10° s 3.85x 10°+ 6.56x 10" copies ng
genomic DNA" AOB ﬁwuagﬂuﬂa;u Nitrosomonas europaea cluster Nitrosomonas communis cluster uag
Nitrosomonas oligotropha cluster (mwﬁ 3-3) laedl Nitrosomonas europaea cluster L"T;Jma;uwiuﬁgﬂaaﬂ
Fr903a0 SEM uanawaddulngfidnwazuiadedanuenivainnaieunn

faUfnsal NRI uaz NRI Thgneunnszuuiidaiidouasiussuudeansiunnaiy Taefafnsod
NRI Tdmgnauannszuuihdntidegumuiinuis AOA way AOB egfiiufu ueniniifufuszuufomaisaie
wuueliuvdd Alsmemsuaziniuvainuansvie Feldlumsmzides AOA lusiin (Konneke wazaaiy 2005;
Tourna waAmy 2011) uenanifaufnanl NRI Sufussuuiielfeudutuuosluidooglusedush Tnsaidelu
onnldmududunenludoduduil <7 meN/L lumswmnzides AOA (Konneke wazaasz 2005; Lehtovira-Morley
uavARLE 2016; Sauder wazAny 2017) annwingiinanuiluiisiuigluamsiiatuayunsaiogivlnves
poA Tufainsal NRI Tumandufu fainsal NRI Wazneuainszuutidaindeiinuud A0B Tagliny AOA
pmnadsudeillifiomomsiiin  uanfussuuliiuesludeluddaduduge  Faiandunsaduayuns
13gLAulaues AOB luszuu

nanTATEAFUlATammsnuIngy amoA wes AOA Amulufeufnsal NRI eglungu Nitrososhaera
sister cluster ﬁaa;ﬂum&ju Group 1.1b Thaumacheota aufisllagtu Candidaus Nitrosocosmicus franklandus
war Candidaus Nitrosocosmicus exaquare foilu AOA ﬁLﬂuﬁ’aLLVlumadﬂa:u Nitrososhaera sister cluster lag
Candidaus Nitrosocosmicus  franklandus  loanaindedsiuluanentaus (Laura wavame 2016) @
Candidaus Nitrosocosmicus exaquare iﬁmmﬂizuuﬂﬂﬁﬂﬁﬁLﬁaLLUUﬁ]mMy‘u%am‘W (Rotating biological
contactors) Tuueuan (Sauder wagAny 2017) dw3udu amoA Aildan dsfnsal NRI Saswmileu 90-95% fu
Candidaus Nitrosocosmicus exaquare Wag 89-91% U Candidaus Nitrosocosmicus franklandus Waa1n
Scanning electron micrograph  uandliiuadunwadludUnsal  NRI WWunseinay  dushugudnans

1

lguszanas 0.8 pm imzfuegidungy laswmeiiniswuwaduaznisiniznguludnuaziferiuliiu Candidaus
Nitrosocosmicus exaquare ‘ﬁﬁLﬁur:\i’luﬂuﬁﬂmﬂmaﬂizmma‘giﬁ 1.3 pm (Sauder azang 2017) pglsinuwa
371 Scanning electron microscope liaunsaszulainwadnssnauiinull asifeitesiu AOA tlesanlianuise

14 Scanning electron microscope lunssgyviinvaqauvsdlussuuwaduau (Mixed culture system) 1o
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8u amoA wee AOB yinuludaufnsal NRI waz NRI aglungu Nitrosomonas europaea cluster
Nitrosomonas communis cluster Wag Nitrosomonas oligotropha cluster Tuofn AOB 3 3 ﬂfjuﬁmawﬂu

sruvinUaudeuazdaunsailusilnds (Sonthiphand wagane 2011, Limpiyakorn wagany 2011)

2. Aanssun1seandladuaslanienieldianiagiid ATU uag PTIO

nneassiu ATU levihmnassiunznauaindsunsal NRI waz NRIl Tu 2 929081 Taewfiusaegsluiiou
7l 2 uay 12 dwfuiaunsal NRI (il 3-6a waz Nl 3-7a auandv) wasluifeudl 2 uas 6 dmdudsUfnsal
NRIl (2l 3-6b waz nwdl 3-7b auddu) dmsudsufnsal NRI Sswuianie AOB agaifien Han1svAaBILaARd
Tt amandudu ATU daudt 10 pM Fuld annsadudiianssunseendladueluilevesiaufinsal NRI asls
Tnwauysal lunnzfideufnsal NRI Benuvia AOA way AOB #odld ATU fiamududuiu 500 pm Fululunsduds
Aunssunseendladueulindefisauysal Tos ATU famududu 10200 pM o Sudsfanssunsesndlad
worluillevesdaunsnilauvdin  9ideluefnues  Martens-Habbena uwazAmuz (2015) WUIIAINTIUNIT
pondladusuluils  wes  Nitrosomonas europaea Nitrosomonas oligotropha Nitrosomonas ureae
Nitrosomonas cryotolerans WagNitrosospira multiformis gﬂé‘fué?ﬂmaaugsajﬁﬂmuﬁwﬁu ATU >33 uM o8

'
=

donnasdfiuNanIsNAaeIiuaznauaINdsunsal NRI Ainuaniz AOB ogufien Hiemnududuves ATU ¥

' ¥
a

annsaduds AOB Tngauysalnafinanunil fnadisndntossie AOA na1afie ATU Fenudiudu <100 uM liguds
Aanssunseendladueuluiioves Candidatus Nitrosotenuis cloacae way Candidatus Nitrosocosmicus
exaquare Funanszuuthdminge (Li uavaaz 2016 and Sauder wavame 2017) Tngmndesnisduds AOA Tne
anysol fedldanududu ATU ganinil endeghatu Ntrosopumilus maritimus strain HCA1 wag Candidatus
Nitrosotenuis cloacae anunsagnéiudslasanysaifinnududu ATU 700 uag 1000 uM mudFu (Martens-
Habbena uaganiz 2015; Li wagamy 2016) Tsaonndesiunaniimaassasmenouandainal NR fiwutta AOA

o
[

waz AOB agswiuluds desiadld ATU 1w 500 pM Tunisdugafansuniseendladuenlullelagauysal uazua

v
o

nsneapsdiuldiseylaanin nsld ATU finnudindusendneg 10200 pM W1RgaunsonsIaian1sinemuves
AOA faglusyuuld 1leswn AOB Wegluszuurzgndudsnanuduty ATU Tudiailudy dwanldandadnsal

NRII
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(a)

--B--Control  =—— 10 uM e 30 UM
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= =0 -~ Control 10 uM =t 30 uM
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(d)
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—o— 100 uM ——1300 uM
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NRII

0 2 Time(day) 4

Al 3-6 nsildsuulasenudutunenlulionield (a) ATU dwsudsunsal NRI Aiuazneuludeu 2 (b)

ATU dmsudaufnsal NRI Aiungnauluiiondl 2 (o) PTIO dmsudafnsal NRI inuszneuludowd 2 uay (d)

PTIO dmsudaufnsal NRIl iiumzneuluiioud 3
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(@)

--@--Control —¢—10puM —4—30 uyM  —%—80 uM
—&— 100 yM = ——¢— 150 uyM =~ ——200 pM =~~~ 500 pM
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NRI
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Time (day)

(b)
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A 3-7 mavasuwUasanudndusenludonigld ATU () dmsudauinsal NRI Iiiuszneuludoud 12 uax

(b) dwsuisufnsal NRIl iunznauluioud 6
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msnaaosiu PTIO THld PTIO fimnuidiudu 50 100 uaz 300 uM Fuszneuaindsufinsal NRI wag NRIl 7

Wulufeun 2 wag 3 AUaIsU (N7 3-6¢ way d) Nan1sNAARINUIT PTIO 914 3 Aduuduildliaunsaduda

v
o

Aanssuniseandladusnluiflevesdaufnal NRI iwuianie AOB Lilsseeadeald dmiudsufnsal NRI iwuis
AOA way AOB lawumsefudafanssunisesndladuenludes fnududy PTIO 50 waz 100 pM Taedinstiuds
vsduiierududy PTIO 300 pM wanisveaesiuadiawuin PTIO lilfinaseniséiuds AOB Tne Martens-
Habbena wagAmz (2015) wuidansunseendladueuluieves Nitrosomonas europaea Nitrosomonas
oligotropha Nitrosomonas ureae Nitrosomonas cryotolerans Wwag Nitrosospira multiformis iaigﬂé'uézdﬁ PTIO
100 UM Fsaeandesiunanisvaassvasdaufnsal NRI lunmsnduiu PTIO fiasionistiuds AOA \fiuegann
Candidatus Nitrosocosmicus exaquare awmwagné’ué’?&lmauymﬁﬁ PTIO fimududu 100 pM (Seuder ey
ARl 2017) wa PTIO mnududu 100 uM Fudls Nitrosopumilus maritimus strain HCAL wae stain SCM1 TgTne
auysal (Martens-Habbena uagag 2015)

dosnndsnsnl NRI wuks AOA way AOB egiamiu mafiu PTIO wissegnaiorasliannanduds
Aanssunseendladuenluniovesiaufnaniildlosauysal Fdldvhnmeaendu PTIO famududu 100 pm
AuAiy ATU fimmadudu 30 80 150 way 2000 uM Tagldvhmaneaesiuagneuandafnsaia 2 & Tngld
ngnaufiivlufoud 2 uaz 3 dwiudaufnsal NRI uaz NRII puddu (il 3-8) wan1snasauandliiiiuin n1s
fudsranssuniseondladuesluiiofntulnsauysal deidiu PTIO finnududu 100 pM mudiu ATU ynqeu
Wuduiivinnsiine Saneanudn PTIO finrudady 100 uM anansadudiianssuniseandladuonludoves

AOA Tugisufnsal NRI lalagauysel Wesn ATU finnudiudu =10 pM ieawesienisdudsianssuniseendlad

wauludevaa AOB Tussuuwan

3. n3¥dusIWYa9 AOA uaz AOB luianssuniseandladuauluileludeufinsal NRI uaz NRIl
wansneaesi 3 uandlidiuinludsinsal NRI e AOA way AOB fldhusulufanssuniseandlad
wosluflevesdaufnsal feaziiuldanidiewdin ATU asdudu 30, 80, 150 uM Aanssuniseendladuesluie
ganamiont waidleldu PTIO Aadudy 100 uM Sy ATU aasdiudu 30, 80, 150 uM Aanssunsesndlad
wouluflofamavungniudiag daudeufnsal NRI AOB HufvhAenssunseendleduonladieludsngal fae

widldnidledin ATU fienududy 210 pM Avnssunisesndladuenlinfiensungndudeag
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N1358YNINTIUYDI AOA Uaz AOB faenaila DNA-SIP wiaudaieasdudenisinauanizngs

v
=1

nneassilunisnwinisldansedunidmsuaulunmsadiagad AOA waz AOB Tudsufinsal NRI uay
Anwnaves ATU Aan1sas1aead AOA waz AOB ludsufjnsaininand Ineldinaiia DNA-SIP seunisiin °C 91 HCOs

' [ Y v

Faltduunaansuauseninanisuumeavsasadeniveuludoduwraindanu anududuves ATU fldlunis
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naaesAe 80 uM Faduanududunduduainnmeassd 3 wdrindudsianssuniseendladuenluiileves AOB

v
o

Tnganysal way ATU Nenududuilliuingdudinssunmsesndladuenlaniiovas AOA

1. msldansetiunidarsuaulumsasraead AOA uas AOB ludaujnsal NRI
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yhmstupzneunndsfngal NRIHunan 30 u aradudusestinde lulasw uarlunsm ludidhes
2NVBITIVULARIRT NNT1 4-1a $1UILBU amoA vas AOA uaz AOB Bwmaiadewaila gPCR s¥winensuy
WARIFINMT 4-1b way Al 4-1c muddu TuTuil 21 vean1sUy $1uuBY amoA ves AOA fitusuliiseann
desuimmaaeanntn wandidiuin AOA Snmssydulawarsnusnugadlussuulild usszuudy
wuulvaseidesdeiinisiawadesnansyuunaenian nan1sasatfusuaudy amoA wes AOB uldlufianma
Weaiuiu AOA

nntlsvhnsiuenfiduennshedmzneuiiivandwdluiusunmmaasuesiuil 21 vt
a3l Ultracentrifuge LiisliAnnisuenddueluansazate CsCl udavinisiiiuuvsatu Nt
1UIUBU amoA Va3 AOA wag AOB Tuusiaziusatumiemailn gPCR

A7l 4-2a uay A Wil 4-2b wans DNASIP profiles ¥a43117UEU amoA 183 AOA way AOB luusazunsn
Fu Tuduil 21 vesmIvn sennI1MvRIdU amoA Yed AOA dmiurauuie “C-HCO, Usng#t 1.6961 ¢ ml!
goanswidinmadeulsl 17114 ¢ mU* Tugeuude °CHCOs (il 4-2a) Fudumsiedeusalulufianiedid
Buyout density qﬂﬁ'ﬁu wansliiiiuingu amoA ¥e1 AOA fthuininnTuainmsiiwadin PC-HCOs inldlunnsada
drulsznausnanueatad oy Adue dmiuBu amoA ves AOB nafildidnvasiertufie Tutuil 21 venis
Unl BN MuesBu amoA ¥ed AOB 1adeufIIIN 1.7070 g ml* dmfuyauusne “C-HCOs Ut 1.7234 ¢ ml

dwdugauudng PCHCOs  (a il 4-2b) Tawanisneaesuandliiiuinead AOB W1 PC-HCOs anldluns

AUUTENOUVRITAS LYULREINU

ar



HAN1INAaRY DNA-SIP uansliliiuinwadues AOA way AOB fin1si °C luiludusenoulunisadnedu
amoA Favianeauin AOA uaz AOB aw1sni3ayfiulauuu chemolithoautotrophy dsldansedurddiluunas
waay woulanile) warunasaiueu (HCOy) I suddeluefnnudn Candidaus Nitrosocosmicus exaquare, @
fisvawugnssavedu amoA TndiAsaiu AOA Timuludsufinsal NRI fsnisvaaesil 3 anunsald HCO, Wuuvas
AsUOUsEIINseedladuenluiluufediu winus Candidaus Nitrosocosmicus exaquare  £9a1u3aly
asounsddnuanefunsziunisasaiulale (Sauder wazanr 2017) DNASIP uandliiiiuin Candidatus
Nitrosotenuis cloacae fanansawasyiulawuuselnlnsulauieontu (Li uavame 2016) nan1snisvaaesiugiu

1RagaeBudunisiidiusiuves AOA uaz AOB Tufanssuniseendladuonluileludaunsal NRI wag NRIl 310013

neaen 3 leiduaged

a8



(a)
== |nfluent (12C) =—o=Effluent (12C)
—#— Influent (13C) === Effluent (13C)
=0 |nfluent (13C+ATU 80 uM) === Effluent (13C+ATU 80uM)

20.0

£ 16.0
£120
< 80
40 &

NI

NH,

0.0

27
Time (day)
(b)

m12C m13C m13C+ATU

AOA amoA

1.0E+05

1.0E+04 -

1.0E+03 -

1.0E+02 -

1.0E+01 -

copies/ng genomic DNA

1.0E+00 T
day0 day21

(@

m12C m13C m13C+ATU

AOB amoA

1.0E+05

1.0E+04 -

1.0E+03 -

1.0E+02 -

1.0E+01 -

copies/ng genomic DNA

1.0E+00 T
day0 day21

29 4-1 nsildsuudas (a) Anututuweuluiy (b) I1UIUBU amoA wee AOA (c) INMWIUBU amoA ve3 AOB

seninen1sun DNASIP Tngldmenawandsufjnsal NRI viuludoud 4
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—
Q
fid

(b)

e 12C(day0) —o— 12C(day2l) —— 13C (day2l) -=e--12C(day0) —=o— 12C(day2l) —=— 13C (day21)

E 16 E 16
% 1.4 AOA amoA % 14 - AOB amoA
€ = - € = L
g 12 ¢ 12
85 081 3 52 08
28 06 - o & 06
8.c s 04-
Y 04 T Y=

o ° 02
2 02- o :

? 00 ¢ 00

1.66 168 1.70 172 174 176 1.66 1.68 1.70 . 172 1.74 1.76
Buoyant density (gml™) Buoyant density (gmlt)

(0)
= === 12C (day0) —*+— 13C (day21) —"— 13C+ATU (day21)
1.6
1.4 - AOA amoA

1.2 1
1.0 4
0.8 1
0.6 -
0.4 -
0.2 1

0.0 -
1.66 1.68 1.70 172 174 1.76
Buoyant density (gml?)

in CsCl gradient

Ratio of gene copies to maximum

AN 4-2 M5UAEULUAINITNTEINUFVDIRDUDEINSU (a) B amoA vea AOA aeldan1ieiilidl ATU (b) 8u
amoA w3 AOB Mmeldaniizlaifl ATU wag () 8u amoA 981 AOA mel@an1igdl ATU anududy 80 uM lng

limznouaindsufinsal NRI MAvluioud 4
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2. Havas ATU fiaruidiudu 80 uM densadraiwaduas AOA uaz AOB Tudsujnsel

vhmsUNnzneundsfnsal NRI ¢he ATU fimnsidudu 80 pM waz °C-HCO, Wunan 30 u wioury
nsnnaesiilifinsiin ATU (PC-HCOs wae *C-HCOs) Muansnaluideroumini anududuenlinie Tulasw
warlunsn luhidhasiheenvesdiiunanss nmil 4-1a $1uuBu amoA ves AOA waw AOB Fansraiadaimaila
qPCR 59 sULLARIfan il d-1b uag il 4-1c muddu Tuiudl 21 vesyamaaesiivudng ATU finnu
W 80 UM 1B amoA ves AOA HunulsissanideFihmmeassuazyavaassitlifinaidu ATU 1nn
i uamdliifiudn ACA fimswasauivlauasinunduwadluseuulile uwiaell ATU firnandudu 80 M eglu
svuv wazszuulunuulvasandesdsdnsiaadesnansyuunaenia nanisaaatuswauiiy amoA ves AOB
GulUlufiemanssiutraie $1ummBu amoA ves AOB luyavieaesiifinisifiu ATU fimuidudu 80 um fidnnu
tesnideFhnmvaasuazyanasesiilifineiin ATU uandiifiuin A0B liaansasdgydulauazinw
Srnueadlussuu3le et ATU femudidu 80 pM- Sudenisiasayiulaves AOB

AN 4-2c Lans DNASIP profiles wosd1uIuiu amoA wes AOA luusiazuvsadu Tagliamnsouans
DNASIP profiles vasd1uiuiu amoA wes AOB Iiilesansuaudu amoa ves AOB Tuusazunsatuiiiiosnd
LOD sudlosunansunusadiianasszninenisvunigld ATU finnudadu 80 uM - dsiildnanuwds Tuiufl 21
Y99M3U BoANTINUBIEL amoA 183 AOA dmiuratnse 2C-HCOs Usingil 1.6961 ¢ mU* Gawaanswiiiiinig
wdeulufl 1.7114 ¢ mU Tugprinshne *C-HCOs (0wl 4-2 o) Famadlldaonadoafuynuuiilsifinisiu ATU Taenns
waouslulufiennefidl Buyout density g_jﬁu wanslidiuingu amoA wes AOA fhhwinanniuainnisisadi
BC-HCO5 uldlunsarulssnoureasad 1wy Mdue wiazdl ATU finnnududy 80 pM luszuuinu

v

nansNIeaestuduifsEuduin ATU nnnududu 80 uM duginisnisiasqiivlaues AOB ueld

VEINTYAULAvRT AOA FetieatiuayuNaINnIsneaei 3 N1 ATU wildlunisfnwinisiidiusiuves AOA

waz AOB lufanssuniseandladuanluileludsufnsal NRI waz NRI
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NANTISNNABILAZIATAINANIITNAADY 5

N1375927ANINTINVRY AOA Uaz AOB luszuuuininudeasedigansdugeinisinauanizngs

Tunsvaassdl 3 “msﬁﬂmmié’u§Qﬂ13ﬁmwut,awwﬂfjmﬁm%’umsmmi’mﬁaﬂsiumiaaﬂ%"l,msﬁl,l,auiuLﬁa
989 AOA waz AOB” wud1 ATU fimnadiudiu 10-200 puM anansathanldlunisinenfannsuniseandladionluiy
99 AOA Tuszuuilansu (Mixed culture system) 7ifl AOA way AOB agjsaniuld Feunismaaesiifadunisni
ATU wdnefuszuuthainge 5 svuu Wi WWTPL WWTP3 WWTP4 WWTP5 waz WWTP6 Tasfnwiszuu
thdadnids WWTP3 WWTPA wag WWTP6 iilesannldldnounauainszuuiis 3 lunisvaassil 2 “n1sszyns
sendladuenlufouuvsslnlnstes AOA was AOB lussuuuthdaindesseemaia DNA-SIP” Brewd) Tne
IFifiunznauainszuy WWTPL ihanlunisvaaesdl 5 #e iesainszuuiinuud AOB Fsaztnefuiunavesans

o v
LYY o

vgamsvihauangngusio AOB ladniaudu wenanlifagyinisnaaesiungnauainssuy WWIPS ¢ag

1. fanssunseendladuauluisvasasnauainszuvuiiiaindessaneldanasia ATU

avnouaInszuUtTAtLEe WWTPL nutaniz AOB ity Tugaaruauitlaifl ATU wunnsanasves
wouluifoaumdelng 0 meN U Tuszeziian 1 Fu (1wl 5-1) dauganaaesiild ATU avmdudu 10 pM A
Wuduonluflvanasaunaslng 0 meN U Tuszegiian 3 Ju ai'm%’usqwaamﬁld ATU AUEUTY > 50pMHU
nsdudsfanssumseantlediosludelflnsauysl ferouirsasnndosiunaainnimeansdl 3 fudsnsal NRI
ﬁwmaww AOB

arnauansruutUatEe WWTP3 uas WWTPE wusiwaudu amoA 189 AOB 11An31 AOA dwsu
pzneunszuLtintds wwTp3 aududusenladslugamuauitlifininiu ATU anasaumielng 0 mgN
( luszozinan 12 Fu (0wd 5-2) ATU finnaududu 10-2000 uM @snsadudsianssuniseondladienluield
Tnganysal dmdunznouainssuuthoatnds Wwipe anududusesludeluynaueuillifinisiu ATU anaq
quwdelnd 0 meN U Tu 10 Fu (Al 5-3) ATU fiemudiudu 10-500 pM wunsanasveswesluiieidnios e
ATU >500 uM Aanssumseendladiosluiegndudilnsauysal

nrneuaInszuUtUatLds WWTPS uaz WWTP6 nusuaudy amoA 183 AOA 11nn31 AOB d1m3u
pgnouINIEUUTISAL A WWTPS adudunenlandelugnmuauitlifintniu ATU anassumdelng 0 meN

U Tuszegiian 2 Tu (Andl 5-4) ATU finnududu 10-500 uM @snsadudenanssuniseondladienludisla

U9 Inensdugsasunnduiondnududu ATU adu 1dle ATU >1000 uM Aanssuniseendladiouluiiiegn
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fulalpgauysal dmsungnouainssuuiidaunde WWTP6 wuitngneureudneseulmiiu ATU unniingneu

NsTULUIUALLEY WWTP5 vistianafiasainaznauainseuuininunds WWTP6 fdndiu AOA:AOB Uaanin

-~ -- Control —— 10 pM —d— 30 pM —— 50 M

—s¢— 80 UM —e— 100 M  —%— 150 M  —m— 200 pM

—e— 1000 M~ —z— 2000 pM
100

sludge A

80 -+
6.0

4.0

NH, "N (mgNL™)

20

0.0 T

6 10 12
Time (day)

29 5-1 nsiasukUasanududutenlaiionigld ATU dwmsuseuuirdainds WWTPL

==fl== Control 10 pM e 30 UM e 50 UM
—— 80 uM —g— 100 pM —j— 150 pM el 200 uM
g 500 UM g 1000 M e 2000 UM

14.0

NH,™N (mgNL™)

0 2 4 6 8 10 12 14
Time (day)

A9 5-2 nsilasuiuasanundukenlaioniela ATU dwusussuuvrvninds WWTP3
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=== Control
== 30 pM
i 500 UM

100

— 10 M e 30 UM e 50 pM

—g— 100 uM el 200 UM

—— 150 pM

—a— 1000 M —f— 2000 UM

8.0

6.0

4.0

NH,*N (mgNL™)

20

0.0

Time (day)

29 5-3 nsiasukUasanududuenlailengld ATU dwmsuseuudhTadnds WWTP4

==l==Control
e 80 M

e 500 UM
10.0

— 10 pM iy 30 UM —— 50 UM

—a— 100 UM e 150 M i 200 LM

—=— 1000 pM —— 2000 LM

NH =N (mgNL™)

sludge D

q 6 8 10 12
Time (day)

A9 5-4 nsiasuiUasanuudukedluiioniels ATU dusussuuirundnds WWTPS
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eofi=«Control P — ) UM e 3() UM —m 50 HM

—4—80 uM —e— 100 pM ye— 150 pM —&— 200 pM
500 pM i 1000 M —f— 2000 M
100
sludge E
80
Z 60
£
%
+, 40
=
=
20 s,‘__--“
0.0 . ; . . i
0 2 4 6 8 10 12
Time (day)

29 5-5 nsiasukUasanududuenlauiioneld ATU dwmsussuuirdndnds WWTP6

v
°

2. nsildausauvag AOA 1ag AOB Tuniseenaladieuluislunzneuainszuuintnundeass
NKaN15911 DNA-SIP Tun1snaaesdl 4 wuin ATU Aienadudy 80 pM Fudeianssuves AOB tundn
Imglsidudsnanssuves AOA FelavinisAuiamaannaind 5-1 fia 5-5 AlAann ATU anudaudu 80 pM lagians

v
o

Wuanudusiusseuninadesiwuinisdudefanssuniseantladuenludeiuilasioud AOB lungnauainsyuy
Triiminde Taouansianind 5-6 feilefwuinissudsfanssuniseoniladuenlindeduanfuiugmauni
Tfinisiiu ATU fivanfiweslandedlng 0 men (!

Woesiwud AOB lunzneuainszuuvivatndsiansseainuinlutesdsdl WWTP1 (100%) WWTP3
(98.75%) WWTP4 (78.04%) WWTP6 (7.20%) waz WWTP5 (0.54%) Inaiesiaudnisdudianssuniseendlad
wenlufefinuaenadasiudediwus AOB Tuaznauanszuuthdnindes SAGssanunluesded wwTpt
(100%) WWTP3 (100%) WWTP4 (92.57%) WWTP6 (82.25%) WWTP5 (78.05%)

dwduszuutdatds WWTP1T WWTP3 WWTPA &aiishuau AOB 11nnin AOA Nansvnassdae ATU
wandlyiiiuin AOB ugimihiivdnlunisesndladienlanils dwsuszuuttn WWTPS uaz WWTP6 dawy AOA

Y o

11NN AOB HANIMARBIAIY ATU wansliliiuil AOB dmududvimihivanluniseendladiouluile lna AOA

v v
o o (%

fausinluniseandladuaulufleuseuna 20% (A9 5-6) NeKaN1SNAaBIUEINTLNIAINUADNAR B ILALTD
FARGINUNITNARBIT 2 NNTINFBUNITIENTIRUNTIA1SUBUYBY AOA way AOB luannenfineuluiy funsnou

nszuviiUadnds 3 szuunismaiin DNA-SIP Inglussuuilinunisasgiivlauuueslnlnslves AOA Tu
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annediduenluiloainnisasiaaeudie DNASIP Aldnunisiidrusiuves AOA luniseendladuanluilele
M51980UAIY ATU feiduiy widmiudn 2 ssuufinunisiadaiivlauuueelalnsuves AOA Tuaniigdidl
wouluiflaannnisnsiaaaudag DNASIP ndunuin AOA fldrusauluniseandladuenludsluniszuy Gnaidu
nsildusauludndrudiven) warlsiddiusluniseondladueslufeludnszuuainnisnsiadeudae ATU Wi
onadulldiisnsiusyuulunsmeassia 2 nMsmeaestinuuananafiy nanAslunisaass DNA-SIP laldds
Vuwuulnadeidiesdsdinisifomnsidsadoudssuulussfudnasaan uasiinsusuannvuesszuuldiiaig
wangauugduvIsaaesndunasaiantuiy luruefinavaassiu ATU shlurasvesedudnumeiasn fad
msdsuudasaududunenlindenn 7 meNl! wazanasunniuag %"ﬂmsmuﬁﬁhqaﬂdﬂuﬁaﬁmwﬂmaﬁmﬁm
dm%U DNASIP senaumnzauiu AOA 1nnndn saitmunduldldniduiuin A0A finvluszuuthdaindeais
fdwaunniiunianudwduiidestdluniseendladueslude muiselusfinwudn ACA ursanefuganunsa
msatinliuenmiloannnisiasyiulawuveslalng lavanunsaldansduvsdasvaulunisaiawaduuugaunsd
wnnalsinsUla (Tourna wazAy 2011; Sauder wazAne 2017) Tourna kazAMy 2011 NUINEITDUNTTUIITNRA
finnandudusi snfegratu 0.1 mM vedlwgiam ansnsanszdunisiadyiulaves Nitrososphaera viennensis
1§ Sauder waraauz 2017 WU Candidatus Nitrosocosmicus exaquare gefauenliainssuuiiaiideanuse
QnnsEdusie malate uay succinate Jadululfiguiuitarsdunidursialussuudidaings Wwips waz
WWTP6 anaafuayunsiaiyiulnves AOA lussuu s uruminiuais Tngdwaudu amoA finuenalails
HutusRuAanssunisesndladueuluilounntin s1Adefuszuutitnindeassfinuin AOA vanquenalilald
a1sefiunsdgarsueulunisasravaaaiuiu Mupmanna kazaug (2011) linunisess “co2 luiwaaa AOA Tu
szuuthvadndelsinduiiionsiaaoudiomaida MAR-FISH Sauder et al (2017) wuin AOA filndLAgefy
Candidatus Nitrosocosmicus exaquare Tululefiduvasssuudidaiide Taild HCos Tunsasamaddiduiu 39

Jululsin A0A nguiienaldansdunidaisueulunisadranead silisuaunnniuniiausnduiidedddlunis

pandladuanluily
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%Inhibition [ %ACB

120 120
98.75

100 . i
L 80

§ 80 - -

o Q

._E - 60 <g

= 60 A &
X _ 40
40 4 L 20
20 el B RS 0

v
o

A9 5-6 ANUdLTUSSEUINaaswusnsdudananssuniseandladuanliiianie ATU Annusdiudu
80 pM Autlesisun AOB lupzneuainszuuUrdnuLdy (A) WWTP1 (B) WWTP3 (C) WWTP4 (D) WWTP5

wag (E) WWTP6
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NANINARDILAZIATUNANITNARDN 6

HavasETwITlalasiusauazaun1agairasunlusiananssuves AOB

v
=1

nneassiilunisfnymavesasmalalasiiueauazayniafaesuiluseianssuves  AOB  lagld

nznouaIngaunsal NRIl

6.1 navasasWIslalnsiusadananssuvas AOB

audndunonlnieluyaniuay anaude 0 meNL™ lunan 48 42l (il 6-1) Tuvauzdiilewiumns
nlnsiueaiinudadusine szdmwasonnssumseendladuenludesine fnnududumsilalnsiivea 1
uaz 5 mel-' avmnduduneslufoazananiu 0 meNL! Tngldszoznauunitluyaruaude 72 Hilus way
Tutszernanienty doduanududunslalasiiueadu 10 mel-! nuhenududusenludsazanaunde
3 meNL! wadlefiueududunisilalasiiveadu 50400 mel-' arududusenluieazanasiisndntios
wonanisleisudisuesmuinsiudianssunisesdladuenliniefinududumslalasiiuoasagnuin
wslelnsitueail 400 mel" Tnan1sdudsnisestlafauenlaniosnnitan sesadluléuni 200 100 10 1 ez 5
mel! awddu (il 62) mamsvmaswanddiuin arsmsilalasiiveasunsadudsianssuniseandled

wauluevas AOB waziiloiumnudutunslalnsiusannuaiuisalunisdudinanssunseandindwauluile

REINTHG RGI)

=—0 mg/L =e=1 gm/L ===5 mg/L =¢=10 mg/L
==#¢=50 mg/L ==0=100 mg/L 200 mg/L 400 mg/L
20.0

16.0
L
12.0

8.0

NH,*-N (mgN/L)

40

0.0 T T T T T T T
0 12 24 36 48 60 72 84 96 108

Time (h)

A9 6-1 maldsuntasanuuduieuluiefanuidudunisilalasilusanie
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100
90 -
80 -
70 A
60 -
50 -
40 ~
30 A
20 -

% Inhibition

PNP concentration

zdl - e o O N ¢ P v v a i
AN 6-2 LU@?L“ﬂumﬂqiﬁl‘UENﬂ"Ii@@ﬂsUVLfﬂ‘ULLaNINLUEJ‘VW"T]']NLmﬂmquiqimimiwuaﬁmrmg]

6.2 navatauNIATaLIRIUNlUaRANTIUYEY AOB

Anuutukenllglugamuauanadviolng 0 meNL™ lunianUssanas 48 Falus (il 6-3) Tuvaued

'
@

dedueuniadanesunlufimududusingg  wdmadeniseendladuonlufiodsifo fanududueyniadanes
wily 1 mel? wunsdudsanssunisesndladuenlaidounsdn uandoduamudutueynidaneiuluiy
10 wag 100 mgL™ WU'jﬂﬁaﬂﬂimmiaaﬂ%imsz?uam‘[mLﬁadauimggﬂé'fuéu’q Han1snAapsLandliiuIeuATaes
wiluaunsadudatanssumssendladuesluidy wandounnudutuounadanefuiluauaunsalunisdudy
Aunssunseendladueulinioasfiugeiu  dsluowandomnisestunssudsianssunsesndladueulanioves

AOB Tussuuuntaunde welesiunisanasvesused@nsnimnisidntulasiauvesssuy Weleyniadaiesunly

Tutdnsyuy endegradu Mmsldssuuainsunussuuwaluiuasy agylistesiugaunidainasivlamnnid
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—e—AgNP 0 mg/L —e—AgNPs 1 mg/L
—e—AgNPs 10 mg/L AgNPs 100 mg/L

N
(6]

= = N
o w o

Initiial ammonia (mg/L)

(]

0 10 20 30 40 50
Time (h)

29 6-3 Maasuwdasenudndusenluflennududueunia@aounlusiieg
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dsunansnnasg

o

I

o = a

UszasdiiiofnuAanssuniseendladueslaiioves AOA uax AOB luszuuthiainde Tng
pdemadla 2 allalaun DNA-stable isotope probing (DNA-SIP) LLa3315€J’U§QﬂwsﬁwaﬂuLawwzmjm AOA uaz
AOB

Tudesulddmdonszuuthdainges 8 svuu asretasuau amoA ves AOA uay AOB fawmndla
gPCR Tnewuits AOA uaw AOB luszuuthia 5 szuu wazwuianiy AOB Tneiisuau AOA Tosndn LOD (Limit of
detection) TuszuutnUn 3 szuu

ndulaldinaia DNA-SIP lun1sszynisldansetiunsdarsueulunisasrueadves AOA uag AOB lu

aa

stuuthdmiide 3 szuu Tnevhmsunpzneussesiasadeil 2C-HCOs way °C- HCOs meldannsiituaz
Lislueslandle 1ilegnsnszanefuesiiu amoA 1ee AOA waz AOB fia¥1991n HCO5 Afimsuaulelalnuunnsing
fu ludesduldmanefimnzaudonisnsyaeivesiiduiou Inglduusadadefiinatenisuoniidue Taun
ANUdNTuaTAzany CsCl uay usmilgudnans (G-force) warnuhanmeimnzadlunisuenfiduede Aan
vuwUuFuFures Cscl 1.88 gml? (IngagldArarumuniundsnanasazaionndail 1.70 gml?) Ausanil

a

Audnans 178,000xg saumaivasdunen 20 ssmiwadidea szoznainistu 72 $lue leldanizdsnaniu
avnauanszuuttat et 3 ssuunuin AOB lupzneuainssuuidatdens 3 szuu fimsldarsedunsd
anfuerlunisadragaduavdiuusznausineenvadauidue Tuannziifuenluds Famuneaiudn AOB i
drusanluniseendladuenludelunzneuainszsuuthvaindera 3 szuu dmsu AOA nunsldasefiunid
asvevlunisadawadlunznouainszuudidaings 2 szuu Seuandiidiudn AOA fldausiuluniseandlad
wosludlelumneuainszuuthdatndeds 2 ssuull nanisiaTegfsaiusnnsTuvesdu amoA 183 AOA u
arneuansyuutITadeviclugessyuuiinuin AOA fidiusauluniseendladuenluile wudn AOA stanusly
neNauINTEUUAING1I98 U subcluster n18ly group 1.1b Thaumarcheota Faldviniseenuuulniiuesi
lannzianzasiu AOA Tu subcluster 4 iteduduin AOA Tu subcluster 1 finsiasaivinuuueslalnsUansd
gendladuonluflonss nansnmsasiadeulnswesiioenuuulifionisvin PCR-sequencing fuieganznauain

syuuthUntde 2 seuuil AOA fldrusiuluniseendladuenlulanuin nswesieanwuulmiianuanizianga

ffu AOA Tu subcluster Uit waziilntnlnsiwasneanwuluddluldiudiag19annnisyin DNA-SIP Auszuutiin

v v
o
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Tngwu AOA 1nndn AOB Tudsufnsainils Tuvaedndaunsainuianie AOB wintiu wasiirnuunlaldinde
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dumszifilifansdunsdlunisdesssuvnnfunaiu  ilidqdunsdnguenivlsivsuluszuuiliundediay

q

fupgnauainssuuindaundesss  hliigaanansenuvesdunidnguieninlsivsusenisfinwansduganis

v '
o ==

vhammanizngald il AOA finulufaufnsailunslwdsatlu Nitrososhaera sister cluster daluaundnlu Group
1.1b Thaumacheota HaMISMAABINUI ATU fimrududy >10 uM fssweseniséiudsianssunisoendlad
wonladeves AOB luvadigodld ATU armdudu 500 uM lunnsnnsdudsianssuniseondladussluiloves
AOA wazansald ATU fianududusznitg 10-200 pM 11a52930n15vnauwes AOA ﬁazﬂuizwﬁﬁ AOCA uag
AOB agsuiiule

nsldmaila DNA-SIP Tunisszynisldansetiunidansueulunsairaeadues AOA uaz AOB fiungneu
ndfsufnsallupsivdeis 2 fmudie AOA uay AOB fimsth P Tufluduszneulunsaddu amoa &
MBI AOA uaz AOB annsalasaiulauuy chemolithoautotrophy @dlduenludaduunamasnuuas
HCOs Huuvasendvou Tagransvaaesitasudunisiidausiuves AOA uay AOB lufenssumseendled
weulillufensallussludets 2 & 16 0uegned wefinsiiiu ATU finradudu 80 M $aufunisyi DNA-SIP
WUt ATU fiannadudu 80 um ﬁugﬁﬂWiﬂﬂiLa%zyLﬁuimmaa AOB Lwﬂaiﬁuégaﬂmﬁzy@uimaa AOA ?jwwaﬁuaﬂgu
KA NNITVIARBIREUNTA

niuldld ATU wldlunmsassetaianssunseandladuenlaniloves AOA uay A0B lussuthdminide 5

53UV dM5UsTuUTisIuan AOB 1nnd AOA wuidn AOB ugdunidndniviminfieandladuewluile uwazdmsu

SPUUTNU AOA 1nn31 AOB ndunudn AOB Wuaduvienantunisesndladionluilewguiu lng AOA fidmusulu
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Abstract

In this study, two laboratory nitrifying reactors were found to possess distinct groups
of dominant ammonia-oxidizing microorganisms. AOA amoA genes outnumbered AOB
amoA genes in reactor NRI, while only AOB amoA genes were detectable in reactor NRII.
The AOA amoA gene sequences retrieved from NRI were characterized within the
Nitrososhaera sister cluster of the Group 1.1b Thaumacheota. ATU and PTIO were applied

individually and as a mixture to observe the ammonia-oxidizing activityAef both

microorganisms in the reactors’ sludge. The results indicated that AOA “and AQB, jointly

oxidized ammonia in NRI, while AOB played the main tion in NRIL.

tion of *C into AOA and

DNA-SIP with 3C-HCO3 was performed on NRI sludgg L
e

AOB amoA genes implies that both microorganist m autotrophy during

ammonia oxidation. Taken together, the results i 3 study provide direct evidence
demonstrating the contribution of AO ar%o ammonia oxidation in the nitrifying
reactors.

S
Keywords: ammonia-oxidi acd; athmonia-oxidizing bacteria; ATU; DNA-SIP;

nitrifying react )’TI wast@yater treatment

archaea (AOA) have recently been found to oxidize ammonia to nitrite in the global nitrogen
cycle as well (Konneke et al. 2005; Tourna et al. 2011). AOA have been placed in a newly
found phylum, Thaumacheota, in the domain Archaea (Brochier-Armanet et al., 2008). The

first isolate, Nitrosopumilus maritimus, was retrieved from a marine environment (Konneke
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et al. 2005). Subsequent AOA isolates and enriched cultures have been obtained from other
environmental samples in later studies (Lehtovirta-Morley et al. 2011; Tourna et al. 2011).
Within wastewater treatment systems (WWTSs), AOA was first reported in USA
WWTSs (Park et al. 2006). Later studies then observed the relative abundance of AOA and
AOB gene markers in WWTSs and laboratory nitrifying reactors (Limpiyakorn et al. 2011;
MuBmann et al. 2011; Gao et al. 2013; Gao et al. 2014; Sinthusith et al. 2015; Zhang et al.
2015). In some systems, AOA amoA genes were found to outcomp amoA genes
(Limpiyakorn et al. 2011; MuBBmann et al. 2011; Sinthusith et al. 2015; Zhanget al. 2015).
y

Although AOA amoA genes were found in high numbersi e th&ir contribution

to ammonia oxidation in WWTSs remains unclear due t¢ ed Bumbers of works on in situ
activity investigation and AOA cultures from WWEI'Ss (

Sauder et al. 2017).

To further the understanding of A d s roles in ammonia oxidation within

tetramethylimidazoline-1-oxyl 3-oxide) have been shown to specifically inhibit AOB and
AOA, respectively under specific ranges of concentration. ATU is a copper chelating
inhibitor to the active AMO protein (Shen et al. 2013). Low concentrations of ATU have a
strong effect on AOB, but higher concentrations of ATU are required for complete inhibition

of AOA (Shen et al. 2013; Martens-Habbena et al. 2015). PTIO is a scavenger of nitric oxide
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(NO) (Shen et al. 2013). Because NO is an intermediate of ammonia oxidation by AOA,
PTIO can be used as an inhibitor for AOA (Walker et al. 2010; Shen et al. 2013). In addition
to applying selective inhibitors, DNA stable isotope probing (DNA-SIP) was applied to
observe the incorporation of the labeled inorganic carbon (}*C-HCO3") during ammonia
oxidation by AOA and AOB in order to imply autotrophic growth character; this technique
has previously been successfully used to study AOA and AOB in both natural and engineered
environments (Zhang et al. 2012; Niu et al. 2013).

2. Materials and methods

2.1 Nitrifying reactors

specific primers targeting AOA and
S

coexisted in the seed sludge! S ith an inorganic medium containing 28 mgNL"!
of ammonia. O }1t r Ofithe megditin contained NH4Cl, NaCl (1.0 g), MgClz-6H20 (0.4 g),

CaCl2-2H20 ) .3*g), KH2PO4 (0.2 g), 2 mL of 1M NaHCOs solution, 1 mL of

traée elemgnt mixture, 1 mL of vitamin solution, 1 mL of thiamin solution, 1 mL
of vitarhi lution, 1 mL selenite-tungstate solution (Widdel et al. 1992). The medium
composition was modified from Konneke et al (2005) and Tourna et al (2011). The reactor
was operated with a hydraulic retention time (HRT) of 5 days. The seed sludge for NRII was
obtained from an industrial WWTP. PCR screening indicated that only AOB, and no AOA,
could be detected in the seed sludge. The reactor was supplied with an inorganic medium
containing NH4Cl, NaHCOs (1.5 g), Na2HPO4 (4.05 g), KeHPO4 (2.1 g), MgSO4-7H20 (0.05

g), CaCl2-2H20 (0.01 g), and FeSO4-7H20 (0.09 g) in one liter of the medium
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(Rongsayamanont et al. 2010). The ammonia concentration of the medium was 420 mgNL"!
and the reactor was operated with a HRT of 4 days. NRI and NRII were both operated at
room temperature, 7.3-7.8 pH, and DO > 2 mgL!. The reactors were started up in 2012 and
had been running for around 3 years before the start of this study. During the 3 years prior to
this study, the reactors’ effluent ammonia, nitrite, and nitrate concentrations were: 0.09 +
0.05 mgNL!, < LOD of 0.1 mgNL™!, and 28.18 + 4.39 mgNL"!, respectively for NRI; and
15.27 £9.03 mgNL™", 12.26 + 9.03 mgNL"!, and 370.98 + 25.35 mgNL%grespectively for
NRIIL

2.2 Sample collection and DNA extraction

extraction. For DNA-SIP incuba@, 400 mL water samples were filtrated through a 0.2 um

(N |

filter paper which was then cut into small pieces. DNA was extracted from the samples

S €0 N\

using Fast-DNA SPIN kits for soil (QBiogene, USA). DNA extracts were verified by
« AN\

electrophoresis in 2% agarose (Bio-Rad, Spain) and DNA concentrations were determined

NeN\\

using a NanoDrop 1000 S&ctrophotometer (Thermo, USA).

2.3 Qualtfication oMAOA and AOB amoA genes and

The prifger Set for AOA amoA genes was Arch-amoAF (5'-

STAATG GGCTTAGACG-3") and Arch-amoAR (5'-GCGGCCATCCATCTGTTGT-
3’) (Francis et al. 2005). The primer set for AOB amoA genes was amoA1F (5'-
GGGGTTTCTACTGGTGGT-3") and amoA2R (5'-CCCCTCKGSAAAGCCTTCTTC-3")
(Rotthauwe et al. 1997). qPCR was performed using Maxima SYBR Green qPCR Master
Mix (Thermo, USA) in a 25 pL volume containing 12.5 pL of the Master Mix (2X), 0.4 uM

of each primer and 1 uL of DNA template in Mx3005P instrument (Stratagene, USA). The
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qPCR conditions for both primer sets were as follows: 10 min at 95°C, 40 cycles of 30 sec at
95°C, 1 min at 53°C, 30 sec at 72°C, finally followed by data capture at 78°C for 15 sec. DNA
standards used were the PCR-amplified products of the pGEM-T Easy Vector (Promega,
USA) containing the amoA genes of AOA and AOB from NRI. A standard curve for each
gene was prepared from tenfold serial dilutions in the range between 10? and 107 copies. The
standard curves showed efficiency in ranges of 94-104 % (R?=0.99) and 94-99% (R?=0.99)
for AOA and AOB amoA genes, respectively. For each sample, qP performed in at

least triplicate. The specificity of qPCR amplification was verified tinggurve analysis

and agarose gel electrophoresis.

2.4 Analysis of AOA and AOB amoA gene sequences
The AOA amoA gene fragment was amplified using primers CamoA-19f (5°-

ATGGTCTGGYTWAGACG-3’) and CamoA-¢

CC ATCCABCKRTANGTC CA -

3’) (Pester et al. 2012). The AOB amoA g

amoA1F and amoA2R (Rotthauye ettal. 1 . The PCR mixture was prepared using a
S

Thermo polymerase (Therm % plified using a thermal cycler (Biorad

X‘[ion was 2 min at 94°C, 30-35 cycles of 30 sec at 94°C,

ent was obtained using the primer set

sequences were calculated for an arrangement of operational taxonomic units (OTUs) based
on 99% OTU identity using CD-HIT (Huang et al. 2010). Representative sequences from
each OTU and selected reference sequences were aligned and analyzed with neighbor joining
calculation using MAGA7 (Kumar et al. 2016).

2.5 Scanning electron microscopy
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Sludge samples were prepared for SEM examination by being fixed in 0.1 M PBS
with 4% glutaraldehyde overnight at 4°C, separated in half in liquid nitrogen, dehydrated
using a series of ethanol solutions, and covered with gold under vacuum condition. The
prepared samples were examined using SEM (JEOL, JSM-5410LV, Tokyo, Japan).

2.6 Ammonia-oxidizing activity under the presence of ATU and PTI1O
Tests of ammonia-oxidizing activity were created in 250-mL Erlenmeyer flasks

containing 70 mgMLSSL™"! of NRI or NRII sludge, 200 mL of the i medium, and 2

mL of HEPES buffer solution (1M HEPES and 0.6M NaOH). The inorganic tagdium had the

initial ammonia concentration of 7 mgNL™! and the compgsiti Ve 6 esCribed for NRI

duplicate sets. ?ks

each flask was co

an effective ¥olume of 1 L without sludge recycle. At the start of incubation, sludge was
added to the reactors to achieve a MLSS concentration of 70 mgL™'. The reactors were
supplied with the inorganic medium as described above for NRI reactor, but ammonia
concentration in the medium was modified to 14 mgNL!. Incubation was performed in

separated sets with '2C-HCO3" and '*C-HCO3" as carbon sources in the medium. Flow rate

through the reactors was adjusted to achieve a HRT of 5 days. Mixing was provided around



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

12 hr a day. Other aspects of reactor set-up followed Niu et al (2013). The presence of '*C in
the inorganic medium was avoided by using water aerated by COz-free air at pH < 3 during
medium preparation, then adjusting the medium pH to 7.4-7.8. Aerobic conditions were
maintained by aerating the reactors with COz-free air twice a day. The incubation was carried
out in the dark and at room temperature. One additional incubation was prepared in the same
manner as described above with '*C-HCOs™ as the carbon source, but ATU at the
concentration of 80 pM was added to this incubation in order to obsgrv effect of ATU at
this concentration on AOA and AOB.

For all incubations, liquid samples were collected,for pfi€astr of ammonia,
nitrite, and nitrate concentrations. Sludge samples were fakentg
downstream analysis. '*C- and *C-DNA were separated

CsCl gradient solution (Neufeld et al. 2007; Ni

21 of incubation for

nic centrifugation in a
013). Briefly, extracted DNA samples
(2.0 -3.0 mg), CsCl solution (7.163 M) an iemt buffer (0.1M Tris HCI, pH 8.0; ImM
EDTA; 0.1M KCl) were zixed achieve thg initial buoyant density of 1.700 gmL™".

Ultracentrifugation was ca olyallomer centrifuge tubes using a MLN-80
rotor (Beckma A)% AX-XP (Beckman, USA) at 178,000 g for 72 h at 20°C.
Approximately 2 ct1ions 50 pL solution were collected from the tube by feeding
mineraw e tube using a NE-1000 Single Syringe Pump (New Era, USA).
Blg/ant density of each fraction was measured using an AR200 digital refractometer
(Reichert, USA). DNA was recovered by PEG, precipitated by ethanol, and dissolved in 25-
30 mL TE buffer. Numbers of AOA and AOB amoA genes in each fraction were analyzed
by qPCR.

2.8 Measurement of the ammonium, nitrite, and nitrate concentrations

Ammonium concentrations were measured by using salicylate method (Verdouw et

al. 1977). Nitrite concentrations were analyzed by colorimetric method (Miranda et al. 2001).
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Nitrate was reduced to nitrite by vanadium (III) chloride and measured by using the method
indicated for nitrite. The measurement was performed by VICTOR X Plate Reader
(PerkinElmer, USA).

3. Results

3.1 Abundance and diversity of AOA and AOB amoA genes in nitrifying reactors

During the 14-month study period, ammonia concentration in the effluent of NRI was

range of ammonia concentration in the influent. The number

between 5.53 x 10>+ 9.34 x 10" and 7.88 x 10° £ 1.17

10° + 1.39 x 10? copies

ere found, on average, to outnumber

AOB amoA genes16 times during the stu.

amoA gene sequences was performedifor
S
Figures 2 and 3. All AOA a %q

were found to ecifié to o Nitrososhaera sister cluster which was a member within

10d. Phiylogenetic analysis of AOA and AOB

amples taken in months 1 and 6 as shown in

nces retrieved from NRI at these sampling times

the group 1.1b acheotayFigure 2). The results indicated no change in AOA

community ths 1 and 6. AOB amoA gene sequences were retrieved from each
Nitrosomo uropaea cluster, Nitrosomonas communis cluster, and Nitrosomonas
oligotropha cluster (Figure 3). The majority of the AOB amoA sequences changed from the
Nitrosomonas oligotropha cluster at month 1 to the Nitrosomonas europaea cluster by month
6. SEM images taken at the end of the study (Figure 4) showed that some cells in NRI
appeared in clusters as coccoid-shaped cells with a cell diameter of approximately 0.8 pm,

and individual cells as rod-shaped cells with various cell lengths.
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During the 7-month study period of NRII, the reactor effluent ammonia concentration
was 14.19 = 9.54 mgNL. The nitrite concentration was 6.24 + 6.79 mgNL' ! and the nitrate
concentration was 370.12 + 26.19 mgNL™!. The summation of ammonia, nitrite, and nitrate
concentrations in the effluent water was close to the influent ammonia concentration. AOA
amoA gene numbers were lower than the LOD (approximately 4.29 copies ng genomic DNA"
1) at all sampling intervals (Figure 1b). Also, no AOA amoA gene sequence could be

retrieved from this reactor (Figure 2). The number of AOB amoA géne ged between 8.76

x 10*£2.08 x 10*and 3.85 x 10° + 6.56 x 10* copies ng genomic 0A gene

europaea cluster, Nitrosomonas communis cluster, and % s oligotropha cluster
q

bo dominant at these two

sampling times. SEM images indicated that mos

lengths (Figure 5).
3.2 Ammonia—oxidizinggtivit@e ence of ATU and PTIO
Tests of ammonia-o i%i under the presence of ATU was performed on
sludge taken fr \\I @nd 12 (Figure 6a and Figure SM1a, respectively), and
IT'agm

ths 2 and 6 (Figure 6b and Figure SM1b, respectively). For

appeared in rod shape with various cell

sludge taken fr

NRII sludge 1 i was the only detectable ammonia oxidizers, ATU concentrations
This behavioFts different from NRI sludge where AOA were the predominant ammonia
oxidizers. For NRI sludge, ATU concentrations of 10-200 uM were found to partially inhibit
ammonia-oxidizing activity of the sludge (Figure 6a and Figure SM1a), and complete
ammonia oxidizing inhibition occurred at ATU concentrations of 1000 and 2000 uM.

Tests of ammonia-oxidizing activity in the presence of PTIO was performed on both

NRI and NRII sludge collected at months 2 and 3, respectively (Figure 6¢ and 6d). For NRII
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sludge, no influence on ammonia-oxidizing activity was found on the three tested PTIO
concentrations (Figure 6d). For NRI sludge, PTIO concentrations at 50 and 100 uM showed
no inhibition of ammonia oxidation, but for 300 uM, the ammonia-oxidizing activity was
partially inhibited (Figure 6c).

Tests of ammonia-oxidizing activity under the presence of an ATU and PTIO mixture
was performed on NRI collected at month 2 and NRII sludge collected at month 3 (Figure 7).

For NRII sludge, because ATU concentrations of >10 pM inhibited{€o tely the ammonia-

oxidizing activity of the sludge (Figure 6b and Figure SM1b), adding 80, 150, and

(

from when adding ATU at the corresponding concentratio or NRI sludge where AOA
and AOB coexisted, adding ATU (30, 80, 150 uM: toget PTIO (100 uM) completely

inhibited the ammonia-oxidizing activity of the

adding only either one of ATU q¢ PTIO a orgesponding concentrations which showed

partial or no deterioration of the 1a-O%idizing activity of the sludge (Figure 7a, b, and
S

c).

-H

3.3 Incorporatj AOA and AOB during ammonia oxidation of NRI

sludge under presence of ATU

afton was performed on NRI sludge collected in month 4. Two DNA-

SIP iflgubation§weke conducted in parallel with '>C-HCO3™ and '*C-HCO5". Together with
the two inc ions, an additional DNA-SIP incubation was carried out with '*C-HCO3" and
ATU at the concentration of 80 uM. This third incubation was performed to investigate ATU
specificity at this concentration to selectively inhibit AOB, not AOA.

Ammonia, nitrite, and nitrate concentrations were monitored in the effluent water

during the 21-day incubation period (Figure S2a). The incubation with 3C-HCO3 and ATU

showed slight higher effluent ammonia concentrations than the incubations with '2C-HCO3"
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and *C-HCOs™ without ATU at the end of incubation period. The numbers of AOA and AOB
amoA genes were quantified by gPCR during the incubation period (Figure S2b and c¢). At
day 21 of incubation, AOA appeared in high numbers in all three incubations suggesting that
AOA can grow and maintained their cells in these continuous-flow reactors, in which cells
were allowed to be washed out, and in the presence of 80 uM of ATU. For AOB, amoA gene
numbers were found in high numbers as a result of incubation with '2C-HCO3™ and *C-HCO3"
without ATU. However, amoA gene numbers reduced on day 21 fofthcNutcubation with '*C-
HCOs and ATU.

Figures 8a and 8b show the DNA-SIP profiles fog AO, A genes in the

09 mL™ for the 2C-HCO3
ctions and arose at 1.7114

esults were observed. The AOB

incubation without ATU. The AOA amoA peak appeare

incubation (day 21). However, the peak moved to

gmL! for the *C-HCO3" incubation. For AOB,

amoA gene peak shifted from 1.7070 L%3

from '>C-HCOs to *C-HCOs5".
A S
AOA and AOB amo\ ay*21 were quantified for each fraction of the 13C.

omL! when the incubation changed

HCO3™ with 80 incubation, The DNA-SIP profile for AOA amoA genes is shown in

Figure 8c. It should¥e n at the profile for AOB amoA genes cannot be plotted because

AOB am es ingyvety fraction were <LOD. This is because AOB cannot maintained
high s 11t the reactor during the incubation with ATU as suggested in Figure S2c.
eak for AOA amoA genes shifted toward heavier fractions, moving from
1.6961 gmL"! to 1.7114 gmL"!, when switching from the '2C-HCO3" incubation to the 1*C-
HCOs3 with ATU incubation.
4. Discussion

During the monitoring periods, NRI and NRII were dominated by distinct groups of

ammonia-oxidizing microorganisms. AOA amoA genes outnumbered AOB amoA genes in
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NRI, while only AOB amoA genes were detected in NRII. NRI and NRII were originally
seeded with sludge collected from different WWTPs and were operated with different
operating conditions that were believed to encourage the growth of AOA and AOB in
different ways. NRI was seeded with sludge containing both AOA and AOB amoA genes and
was operated with an inorganic medium containing various trace elements and vitamins
which was previously used for culturing AOA (Konneke et al. 2005; Tourna et al. 2011). The

ammonia and nitrite concentrations in NRI was also maintained in nge of mgNL™!,

genes in NRI. On the other hand, NRII was seed

AOB, and no AOA, was detected. The ino ¢ medium used in NRII was minimal and the
reactor was operated with‘highe% nitrite concentrations than NRI. The seed
sludge operating conditions ve helped promote the domination of AOB in
NRIL \§ Q\

The phylogéueti sis revealed that all AOA amoA gene sequences retrieved from

NRI bel itr@soshaera sister cluster within Group 1.1b Thaumacheota. Closely

nitrifying ré&€tors in our previous work (Sonthiphand and Limpiyakorn 2011). Presently,
Candidaus Nitrosocosmicus franklandus and Candidaus Nitrosocosmicus exaquare, obtained
from soil and a WWTP, respectively, are known as the two representatives for the
Nitrososhaera sister cluster (Lehtovirta-Morley et al. 2016; Sauder et al. 2017). The AOA
amoA gene sequences from our current study have a sequence identity of 90-95% to

Candidaus Nitrosocosmicus exaquare and 89-91% to Candidaus Nitrosocosmicus
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franklandus. Scanning electron micrographs revealed that some cells from NRI were
coccoidal with cell diameters of around 0.8 um and that these cells tended to clump together.
Similar types of cell morphology and formation have been reported for Candidaus
Nitrosocosmicus exaquare, but with a larger cell diameter of 1.3 um (Sauder et al., 2017).
However, applying SEM to mixed culture systems is not possible to indicate that the coccoid

cells appeared related to AOA. AOB amoA gene sequences found in NRI and NRII belonged

to the Nitrosomonas europaea cluster, Nitrosomonas communis cluster, Nitrosomonas
oligotropha cluster. Previously, AOB within these three clusters h d.in WWTPs
and nitrifying reactors (Limpiyakorn et al. 2011; Sonthiphan ) ad et al. 2013).
ATU and PTIO were introduced in order to distidg h&ammonia-oxidizing
activity of AOA and AOB in the NRI and NRII shadge. B OB were the major

ammonia-oxidizing microorganisms in NRII, t

should be driven mainly by AOB. This w fimned by the addition of ATU to the NRII

sludge where the sludge’s amm

S

concentrations of >10 uM. a

activity was completely inhibited at ATU
nge of ATU concentrations has previously been

in pure culture systems. For example, Martens-Habbena

ited at ATU concentrations of >3.3 pM.

onia-oxidizing ability of AOA is only slightly affected at the range of ATU
concentrations that was reported to fully inhibit most AOB ammonia-oxidizing ability. ATU
concentrations of <100 uM were reported to show no effect on the growth and activity of two
AOA strains originated from WWTS samples: Candidatus Nitrosotenuis cloacae and
Candidatus Nitrosocosmicus exaquare, respectively (Li et al. 2016 and Sauder et al. 2017). In

order to completely inhibit AOA, much higher ATU concentrations is required as compared
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to AOB. For example, Candidatus Nitrosotenuis cloacae and Nitrosopumilus maritimus strain
HCA1 were completely inhibited at ATU concentrations of 700 and 1000 uM, respectively
(Martens-Habbena et al. 2015; Li et al. 2016). By applying various concentrations of ATU to
NRI sludge, our results demonstrated that the ammonia-oxidizing activity of the sludge was

inhibited completely at ATU concentrations >500 uM. Because AOA were the predominant

ammonia-oxidizing microorganisms in the NRI sludge, it can be implied that ATU

concentrations may be useful for observing the activity o since the activity of AOB

will cease within this ATU concentration range?!

In our study, the application of PT comcentrations of 50, 100, and 300 pM to
NRII sludge showed no inhibitory effects oithe ammonia-oxidizing activity of the sludge.
S

Previously, Martens-Habberfa,e ) demonstrated that the ammonia-oxidizing activities

onas oligotropha, Nitrosomonas ureae, Nitrosomonas

multiformis were unaffected by PTIO at the concentration of

onfirm that AOB played the main role in the ammonia-oxidizing

ast to AOB, AOA were found to be sensitive to PTIO. In a previous study, the
activity of Candidatus Nitrosocosmicus exaquare was completely inhibited at PTIO
concentrations of 100 pM (Sauder et al. 2017). PTIO at the concentration of 100 uM was also
found to nearly completely inhibit Nitrosopumilus maritimus strain HCA1 and strain SCM1
(Martens-Habbena et al. 2015). Moreover, Nitrososphaera viennensis was completely

inhibited at >50 uM PTIO (Shen et al. 2013). When PTIO was introduced to NRI sludge, the
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ammonia-oxidizing activity of the sludge was uninhibited at the PTIO concentrations of 50
and 100 pM, and was only partially inhibited at the concentration of 300 uM. Because AOB
were also present in NRI sludge, the addition of PTIO alone cannot lead to the complete
inhibition of the ammonia-oxidizing activity of the sludge. Therefore, ATU concentrations of
30, 80, 150 and 2000 uM were also applied together with 100 uM PTIO to NRI sludge.
Results from the addition of both chemical inhibitors demonstrated complete inhibition of
ammonia-oxidizing activity at all ATU concentrations when 100 uNI' of'R#IO was present.
This indicated that PTIO at the concentration of 100 uM completelyinhigiteddthe, ammonia-
oxidizing activity of AOA in NRI sludge since ATU congentgdftoris were already
shown to completely inhibit AOB. Regarding the contrilgt 0
oxidation in NRI, the results indicated that AOA '@ ntribu
activity of the sludge as the activity still remaingd dding ATU alone (30, 80, 150 uM)

to the sludge and the overall actiyity di ap%ter PTIO (100 uM) was added together
with ATU (30, 80, 150 uM). ‘\§

A and AOB to ammonia

€ ammonia-oxidizing

S
DNA-SIP was carrie I sludge and results demonstrated that AOA and

AOB in the slu ?i cOrporatdq the labelled *C compound into their amoA genes. This
implies that AQA"a x NRI probably utilized inorganic carbons for cell synthesis

feeding can be possible. Nonetheless, the results from the 14-month monitoring supported
that AOA and AOB in NRI should perform autotrophic ammonia oxidation because they
were able to maintain their cells in NRI for a few years under conditions where ammonia was
the only energy source and the media contained no organic. Candidaus Nitrosocosmicus

exaquare, which was found to relate closely to the AOA in NRI, was previously reported to
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consume bicarbonate while oxidizing ammonia, but some organic compounds can also
stimulate its growth (Sauder et al. 2017). The other AOA which originated from a WWTP,
Candidatus Nitrosotenuis cloacae, was also found to perform autotrophic ammonia oxidation
(Li et al. 2016).

DNA-SIP was also performed on NRI sludge with the addition of 80 uM of ATU to
confirm the effects of ATU at this concentration on AOA and AOB growth. AOB were
washed out from the DNA-SIP incubation reactor in this trial, indicatingghat this
concentration of ATU does deteriorate AOB growth. This result agrees With bove-

mentioned inhibition study. Conversely, AOA were found to af] by the presence of

compound into their

concentration can be applied to observe AOA a¢ RI sludge. These results also

reinforce the results of the inhibition expe ts ghat AOA also contributed to ammonia
oxidation in NRI.
S
5. Conclusion
AOA a XO n béypammtained for long periods and they both contribute to

ammonia oxidation%n nitgif reactors. Both microorganisms incorporate inorganic carbons

, leading to the possibility of performing autotrophy as a choice of
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Figure 1 Abundace of AOB and AOA amoA genesin a NRI and by NRII
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Figure 2 Phylogenetic tree calculated based on $gquenceSiof A }mA genes. The
sequences from this study are shown in bold. Thesfikst and s abbreviations represent
on the samples were collected.

d values of >50 « are shown.
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Figure 3 Phylogenetic tree calculated based on sequences of AOB amoA genes. The
sequences from this study are shown in bold. The first and second abbreviations represent
from which reactor and at which months during incubation the samples were collected.
Bootstrap analysis was performed with 1000 replicates and values of >50 « are shown.
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Abstract

Ammonia-oxidizing archaea (AOA) have recently been proposed as potential players
for ammonia removal in wastewater treatment plants (WWTPs). However, there is very few
evidence directly showing the contribution of AOA to ammonia oxidation in this engineering
system. In this study, DNA-stable isotope probing (DNA-SIP) with the labeled *C-HCO3
was introduced to sludge from a municipal WWTP. Quantitative PCR demonstrated that

AOA amoA genes outnumbered AOB amoA genes in the sludge fro WTP along the

study period. AOA amoA gene sequence analysis revealed that AOA in P were

assimilated into both microorganisms’ amoA g

results suggested that AOA belonging to t

utilized inorganic carbon for cell synthesis during ammonia oxidation indicating their role in
ammonia removal in the W X

S \
idizihg atghaea; ammonia-oxidizing bacteria; autotrophic growth; DNA-

stable is obing, (DNA-SIP); wastewater treatment plant

Keywords

ammonia-o

1a-oxidizing microorganisms in wastewater treatment plants (WWTPs) are
more phylogenetically diverse than previously expected. Apart from well-known ammonia-
oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA) are now being considered as
the other potential contributors to ammonia removal in WWTPs. The discovery of AOA
marker genes in WWTPs worldwide, including North America, Europe, and Asia, has

demonstrated the wide distribution of theses microorganisms in WWTPs (Park et al. 2006;
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Wells et al. 2009; Limpiyakorn et al. 2011; MuBmann et al. 2011; Yapsakli et al. 2011;
Zhang et al. 2011; Bai et al. 2012; Sauder et al. 2012; Gao et al. 2013; Wu et al. 2013; Gao et
al. 2014; Sinthusith et al. 2015; Li et al. 2016; Sauder et al. 2017). Quantitative analyses
revealed the relatively higher numbers of AOA amoA genes than AOB amoA genes in some
studies (Limpiyakorn et al. 2011; MuBmann et al. 2011; Bai et al. 2012; Sauder et al. 2012;

Wau et al. 2013; Sinthusith et al. 2015; Zhang et al. 2015), though in some plants AOB amoA

genes outnumbered AOA amoA genes (Wells et al., 2009; Yapsakliet 011; Gao et al.,

2013; Gao et al., 2014). The abundance of AOA amoA genes in some oftthe ts studied

in th@se*l is’has been
&8s, thag AOA were not necessary
to be functionally significant for ammonia oxidatien desp1

w

1ngW WTPs is required to clarify this doubt.

does not imply that AOA involved in ammonia oxidatios

suggested by some studies with natural environmental s

dMOA genes were more
dominant than AOB amoA genes (Jia and Conrd As a result, direct evidence showing

the contribution of AOA to am

According to literatures ayai ar, only two AOA culture and one in situ

) 3
activity investigation studiestha cavailable for WWTP AOA. The strain SAT1 was
obtained from in Chiga (Li et al.2016). They affiliated with group 1.1a

Thaumarcheota a

Nitrosoc exdguare, belonging to Nitrososphaera sister cluster within the group 1.1b

These AO formed autotrophic ammonia oxidation and their activity and growth can be
stimulated by some organic compounds. An in situ activity study in a refinery WWTP in
England showed that AOA of a single OTU affiliated within the group 1.1b Thaumarcheota
had a non-autotrophic lifestyle suspecting that not all members of the phylum
Thaumarcheota, which are generally found to contain amo genes, are ammonia oxidizers

(MuBmann et al. 2011). With the currently information, the conclusion to the contribution of
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AOA to ammonia removal in WWTPs has yet been drawn, due to the contradictory among
them. In addition, AOA present in WWTPs worldwide are found to be diverse belonging to
various groups within the Thaumarcheota phylum (Limpiyakorn et al., 2013) and different
AOA groups may maintain life through different routes as suggested by a few culture studies
(Konneke et al. 2005; de la Torre et al. 2008; Hatzenpichler et al. 2008; Martens-Habbena et
al 2009; Lehtovirta-Morley et al. 2011; Tourna et al. 2011; Li et al. 2016; Sauder et al.2017).

This study provides direct evidence indicating in Situ activit§ o A and AOB in

sludge from a full-scale municipal WWTP. It is hypothesized that AOA%and found to be
abundant in this WWTP perform autotrophic ammonia egidation. fore, DNA stable

e sludge from this
WWTP.

2 Materials and methods

2.1 Description of a wastewater treatm

Samples were taken fro

kS

WWTP in Bangkok, Thaila\l

g L' and 0.1-0.2 mgN L', respectively. Hydraulic retention time

ludge system was in a range of 10-17 hr and its solid retention time was
between 3 50 days. Samples were collected from aeration basins of the activated sludge
system and kept on ice during transportation to the laboratory. Immediately after arriving the
laboratory, DNA-SIP incubation was conducted with the sludge samples. DNA was extracted
from 2 mg dry weight of sludge using the Fast-DNA SPIN kit for soil (QBiogenes, USA).

Extracted DNA was stored at -80°C until further analyses.

2.2 Quantification of AOA and AOB amoA genes
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Numbers of AOA and AOB amoA genes were quantified using quantitative PCR
analysis with Maxima SYBR Green/ROX QPCR Master Mix (Fermentas, USA) in Mx3005P
instrument (Stratagene, USA). AOA amoA genes were enumerated using the primers Arch-
amoAF and Arch-amoAR (Francis et al., 2005). The quantification of the AOB amoA genes
was performed using the primers amoA1F and amoA2R (Rotthauwe et al., 1997). Standard
curves of AOA amoA gene were prepared with the PCR product obtained from clone
possessing amoA gene fragment. Standard curves for AOB amoA gérieswere prepared in the

same manner. Melting curves were run together with agarose gel electrophordsis of final

quantitative PCR products to ensure quantitative PCR quality, 8t all s after quantitative
PCR run. §

2.4 Phylogenetic analysis of AOA amoA gene séguence

w ed with the primers CrenamoA23f

kara polymerase (Takara Bio Inc., Japan)

The fragments of AOA amoA genes wer

and Crenamo A616r (Pester et al,, 2012
in a thermal cycler (Biorad Laboratorigs, ). The PCR amplified products were purified
by a NucleoSpin Extractg 1 %1

boratories Inc., USA) and were cloned using the

ega, USA). Clones were randomly selected for

sequences ed closely to the representative sequences, which were obtained from
Genbank, were aligned and computed for phylogenetic analysis using MEGA7 (Kumar et al.
2016). A neighbor-joining tree was constructed with the Maximum Composite Likelihood

model and a Boostrap value of 1000 replications.

2.3 DNA-stable isotope probing
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DNA-SIP was performed with sludge taken from the plant in three different occasions
within three month period. Two sets were carried out (WWTP sludge I and WWTP sludge II)
with inorganic medium containing an ammonia concentration of 7 mg-N/L, and the other set
(WWTP sludge I1I) was done with no ammonia supplied in the medium.

The incubation was prepared in continuous-flow reactors with an effective volume of
one liter with no sludge recycled. Sludge was transferred into a reactor. The influent

inorganic medium (per liter) contained NH4Cl, NaCl (1.0 g), MgCI4£6 (0.4 g), CaCla-

2H20 (0.1 g), KC1 (0.5 g), KH2PO4 (0.2 g), 2 mL of IM NaHCOs3
nonchelated trace element mixture, 1 mL of vitamin sol@iongl m in solution, 1 mL

of vitamin B12 solution, 1 mL selenite-tungstate solutio el%t al. 1992). The pH was

adjusted to 7.2—7.8 using NaOH. The medium wahsuppos pport AOA growth as it

was modified from previous AOA culture studic . preparing the medium, pH of

deionized water was adjusted to¢hreeand eroY(without CO2) was purged to remove
natural '?C in the deionize‘d wa ofgach Sgt, the incubation was carried out using two

separated reactors with unlabele 3 and labeled H*COs3". HCO3" was provided at a
S

concentration of Im nsufe,sufficient carbon source for cell growth. For reactor

operation, HR Lawastep ays. Mixing was provided for 8 hours a day to avoid high

sludge wasti om the reactors. Before air zero was purged to provide aeration, dissolve
oxyg tions in the reactors were monitored and were found to be > 2 mg L!
confirming aerobic condition in all reactors at the end of each aeration cycle. During the
incubation period, ammonia, nitrite and nitrate concentrations were monitored. Sludge
samples from the reactors were collected once a week for downstream analysis.

DNA was extracted from the sludge samples using the protocol previously mentioned.
The heavy and light DNA was separated using isopycnic centrifugation in a CsCl solution

(Niu et al., 2013). Extracted DNA was mixed with a 7.163 M CsCl and gradient buffer to
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meet the initial buoyant density of 1.70 g mL™!. The ultracentrifugation was performed in a
polyallomer centrifuge tube containing 6 mL of mixing solution and filled the space with
mineral oil. MLN-80 rotor was used to separate DNA at 178,000xg for 72 hr. at 20°C.
Approximately twenty-five fractions of an equal volume of 250 uLL were collected by
replacing the mineral oil from the top of the tube. Buoyant density of each fraction was
measured by an AR200 digital refractometer (Reichert, USA). DNA precipitation was
performed with glycogen and polyethylene glycol (PEG) and left o¥€rnight. Then, DNA was
washed by 70% ethanol and re-dissolved in 30 uL. TE buffer. AO O A genes in

each fraction were quantified by quantitative PCR with F and Arch-

amoAR (Francis et al., 2005) and the primers amoA1F a (Rotthauwe et al., 1997),
respectively.

3 Results

3.1 Quantification of AOA and AOB a

Quantitative PCR revealed theynum
S
sludge along the three samp S18ns

The AOA amo %ne berswetg in a range of 7?7, and for AOB amoA genes, the

S WTP sludge
s of AOA and AOB amoA genes in WWTP

ithin three month period of the study (Figure 1).

numbers were rang 22?. For all three sampling times, AOA amoA genes were 77?7

Clo raries were constructed for AOA amoA gene fragments obtained from
WWTP sludge I and WWTP sludge II. A neighbor-joining tree was constructed as shown in
Figure 2. All sequences analyzed from both sampling periods related closely to each other by
being in the same AOA subcluster of the group 1.1b Thaumarcheota . The results suggest that
AOA communities were unchanged during both sampling times.

3.3 DNA-stable isotope probing
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DNA-SIP was performed for WWTP sludge I and WWTP sludge II with inorganic
medium containing an ammonia concentration of 7 mg-N/L. The incubation period was ??7?
and ??? days for WWTP sludge I and WWTP sludge II, respectively. During the incubation,
ammonia, nitrite, and nitrate concentrations were periodically measured. With the incubation
of both sludge, ammonia was completely oxidized to nitrite and nitrate leading to the

remaining ammonia concentrations of < 0.39 mgN L in the effluent since day 7 of operation.

quantitative PCR. DNA from '?C and '3C incub fractionated by isopycnic gradient

centrifugation in CsCl solution. Then, nu of¢AOA and AOB amoA genes in each
fraction were monitored by quantitatiye P A-SIP profiles were plotted against the

S
relative ratio of the gene nu i tton to the maximum gene number and the buoyant

peak was shifted to ??? g mL"! for the '*C incubation. The results suggested the incorporation

of 3C-HCO3™ into AOA and AOB cells under the incubation condition of WWTP sludge I.
However, the AOA amoA gene peaks were not clearly separated between the >C and '*C
incubation. This may be because the mixing was only provided 8 hours a day with an attempt

to ensure enough cells for DNA-SIP experiment, resulting in longer SRT than the controlled
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HRT of 4 days. Therefore, the incubation was performed again with WWTP sludge II, and
mixing was provided 24 hours after day ??? of incubation to remove old cells from the
reactors.

Figure 4 shows DNA-SIP profiles for WWTP sludge II. For all sampling occasions,
the AOA amoA gene peaks of the '*C incubation occurred at ??? g mL!. The '*C incubation
showed an additional peak at ??? g mL™! on day ??? of incubation. The peaks migrated

toward the heavier fractions as shown on days ??? and ??? of the redCtomgperation. After full

at10n reduced their

incorporation of *C-HCOs™ into AOA an 1ISAOA amoA gene sequences were

analyzed for sample taken at day 56 Of the incubation. Clones were sequenced and the

phylogenetic analysis wa?d %h n in Figure 2. The results suggested that AOA

found at the en }the ubationwere in the same AOA subcluster of the group 1.1b

Thaumarcheote:;\ WWTP sludge II. The result indicated that the incubation
in th

tudty did not influence the AOA community. In addition, AOA of this

conditiorntuse
subc autotrophic growth during ammonia oxidation.

Fig shows DNA-SIP profiles of WWTP sludge III which was incubated with the
medium containing no ammonia. The incubation condition was maintained in the same
manner as for WWTP sludge I and WWTP sludge II. Along the incubation period of ?7??
days, shift of the peaks from the '’C to '*C incubation was not observed for both AOA and

AOB amoA genes. The peaks appeared at ?2? g mL™! for AOA amoA genes and ??? g mL"!
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for AOB amoA genes. The result suggests no *C incorporation into AOA and AOB cells
when no ammonia was supplied.
4. Discussion

AOA amoA genes outnumbered AOB amoA genes (Figure 1). A number of works
reported the existence of AOA amoA genes in WWTP samples (Park et al. 2006; Wells et al.
2009; Limpiyakorn et al. 2011; MuBBmann et al. 2011; Yapsakli et al. 2011; Zhang et al.
2011; Bai et al. 2012; Sauder et al. 2012; Gao et al. 2013; Wu et al. #Gao et al. 2014;

Sinthusith et al. 2015; Li et al. 2016; Sauder et al. 2017). Some demonstratedthat AOA amoA

genes were the dominant ammonia oxidizers’ amoA gene 1yakorn et al.

2011; MuBBmann et al. 2011; Bai et al. 2012; Sauder et a ; et al. 2013; Sinthusith et

of WWTP environment to link
S

Although this point is still if\debate; i i
concentration, gemcongentration, and retention time may be possible parameters

in WWTPs (Park et al. 2006; Limpiyakorn et al. 2011; Sauder

influencing AOA"og&gu

etal. 201%; usithyet al. 2015; Li et al. 2016).

0A%ene sequences suggested that AOA found in the WWTP sludge I,
WWTP slu I and at the end of DNA-SIP incubation of WWTP sludge II were members
of one subcluster within the group 1.1b Thaumarcheota. Previously, members of AOA in this
subcluster were reported in other WWTPs (Limpiyakorn et al., 2011). However, there is no
any cultured AOA related closely to this AOA subcluster. Representative cultured AOA for

WWTPs were found to be placed in different AOA groups. The strain SAT1 from a WWTP

in China belonged to the group 1.1a Thaumarcheota and Candidatus Nitrosocosmicus
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276

exaquare" from a municipal WWTP in Canada fell within Nitrososphaera sister cluster
within the group 1.1b Thaumarcheota. No representative WWTP AOA of the group 1.1b
Thaumarcheota has been reported. AOA cultures within the group 1.1b Thaumarcheota are
available, but they are retrieved from other environment, for example “Candidatus
Nitrososphaera gargensis” from hot spring (Hatzenpichler et al. 2008), “Candidatus
Nitrososphaera viennensis" from soil (Tourna et al. 2011). However, our WWTP AOA

sequences are phylogenetically placed in different branch from thos€’c ed AOA (Figure

2) with sequence identity of ??% to “Candidatus Nitrososphaera gargensis”, “€andidatus
Nitrososphaera viennensis", respectively. Therefore, phygiolodicalt a bolic information
obtained from the current available AOA cultures may icable for this AOA
subcluster.

The DNA-SIP profiles suggested the in. @ of C-HCOs™ to amoA genes of

time of 21-26 h and 23 d, respectively (Konneke et al. 2005; Martens-Habbena et al. 2009;
Tourna et al. 2011). Because the shift of the DNA-SIP peaks can be observed at the early

period of incubation of ??? days which did not far differ from the generation times of both
microorganisms, the incorporation of '3C into their amoA genes should be a result of direct

uptake of the supplied '*C-HCO3 rather than cross feeding. In addition, without ammonia, no
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301

incorporation of *C-HCO3 was observed along the incubation period of ??? days. Therefore,
it is indicated that AOA and AOB in the WWTP sludge performed autotrophic ammonia
oxidation.

Previously, AOA originated from WWTPs belonging to other AOA groups have been
reported to oxidize ammonia and assimilate inorganic carbon. The strain SAT1, which

belonged to the group 1.1a Thaumarcheota, was confirmed for its autotrophic ammonia

oxidizing activity by DNA-SIP. CARD-FISH-MAR suggested that ichment culture of
“Candidatus Nitrosocosmicus exaquare", belonging to the Nitroso

within the group 1.1b Thaumarcheota, incorporated '“Cbicar, oXidizing

ammonia. However, when CARD-FISH-MAR was app eWWTP biofilm where

“Candidatus Nitrosocosmicus exaquare" was originated fr ihcorporation of C-
bicarbonate was found for AOA in the presence onia, while positive signals were
t1 investigation of sludge from a

reported for AOB. The result is gimilar to

refinery WWTP (MuBmann et a% R revealed that although AOA presented
S

up to a 10,000 times higher B in the plant, they did not exhibit autotrophic

activity in the %nc ammonta, Sauder et al (2017) raised that in the WWTPs, AOA

may reply on ano N ism or oxidized ammonia with assimilating a carbon source

%
ough, our current study showed that AOA belonging to the subcluster of the

marcheota performed autotrophic ammonia oxidation in situ, alternative

carbon sources apart from bicarbonate are not included in this study. Many AOA cultures
from WWTPs and other environments were found to be stimulated by some organic
compounds. The ammonia-oxidizing activity of “Candidatus Nitrosocosmicus exaquare" can
be stimulated by the presence of many organic compounds with maltate, succinate, and

pyruvate at the most (Sauder et al. 2017). “Candidatus Nitrososphaera viennensis" was also
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able to increase their growth rate under low amounts of additional pyruvate (Tourna et al.
2011). Therefore, this piece of work still remains for further clarification and is interesting for
WWTP engineers as various types of organic compounds are present in wastewater and they
may influence the predominant of AOA in some WWTPs.
5. Conclusions

This study revealed in situ activity of AOA and AOB in one municipal WWTP. AOA

archeota. AOA

in this WWTP affiliated to only one subcluster within the group 1.1
and AOB in the sludge was found to perform autotrophic ammoniaoxidagionander the study

condition. The results strengthened the hypothesis that AOA on é e t6 ammonia

no. RSA5780096) and the 90" Anniversa lalongkorn University Fund

removal in WWTPs.
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410  Figure 1 Numbers of AOB and AOA amoA genes in WWTP sludge
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412 Figure 2 Phylogenetic tree calculated based on sequences of AOA amoA genes
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genes for WWTP sludge I supplied with 7 mgN L' ammonium media.
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417  Figure 4 DNA-SIP profiles showing buoyant density distribution of AOA and AOB amoA

418  genes for WWTP sludge II supplied with 7 mgN L' ammonium media.
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420  Figure 5 DNA-SIP profiles showing buoyant density distribution of AOA and AOB amoA

421 genes for WWTP sludge III supplied without ammonium media.
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