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170-ethinylestradiol (EE2) Lﬂuaaﬁumaaimwué’amiwﬁ’lumtﬁmamﬁﬁLﬁms‘z’iqaﬁm13aﬂuLﬁau1usuaa

Aefiduoaninninnisvesmudunsdniuazeandaundeurunisuudeuluthiisanlsstndiie

vy Fnsdunald EE2 ansnsafinnismndndluunasi wazsumumsvhauresdesliviouasssun

msAuiusvedslitinluumaaninld anmsfnuiiiuimudt nduusssnsaunisivianiinfieandled

wanluily (ammonia-oxidizing microorganisms, AOM) Fausznaumeuuaie (ammonia-oxidizing

bacteria, AOB) wag 013iRefivhwiifieandladuenluiy (ammonia-oxidizing archaea, AOA) luszuy

Uimidegrusuungnoudsaansagosaans EE2 Safuuenliderunssuiumslanmivedfudig

wouleyl ammonia  monooxygenase (AMO) Han1sAN¥INUIT NaudseyIns AOM luadndainssuy

ﬂ’]ﬁfﬂﬁwL%aﬁam%‘waasJ'quiamiaaﬂ%vLméﬁLLauimLﬁsJLLazmisjaﬂama EE2 tneadnd sl AOB inulunda

was Nitrosomonas europaea-Nitrosococcus mobilis Az88aae EE2 1A ‘ﬁ@ﬁfﬂumaf\nﬂ

fmzummaaluﬂ'ﬁaaﬂ%lmsﬁt,l,auiuLﬁaﬁaaﬂfh dewleutiu adndfid A0B iulundawnes Nitrosomonas
oligotropha wanNtl adnsiia AOB mﬂ,umamai N. oligotropha mmmmsaaams EE2 1650

desnamsasendladuenluieliiini adnsisl A0A \Duuszansisu wenanildmusnit ns

gordany EE2 vasadnifiannnsnsendladuenluileldiis avseulmireseduniseendladuosuenluile

Tuseduiigenin adndioondladuonlindeldth nsAnwaaiiduadausnilasuldissavinmluns

trdmsauszrinawenluiloway EE2 lussuuthdmindewuunzneussdiuviadunasnauanunsaly

nseendladuenlindevionssyiulafiunndretuves AOM fisuluszuy



(NM¥1BINE)
170-ethinylestradiol (EE2), a synthetic estrogen which interferes the endocrine and reproductive
function in living organisms, has been found extensively to be deposited into municipal
wastewater treatment plants and the environment via human excretion. EE2 has long been
known to be efficiently cometabolized by ammonia-oxidizing microorganism (AOM) during
ammonia (NH;) oxidation. Current study aims to investigate the effect of AOM community on
the biotransformation of EE2 by nitrifying sludge. The dominant AOM population largely affected
not only the rate of NH; oxidation but also EE2 removal. Sludge dominated with higher-growing-
AOM like Nitrosomonas europaea-Nitrosococcus mobilis cluster showed higher rate of EE2
biotransformation because of its ability to provide more reducing power from NH; oxidation as
opposed to those which dominated with lower-growing-AOM as Nitrosomonas oligotropha
cluster and ammonia-oxidizing archaea (AOA). A slightly faster rate of EE2 degradation was found
with N. oligotropha-dominating as opposed to AOA-dominating sludge. Moreover, the strongest
correlation between NH; and EE2 degradation was achieved by N. europaea-N. mobilis-
dominating sludge compared to the others. This study firstly reveals an importance of the AOM
community regarding its determination on the removal efficiency of simultaneous nitrogen and
EE2 in nitrogenous wastewater.
unasuguIng
unin

gosluuiealnsiay (Estrogens) Ao gosluumavidsifunumddysesyuuduiug nsvanvdos
sosluuealnsiauduiiuinumassuutuienndadidingdelmAnsunsedededdins iy widy
og1ann ilesesluuealasiaudingsnumevesdsdifiauazayed avdlusununazdmwasenisyinany
yesszUUsionl$vio (Endrocrine disruptor) wagihliiAnanaiinunffeafussuuduiug (nstitute of
Population Health, 2007) sesluwealasauausauuiliiluasinguie walasiausssunf waz
walnsiaudansizit Tnoloalnslausssuyd asUsznounie estrone (E1), 17P-estradiol (E2) uag
estriol  (E3) Fadafiddnanusandnliios uarludruvenealnsiauiidunsies fegradu 170-
ethinylestradiol ~ (EE2) %Qﬂﬁ’mﬂﬂuqma’mmiumiNamm wu 1udiulszneudifglusiia
AuALila (Ying wagAuy, 2002) Fannsfinunfinuannu HaIInNstTanseesluuwaansauilinly
uywd yhlidnsuudouves EE2 TuAwandousiumamsdudievendevesuyudifiuniniu (Belfroid
uazAY,1999; Baronti WayAue,2000; Kuch uag Ballschmiter, 2001) Faths EE2 JggnUdeyseang
?15LL'Jmé’ammumqﬁwﬁaﬁmumiﬂwﬁmmﬂiiqﬂwﬂ’mfﬁLﬁasqmﬁuu Fafuundssesiuiidsaniansuly
AFASoU (Lust tazAnz, 2015; Tran wagAue, 2013; Johnson wagAmy, 2000) 31NA1TTIVTINLONENT
uiTefidiuun nudrenmdudures 22 Tudnidsgusuiidiglssiidndndsluyssmadana
wisesuaud quu uasusdaddegludisioud 02 - 8.8 uluniudedns (Baronti wazamy, 2000;
Johnson wagAny, 2000; Nasu, 2000; Ternes wagany, 1999) laglulagtuiawdinAiuinsgiuvesans
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ﬂfjmL%dﬂﬁé’ﬂ@iﬁaaﬂmﬁumqmﬁ faAnnnsgIuLe e unstidanieAinasguluuasy
SITUYIA UAIINNISANYINANTENUVOY EE2 wudrmududures EE2 luszauunlunsusodns Na1unse
dwmansznurodiiiinnieuyudionaldtusesluuinnmsuilnada i luundaisssund wu Usina
99 EE2 TlswdunlundusodnsanunsnannsainatooaiuasifiuanuidssionisinlsauzSdumg s
(Purdom wagagl, 1994; Sharp wag Skakkeback, 1993) UBN9NG EE2 Sdmansenuagnmnnmensas

Tnuazsvuuinavesdniiluumdshidnsiudon Wy anuansalunsueetusvosaranas s
Guramnmsiivanwadiulundalusiuriailaeunfudrasnoluldvesuannads Sniaiflisuaumin
Ananeduldan Wunalidauuazanuvainvatsvesatmaganas (Desbrow et al,, 1998; Jobling
et al,, 1998) samﬁaﬁwé’ﬂgmﬁwudwmiﬂmﬁaumaa EE2 Tunneleenns ansnsodanansenuisaeidin
Buq wWu dnfunuazity ludnvasferfutudaiihdeiinadenuanunsolunsvesiugiiuionty
(Jobling et al., 1998)

oehalsfiony Metsmeditunululsstdadidegusudlngasldssuunenouss (activated
sludge)  Tumsvraansduniduarsinems dsszuvindanuuazneuseifegliarnsafioziin
sosluuniindlavionn (Tran uazane, 2013) Tsanmsdnuiikiunmui fudssuusiininidewuy
nznouwswhll avannsaidn EE2 1#8a 80 - 85% (Temes wazAmiy,1999; Baronti wazAME, 2000)
uidensgiunudn Ssaell EE2 anddluthiiiounisthtrnlsaidaiideuasgnudosasdaindenay
TusgduilanansonelfiAndunseredsdidinld Fodradu dnsasany EE2fszdunududu dau
seiuitliannsonmatald sufls 42 wilundusedns ludfiunisdidaanTssidaidegmeu 9 Tu
10 wislulsewAus®a (Ternes wagAy,1999) %qqaﬂ’jw 1-10 wilunsuredns Hawunsoneoliinninu
Anunfvnaevesdaiiunssialg (Purdom uazame, 1994)

0613l5AR 9nmsAnwiuanlee Shi wazany (2004) wuiiludufueIniAvesszuUAznOY
saelulssidaindeguey dndugduniddmanuesluiflseandlad@auuaiie (ammonia-oxidizing
bacteria, AOB) @sannsandnioules] AMO flanunsngesaans EE2 Munszurunsiamaueddslng
mslduenlufedudvamsm Wenswiuiulauazaiunsadesaats EE2 Wldndeutu Tne Shi waz
Ay (2004) I8lHdausandues N. europaea Tunslawmuelad EE2 #idns1 0.001 dadniudednsse
#alus uagannsoida wealudeldludng 1.55 fadnudodnsdedalus vngdl Vader uwazame
(2000) Busuin1stesaany EE2 iRnTuatnnszuauns Tawnueddy Tas@nwannienaulunineds
adnd’ aneldannziifinisazansvesuesluideludufuonmainuidudugs wuin annsadesaans
FE2  leuavanansagesldfefinnududugaan 50 fadniusiodng uaziidnsnnisdosaansegi 50

[y |

NadnSUMARANIARNSUARAILAIR DTS

Mupswnedeadag (nitrifying sludge, NS) manedis adnslussuuttaiideuvunsneusaivhunihiflumswasuieslndelulnseuliidu
Tumsnlulanaulunszuviunisluniiedy dsazUszneufieqaunidarundundnie 1) nguieimesensefiauuailiy (aerobic
heterotrophic bacteria) fivhuiiilunisgesaansansdunss 2) qauvsdnquuenluiiseandlad@s (ammonia-oxidizing microorganism,
AOM) &whwihitlunseendladuenludelniululasy way 3) nqululasvieandladeuuaili3e (nitrite-oxidizing bacterial, NOB) Fai
wihiluniseendladlulasilmdulumm
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P ) v v ) = ~ a | ) = Yoy a N A
denlisgaunnuduturestvamsnisananludelulasiuiuanseiu s dunalvilivssynsadun3dn
wanaunumuantuniseandladuenliie wu AOB  Mluau@neglundanes N europaea 9zl

Auansalunsidduimsmgausiiinnuyey (affinity) duamsnen lne AOB luadainesilanunsanule

D

Tussuuthoaindsuuungnousaisuindefiiedudusenlufogs Turaei A0B Aduaindneg
lupdawmeas N. oligotropha %ﬁmmmmaﬂumﬁ%’%’ume‘i”]Lwiﬁm']mau%’uamsmqﬂ (Sonthiphand
wag Limpiyakorn, 2011; Limpiyakorn wagaug, 2005 waz 2007) Feaznu AOB Adawmesildlusyuy
thdaiideuuunznousaisuindeiiianududuienludes Wudeitufuanndnvengy ACA #if
mmmmiﬂiuﬂ’lﬂsﬁﬁume‘hLwiﬁmﬂmau%’umqumdw AOB 1 Feilifanansany AOA $1uau
inlaluszuuiidaiidsuuuns neuseisuindedifanududuwenladesiunn (Kayee Uz,
2011); Limpiyakorn uagmmuy, 2011) mﬂsi’fagama'wﬁ ﬁw‘iﬂﬁtﬁmﬁmmﬁdmaw?é AOM? Tuszuutda
idefiressunenluiefifmududuwandaiuasiinruannsalunisesaans EE2unnsnafundels
agals

9819l5AAN INNTNUNIULENENT WU NuIdedulngasiuAnwinisdesaane EE2 Tngld
AOB U3aw5 (pure culture) Tlogflundaines N. europaea Tlardiauweusioduansmitn fujuada
wostarannsonansunumudnlunisoondladusulaifeluaniigiifuenludeanududugs (1
Lﬁi’fwﬁueuamamimﬁaqmdw 100 Hadanssoans) (Limpiyakorn Wagaal, 2005) YauzfinsaneInSeee
aane EE2 lagldidenauvioadndfiunanszuuiidmidegueudeiunssussynuonludeligs (o
Fuduremenluiendeie 28 fiadniusodns, Kayee wasany, 2011; Henze uazAme, 1997 uay
2002) #1 AOB lundawmesfifiniuveuduainsm genin AOB Adaines N. europaea 1 AOB  Tunda
wos N.oligotropha e AOA azuamsunumvdniunseendladuenluils wensnilszuudivminge
guyufaduunassosiuddguessesluuealnsiau W EE2Mlsnanuuddisiu

wihanudnlaludvinaveslasiaiuvesusuiagiuiulsseing AOM Auansunumudniu
nseendladusyluiflronisdesaans EE2 axludsddydenisiamn senuuULAYAUANMTIALTEUY
thdainde lnsamglulsaiadide filuuvdssesiuddyuesseslumealasiau wu Tssniuas
aunmihiisanauay nvhiudssdait nitufinunsnssy wasanlsmenuna Wanmnsasessuiy
ansymsuuileuldeaiusyansnm eglsii nnsmumumenasiifinns peer review galaidielo
nsAnulussiuionani
TngUsEaA

Anwinisgesaatsveseeiluy EE2 Saufunmsidauenlufomelusivedadnd Aillassais
UsensqAuns AOM wuuansnsiuluszuutihdatidouuunznauss

2 o v a N6 a e . . . . lo vo ' v { 1
dmsurdunidnguuenlinflveandladds (ammonia-oxidizing microorganism, AOM) Jufisusiueganinwndluszey 7-8 Y

win Yaunidnguiluszneume ueuluillseandlad@euuniiiss (ammonia-oxidizing bacteria, AOB) uazueuluillsoondladdensife

(ammonia-oxidizing archaea, AOA) Fagauvsdisaenguiliaiunumddglunisesndladueslufeluszuuintnuide
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Abstract

17a-ethinylestradiol (EE2), a synthetic estrogen which interferes the endocrine and
reproductive function in living organisms, has been found extensively to be deposited
into municipal wastewater treatment plants and the environment via human excretion.
EE2 has long been known to be efficiently cometabolized by ammonia-oxidizing
microorganism (AOM) during ammonia (NH3) oxidation. Current study aims to
investigate the effect of AOM community on the biotransformation of EE2 by
nitrifying sludge. The dominant AOM population largely affected not only the rate of
NH; oxidation but also EE2 removal. Sludge dominated with higher-growing-AOM
like Nitrosomonas europaea-Nitrosococcus mobilis cluster showed higher rate of EE2
biotransformation because of its ability to provide more reducing power from NH3
oxidation as opposed to those which dominated with lower-growing-AOM as
Nitrosomonas oligotropha cluster and ammonia-oxidizing archaea (AOA). A slightly
faster rate of EE2 degradation was found with N. oligotropha-dominating as opposed
to AOA-dominating sludge. Moreover, the strongest correlation between NH3 and
EE2 degradation was achieved by N. europaea-N. mobilis-dominating sludge
compared to the others. This study firstly reveals an importance of the AOM
community regarding its determination on the removal efficiency of simultaneous
nitrogen and EE2 in nitrogenous wastewater.

Keywords: 17a-ethinylestradiol, Cometabolism, Ammonia-oxidizing

microorganisms, Microbial population, Nitrifying sludge
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1. Introduction

Estrogens are important female hormones that regulate growth and development of
female sexual characteristics and reproduction in both humans and animals. Estrogens
can interfere endocrine and reproductive function in living organisms such as
disturbance on immunological system and fertility, reproductive failure due to
thinning the eggshells and reducing the egg production [1], feminization and
masculinization, and altered sexual development [2] which will make the living
organisms in the surface water extinct. 17a-ethinylestradiol (EE2), a synthetic
estrogen produced by humans, mostly lies in contraceptive pills. These types of
estrogens are used for birth control and hormone therapy such as increasing the
estrogen level in menopause female. These estrogens, both natural and synthetic
estrogens, are released to the environment by human and animal excretion. Excretion
which later flow into wastewater treatment plants (WWTP) enabling it to become one
of the most important sources of estrogen in the environment [3]. Some of estrogens
are degraded in the WWTP. The estrogens removal efficiencies by activated sludge
treatment range from 61% to 98% for E1, 67 % and 99% for E2 and 85% to 90% for
EE2 [4]. Some publications suggested that natural estrogens (E1, E2, and E3) were
degraded by heterotrophic bacteria, while EE2 was degraded by ammonia-oxidizing
bacteria (AOB) in nitrifying sludge (NS) [5]. AOB have many species, but there are
only two clusters which is active in WWTP including Nitrosomonas europaea-
Nitrosococcus mobilis (N. europaea-N. mobilis) and Nitrosomonas oligotropha (N.
oligotropha). The only difference between the two clusters is the ability to consume
ammonia, which might affect the EE2 degradation. Therefore, this study investigates

the EE2 degradation by different population structure of ammonia-oxidizing
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microorganisms and clarified factors, which consists of species and population of
AOB and ammonia oxidation, affecting the EE2 degradation.

2. Materials and methods

2.1. Chemicals

EE2 (17a-ethinylestradiol) was purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). The stock solution of EE2 was prepared to 500 mg/L in methanol.
Other chemicals were purchased from Carlo Erba Reagents (Val de Reuil, France).
All chemicals used in this study are analytical reagent grade.

2.2. Enrichment media for nitrifying sludge

Enrichment media, which were synthetic wastewater plus ammonia nitrogen (NH3) at
various concentrations were used to enrich nitrifying bacteria. Synthetic wastewater A
was added with 0.14 and 0.34 g of (NH4),SO, per liter, respectively to get enrichment
media containing NH3 of 28 and 70 mg N/L. Synthetic wastewater A was prepared by
dissolving NaCl (1 g), MgCl,*6H,0 (0.4 g), CaCl,*2H,0 (0.1 g), KH,PO, (0.2 g), and
KCI (0.5 g) into one liter of de-ionized (DI) water and then adding one milliliter of
each mineral solutions including the solution of non-chelated trace element, selenite-
tungstate, vitamin mixture, thiamine, vitamin B12 [6]. Synthetic wastewater B, which
contained Na;HPO, (4.05 g), K;HPO, (2.1 g), MgSO,4 « 7H,0 (0.05 g), CaCl, « 2H,0
(0.01 g), and FeSQO4 * 7H,0 (0.09 g) in one liter of DI water [7], was added with 0.68
and 2.02 g of (NH4),SO, per liter, respectively to get media containing NH3 of 140
and 420 mg N/L. Synthetic wastewater A and B were further used to prepare medium
for batch degradation test.

2.3. Enriched reactors setup and operation
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Four polypropylene vessels with an effective volume of 6 liters were identically set up
as continuous flow enriched reactors without cell recycle. For each reactor, air was
supplied from air blower which connected with a small stone diffuser to provide
oxygen and mix the mixed liquor completely. The concentration of dissolved oxygen
(DO) in bulk solution was maintained between 7 — 8 mgO,/L by adjusting air flow
rate with a small needle valve. pH in mixed liquor was controlled at 7.5+0.2 by a pH
controller (Liquitron DP 5000, LMI Milton Roy, USA) equipped with a pH probe
(Orion 9156DJWP, Thermo scientific, UK) as well as a solution of 0.5 N HCI and 0.5
N NaOH. Reactors were operated at room temperature between 23°C to 25°C.
Enriched reactors were set up and operated to enrich nitrifying sludge which contain
different population structure of ammonia-oxidizing microorganism (AOM).
Therefore, reactors were inoculated with mixed liquor containing different dominant
AOM. Mixed liquor taken from aerated zone of municipal WWTP in Thailand, which
contained the dominated AOM, belong to ammonia-oxidizing archaea (AOA) and
AOB in N. oligotropha cluster, was inoculated into two enriched reactors ‘28NS’ and
“70NS’ which was fed with NH3 of 28 and 70 mg N/L. Mixed liquor from another
municipal WWTP, which contained AOB dominated with N. oligotropha and
N.europaea-N.mobilis clusters, was seeded into reactor ‘140NS’ fed with NH3 of 140
mg N/L [8]. While the reactor ‘420NS’ was fed with 420 mg N/L NH3 and inoculated
with an industrial wastewater sludge dominated with N.europaea-N.mobilis cluster.
Enrichment media containing NHj (as sole substrate for AOM) at various
concentrations were continuously fed into reactors to maintain the population

structure of AOM in sludge during reactor operation. For each gram of added NHg, a
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0.068 grams of HCO3™ was put into an enrichment medium to provide inorganic
carbon source for nitrifying bacteria.

2.4. Batch degradation test

2.4.1. Reactor setup and operation

Small Plexiglas® vessel with a volume of 25 milliliters, which was initially filled with
synthetic wastewater, was used as batch reactor. Nitrifying sludge taken from
enriched reactor during steady operation was brought into the reactor. Synthetic
wastewater was later filled into reactor until final sludge concentration of 300 mg
mixed liquor suspended solid (MLSS)/L was reached. Then, sludge was provided
with predetermined amount of EE2 and mixed later with synthetic wastewater to
achieve a final concentration of EE2 at 3 mg/L. NH3 was added into the reactor in a
similar manner with that of EE2. Synthetic wastewater A was used for tests with NH3
at concentration of 28 and 70 mg N/L while wastewater B was used for 140 and 420
mg N/L NHjs. Air and mixing was provided to mixed liquor by shaking with orbital
shaker at a speed of 250 rpm. The reactor was incubated at room temperature. While
running the tests, pH in bulk solution was maintained within a range of 8.0+0.2 by
adding HEPES buffer solution to a final concentration of 30 g/L.

2.4.2. Degradation test

Nitrifying sludge containing different population structures of AOM taken from each
one of four enriched reactors during steady operation was brought into batch
degradation tests. Sludge was provided with NHj3 at various concentrations to
determine effect of NH3 concentration and influence of AOM population structures on
the rate of NH3 oxidation and EE2 degradation. Loss due to abiotic sorption and

volatilization of NH3 and EE2 were observed through batch degradation test with
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heat-killed cell and without cell. Biodegradability of EE2 by heterotrophic bacteria in
nitrifying sludge was investigated by adding allylthiourea (ATU) to achieve a final
concentration of 10 mg/L [5] to inhibit using ammonia monooxygenase (AMO)
enzyme by AOM. Furthermore, biodegradation of NH; and EE2 by utilizing AMO
still remaining in the harvested sludge were investigated by adding the reactor with
1000 mg/L chloramphenicol which has been well proven to inhibit AMO-induced de
novo synthesis [9]. All tests were carried out in triplicate except the test with heat-
treated cells and with no cells were done in duplicate. For all tests, samples were
periodically collected and analyzed for the concentration of EE2 and inorganic
nitrogen species as ammonia, nitrite and nitrate nitrogen in bulk solution during two-
week testing to determine the rate of NH3; oxidation and EE2 degradation.

2.5. Chemical analysis

Mixed liquor samples were collected from enriched and batch reactors, filtered
through 0.45 um Polytetrafluoroethylene membrane filter. Filtrate were analyzed for
EE2 and inorganic nitrogen species (NHs, NO;", NO3") while filtrated were measured
for MLSS and mixed liquor volatile suspended solid by gravimetric method. EE2 was
analyzed by C18 HPLC-UV detector (Shimadzu Series LC-10ADvp) with 40%
acetonitrile 60% H,O as mobile phase. NH3; was measured by gas-sensitive
combination electrode (Cole Palmer, Co.) and salicylated-colorimetric method with
UV visible spectrophotometer (Thermo Electron Corporation, Hexious a, Cambridge,
UK) at 640 nm [10-11]. NO," was colorimetrically analyzed with UV visible
spectrophotometer at 543 nm while NO3 was analyzed by UV screening method at
220 and 275 nm [10, 12]. pH, DO concentration and temperature in mixed liquor were

monitored during sludge enrichment and degradation test. pH value was determined
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by pH probe (250A+, Thermo Orion Inc., Germany). The concentration of DO was
determined by membrane sensing electrode (DO 083005D probe with 850A meter,
Thermo Orion Inc., Germany). Temperature was measured by a laboratory glass
thermometer.

2.6. Analysis for abundance of ammonia-oxidizing microorganism cells

2.6.1. Sample preparation and extraction for DNA

Sample of mixed liquor at a final concentration of 2 mg MLSS/L was collected from
enriched reactors, then supernatant after centrifugation at 14,000 rpm for 10 min was
removed. The pellet was stored at -20 °C. DNA was extracted from 2 mg dry weight
sample using Fast-DNA SPIN Kkits for soil (QBiogenes, USA) according to the
manufacturer’s instruction. The DNA extraction product was confirmed by using
1.5% agarose gel electrophoresis.

2.6.2. Quantitative polymerase chain reaction (QPCR)

All DNA extraction was prepared in duplicate sets. QPCR was performed for
duplicate sets of extracts separately using a Light Cycler 480 instrument (Roche,
Germany) with a Maxima SYBR Green/ROX QPCR Master Mix (Fermentas, USA).
For each set of extracts, gPCR was carried out with four 10 dilution series, each in
duplicates. Functional and 16S rRNA genes including AOB amoA gene,
Nitrosomonas oligotropha (N.oligotropha) cluster AOB amoA gene, AOA amoA gene
and Nitrosomonas europaea-Nitrosococcus mobilis (N.europaea-N.mobilis) AOB 16S
rRNA genes were quantified by primers listed on Table 1. The standard DNA was
prepared in a range 10° to 10" copies using the pGEM-T Easy Vector (Promega,
USA). In order to transform the amoA gene numbers into the cell numbers, 2.5 copies

of the amoA gene per genome were used based on the numbers of bacterial amoA
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gene copies found in the AOB cells and the AOB cells belongs to N. oligotropha [17].
One cell of AOB belongs to N. europaea-N. mobilis cluster contains one copy of 16S
rRNA gene [18]. QPCR condition to amplify the bacterial- and archaeal-amoA gene
was 95 °C for 10 min, followed by 40 cycles of 30 s at 95 °C, 60 s at 56 °C, and 30 s
at 72 °C, and data capture for each cycle at 78 °C for 15 s. For amplifying amoA gene
AOB belongs to N.oligotropha cluster, the gPCR condition was 95 °C for 10 min,
followed by 35 cycles of 30 s at 95 °C, 60 s at 56 °C, and 60 s at 72 °C, and data
capture for each cycle at 78 °C for 15 s. For N.europaea-N.mobilis cluster, the g°PCR
condition to amplify 16s rRNA gene was 95 °C for 10 min, followed by 35 cycles of
30sat94 °C, 60sat60 °C, and 60 s at 72 °C, and data capture for each cycle at 78
°C for 15 s.

3. Results and discussion

3.1. Performance of enriched reactors fed with wastewater containing various
NHj3 concentrations

Table 2 and Figure 1 showed long-term performance of all four enriched nitrifying
reactors. All reactors had reached steady performance in terms of NH3, NO, and NO3
effluent concentration after five weeks of operation. At steady state condition, NH;
removal efficiencies for reactors fed with NH; of 28 mg N/L, 70 mg N/L and 140 mg
N/L were more than 99%. But for 420 mg N/L NH3-fed reactor, slightly less removal
efficiency for NH3 (96.23 %) was investigated due to higher influent NH3 loading.
However, the removal loading rate and the effluent concentration are increased
following an influent concentration of NH3. No NO," accumulated in any reactors

indicated the rate of NH3 oxidation limiting nitrification rate.
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3.2. Abundance of genes encoding amoA and 16S rRNA of ammonia-oxidizing
microorganisms in nitrifying sludge

QPCR analysis results showed that number of AOB in enriched nitrifying sludge
depends on NH; removal load (Table 3). AOB belong to group which has high NH;
affinity as N. oligotropha cluster were predominated in enriched nitrifying reactors
fed with NH; of 28 and 70 mg N/L at which the NH3 concentration were less than 1
mg N/L in effluents due to their higher affinity for NH; (Monod half-saturated
coefficient or K are in a range of 0.32-3.16 mg N/L, [19-20]. However, AOB belong
to N. europaea-N. mobilis cluster, which has higher growth rate while lower affinity
for NH3, was the most abundant AOM (equal to 10° copies per liter of mixed liquor)
in reactors fed with 140 and 420 mg N/L NHj, due to its higher and much lower
substrate affinity constant (maximum growth rate: 3 d*, K,: 1-100 mg N/L, [19-22]
compared to average NH3 concentration found in the reactor effluents (1.72 and 15.82
mg N/L NHz).

Previous work as Limpiyakorn et al. [23] reported that N. europaea-N. mobilis was
predominant AOB cluster in chemostats fed with > 140 mg N/L NHs; while the one
receiving < 140 mg N/L NHjs, the dominant cluster was found to be N. oligotropha.
Results from this study were found to correspond well with that reported in
Limpiyakorn et al. [23] except in 140 and 420 mg N/L NHs-fed reactor. N. europaea-
N. mobilis was predominated in a 140 mg N/L NHs-fed reactor in this study while N.
oligotropha was predominated in the same NHs-fed concentration. N. oligotropha was
found as high as 1.68x10° copies per liter of mixed liquor in a 420 mg N/L NH3-fed
enriched reactor used in this study while it was not observed in reactor receiving NH3;

at same concentration used in Limpiyakorn et al. [23]. Inhibitory effect of an
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accumulated NO,” was speculated to be a possible reason behind this contradiction.
NO; (30 to 100 mg N/L) was reported to accumulate in 420 mg N/L NHs-fed reactor
at concentration above NO;" tolerance of N. oligotropha (12 mg N/L) in Limpiyakorn
et al. [23] while no NO;" accumulated in any reactors used in this study. Moreover,
AOA cells, a very-high-NHgs-affinity AOM (K <0.01 mg N/L, [24]) was observed in
reactor fed with 28 mg N/L NH3; because of very much lower residual NH3; found in
the reactor (0.15+£0.04 mg N/L). Nevertheless, both AOA and N. oligotropha AOB
cluster was considered the dominating AOM in 28 NS due to their comparable
number found in reactor.

3.3. Batch NH3 oxidation

3.3.1. Effect of dominant AOM population

For a certain NH3 concentration, higher NH3 oxidation was found in nitrifying sludge
dominated by AOM having higher growth rate when compare to those of sludge
dominated by lower-growth-AOM. Sludge dominated by AOB with N.europaea-
N.mobilis cluster (420 NS) showed highest rate of NH3 utilization while that of
dominated by AOA and N.oligotropha AOB cluster (28 NS) oxidized NH; at lowest
rate as compared with other sources of sludge. 140 NS which was dominated by AOB
with N.europaea-N.mobilis cluster utilized NHs at higher rate than that of 70 NS
which was N.oligotropha-dominating sludge. As above results, it clearly indicated an
intrinsic NH3 oxidation rate strongly depended on the physiology of dominant AOM
population in enriched nitrifying sludge.

3.3.2. Effect of initial NH3 concentration

As a result, NH; oxidation was limited by the availability of substrate. Higher specific

NHj3 oxidation rate were observed at increasing initial NHj levels (Figure 2).
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However, maximum substrate utilization rate of each sludge was attained by different
concentration of substrate. AOA and N.oligotropha-dominating sludge (28 NS and 70
NS) achieved their maximum NH3 oxidation rate at 70 mg N/L while at least 140 mg
N/L was needed by sludge dominated with AOB with low NHj3 affinity as
N.europaea-N.mobilis AOB cluster (140 NS and 420 NS). Moreover, at initial NH;
concentration of 420 mg N/L, slight lower NH3 was oxidized as a result of substrate
inhibition. However, sludge dominated with AOA and N.oligotropha AOB cluster (28
NS and 70 NS) were apparently affected far less by the substrate inhibition than
N.europaea-N.mobilis-dominating sludge indicating higher tolerability of adverse
condition in slow-growing AOM.

3.4. Batch EE2 degradation

EE2 biodegradation behavior in nitrifying sludge dominated by AOM having different
NH; affinity was investigated with a focus of the oxidation of NH3 at different initial
concentrations. As shown in Figure 2 and 3, NH3 and EE2 degradation was observed
only at the absence of ATU. Furthermore, there was no any degradation of EE2 with
either heat-treated cells or no cell (data not shown) indicating the loss of EE2 due to
abiotic processes (ie. sorption and volatilization) was negligible in our study. This
indicates AMO cometabolism by AOM is main degradation pathway of EE2 rather
than heterotrophic and abiotic degradation which correspond with several studies [5,
25 - 29]. Moreover, the degradation of EE2 and NH3 under the presence of AMO-
induced synthesis inhibitor was not observed (data not shown) indicating the
utilization of the remaining AMO by the harvested cells to transform both substrate

was negligible.
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EE2 degradation clearly depended on the extent of NH3 oxidation. At increasing NH3
oxidation, higher EE2 was degraded as a result of more reducing power available for
AMO cometabolism. Moreover, not only an initial NH3 concentration affected largely
on the rate of NH3 oxidation but on the rate of EE2 biotransformation as well. Higher
available NH; improved both the rate of NH3 and EE2 removal indicating a reductant-
limiting condition for AMO metabolism and cometabolism. While a reductant-
inhibiting condition decreased the NH3 oxidation and EE2 degradation at initial NH;
of 420 mg N/L. The results shown here is in good agreement with previous studies
[26 - 28] which found a strong positive correlation between the concentration of
incubated NHj3 and the rate of EE2 biotransformation by nitrifying sludge.

In addition, although an incubated NH; had been totally utilized by nitrifying sludge
after the 5 days of incubation with initial NH; of 28 — 140 mg N/L, but a substantial
level of EE2 still kept on being degraded even in the absence of NHs;. This was
consistent with the results obtained by a number of studies [26, 30 — 32] which
revealed the capability of nitrifying sludge to cometabolize EE2 in the NH3-free
environment. This phenomenon is probably caused by utilizing the AMO
accumulated within the AOM cells to proceed EE2 degradation during the NHs-
limiting condition.

Moreover, the rate of EE2 degradation was affected by not only initial NH3 level but
dominant AOM population in nitrifying sludge as well (Figure 4). The population of
AOM in nitrifying sludge affected on the degradation of EE2 in the same manner as
on NHj3 oxidation. Higher EE2 degradation was found in sludge dominated by higher-
growth-AOM than lower-growth-AOM-dominating sludge. EE2 cometabolic rate of

sludge dominated with the N. europaea-N. mobilis AOB cluster were approximately
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1.1-1.6 (140 NS) and 1.6 — 2 (480 NS) times higher than that belong to the AOA and
N. oligotropha AOB cluster (28 NS). While 70 NS, N. oligotropha-dominating
sludge, biotransformed EE2 at a slightly 1 — 1.3 times faster rate than that of 28 NS.
Greater EE2 cometabolic rate of higher-growth-AOM could be caused by more
reducing power (due to higher NH3 oxidation) available for cometabolism.
Furthermore, the correlation between NH3 and EE2 degradation rate of sludge was
found strongest in the N. europaea-N. mobilis-dominating sludge when comparing
with the sludge dominated with the lower-growth-AOM (N. oligotropha AOB cluster
and AOA). This implied that more electron or reducing power originated from NH3
oxidation is needed by the N. europaea-N. mobilis-dominating sludge to cometabolize
a certain amount of EE2. Our finding firstly reveals an importance of the AOM
community in aeration tank regarding its determination on the removal efficiency of
simultaneous N and EE2 in nitrogenous wastewater. The rates of EE2
biotransformation found in this study were compared with those reported in previous
studies (Table 4). Higher rates of EE2 degradation obtained in the current study as
compared to other studies is likely because much higher initial concentration of EE2
was used.

4. Conclusions

Effect of the AOM community on the biotransformation of EE2 by nitrifying sludge
was investigated in this study. Higher available NH3 improved both the rate of NH;
and EE2 removal indicating a reductant-limiting condition for AMO metabolism and
cometabolism. Sludge dominated with higher-growing-AOM showed higher rate of
EE2 cometabolism than that dominated with AOM which has lower growth rate due

to its ability to provide more reducing power from NH3 oxidation. The rate of NH3
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and EE2 degradation was found having a strong correlation particularly in N.
europaea-N. mobilis-dominating sludge. Current study firstly highlights an
importance of the AOM community on simultaneous nitrogen and EE2 removal in
wastewater.
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Table 1. gPCR primers used in this study

20

Primer Sequence 5°-3’ Target genes Reference
amoALF GGGGTTTCTACTGGTGGT
amoA2R CCCCTCKGSAAAGCCTTCTTC AOB amoA genes [13]
amoNo0550D2f  TCAGTAGCYGACTACACMGG amoA genes of N. [14]
amoNo754r CTTTAACATAGTAGAAAGCGG oligotropha cluster
NSMeur-828F  GTTGT CGGAT CTAAT TAAG ﬁf’ilﬁ'\lﬁe T of [15]
NSMeur-1028R  TGTCT TGGCT CCCTT TC - europaea-i.

mobilis cluster
CamoA-19f ATGGTCTGGYTWAGACG AOA amoA denes [16]
CamoA-616r  GCCATCCABCKRTANGTCCA g
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Table 2. Summary of monitoring results during the operation of enriched reactors

under steady performance

Monitoring results at steady state

Parameter A B C D
28 mg N/L 70 mg N/L 140 mg N/L 420 mg N/L
NH,-fed NH,-fed NH,-fed NH,-fed
reactor reactor reactor reactor
Influent NH; (mg N/L) 27.72+1.02 69.14+1.44 138.05+3.79 | 409.37+£17.55
NH; loading rate (mg N/(L-d)) | 6.66+0.24 16.59+0.35 33.13+0.91 98.25+4.21
Effluent NHz; (mg N/L) 0.15+0.04 0.49+0.15 1.95+0.58 11.00+10.76
NH; removal load 6.62 16.47 32.66 95.61
(mg N/(L-d))
Effluent NO,” (mg N/L) 0.04+0.02 0.12+0.08 0.84+0.69 12.35+13.16
Effluent NO3” (mg N/L) 26.44+1.53 66.47+3.38 125.88+3.20 | 353.55+18.40
Total N 26.64+1.53 67.09+3.01 128.67+3.51 | 376.90+27.03
MLSS (mg/L) 100+20 120+20 190+30 240+30
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Table 3. Abundance of genes encoding amoA and 16S rRNA in various cluster of ammonia-oxidizing microorganisms in nitrifying

sludge

Reactor | Influent NH3 NH; Effluent NH; | Cluster of AOM (Gene copies per liter of mixed liquor)

concentration | removal | concentration | amoA genes (AOB) | amoA genes (AOA) | 16S rRNA genes amoA genes

(mg N/L) load (mg | (mg N/L) (N.europaea- (N. oligotropha

N/(L-d)) N.mobilis cluster) cluster)

28NS 28 6.62 0.15+0.04 8.62x10°+1.52x10° | 1.06x10°+1.89x10* | ND 3.31x10°+5.86x10"
70NS 70 16.47 0.49+0.15 5.36x10°+5.76x10° | 8.81x10°+ 9.53x10° | ND 2.01x10°%+2.17x10°
140NS | 140 32.66 1.95+0.58 3.72x10°+2.34x10" | ND 1.93x10°+1.23x10" | 4.84x10°+3.04x10*
420NS | 420 95.61 11.00+10.76 1.04x10™°+3.86x10" | ND 1.92x10"°+7.16x10" | 5.17x10°+1.97x10*

22
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1 Table 4. Comparison of the rate of EE2 degradation by nitrifying activated sludge and

2 enriched nitrifying sludge in aerated batch reactor

Culture EE2 NH, Initial Ref
degradation rate oxidation rate concentration of
(mg/(gVSS-day)) | (mg N/(gVSS-day)) EE2 & NH;
Nitrifying activated sludge 1.0 mg/L EE2;
0.0936 1320 100 mg N/L NH, [5]
Al\/l_O—_contamlng extract from enriched 783-2917 129.6 - 1339 2 i [27]
nitrifying sludge
Enriched nitrifying sludge 0.75 mg/L EEZ2;
0.096 1260 52.5 mg N/L NH; [30]
Nitrifying activated sludge 0.05 mg/L EE2;
0.024 933.6 50 mg N/L NH, [32]
Enriched nitrifying sludge
28NS (AOA/N.oligotropha-dominating); %0.27 - 0.41; 455.9 - 168.3; 3.0 mg/L EE2; This
®70NS (N.oligotropha-dominating); ®0.28 - 0.52; °51.1 - 225.4; 28-420 mg N/L study
°140NS (N.europaea-dominating); 0.31 - 0.66; °67.5-312.7; NH;
9420NS (N.europaea-dominating) 0.44 - 0.88 9150.9 - 630.7

3 Note: ‘a’, ‘b’, ‘c’, ‘d’ indicate the results from sludge 28NS, 70NS, 140NS, and 420NS,

4  respectively.
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Figure 1. Concentration profiles of inorganic nitrogen species during sludge

enrichment with NH3 concentration of a) 28 mg N/L, b) 70 mg N/L, c) 140 mg N/L

and d) 420 mg N/L
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Figure 2. Profiles of NH3 and NO3™ concentration during incubation test with and without adding ATU at initial NH3 concentration of
28 mg N/L (a-d), 70 mg N/L (e-h), 140 mg N/L (i-1) and 420 mg N/L (m-p) using sludge 28 NS (a,e,i,m), 70 NS (b,f,j,n), 140 NS

(c,0,k,0) and 420 NS (d,h,l,p).
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Figure 4. The degradation rate of a) NH3 and b) EE2 under different sludge and initial NH3

concentration
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