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Abstract

For several decades, ammonia-oxidizing bacteria (AOB) had been believed to be the only
microorganisms playing a key role in ammonia oxidation in global nitrogen cycle. However, a few
evidence recently suggested that autotrophic ammonia oxidation is not only restrict to the domain
Bacteria, but also occur in the domain Archaea. The occurrence of ammonia monooxygenase (amoA)
genes of ammonia-oxidizing archaea (AOA) has been reported in a variety of natural environments; in
addition, the first and the only available thus far AOA isolate, Nitrosopumilus maritimus, has been
retrieved from marine system. As results, it is suspected that in the environments AOA are the major
microorganisms that oxidize ammonia to nitrite. In this study, communities of AOB and AOA in ten full-
scale wastewater treatment plants (WWTPSs) (four industrial WWTPs and six municipal WWTPs) that are
different in influent characteristics, system configuration and system operation were observed. The
communities of AOB and AOA were analyzed using specific PCR amplification followed by DGGE and
sequencing of AOB 16S rRNA genes and specific PCR amplification followed by clone libraries and
sequencing of AOA amoA genes, respectively. The results showed that AOB communities in four
industrial WWTPs were more diverse than those in the six municipal WWTPs. AOB found in the
industrial WWTPs fell into 4 clusters that are unknown Nitrosomonas cluster, N. europaea-Nc. mobilis
cluster, N. communis cluster, and N. oligotropha cluster, while AOB found in the municipal WWTPs
were restricted to only N. communis cluster and N. oligotropha cluster. The difference of influent
wastewater characteristic (ammonia concentration) might be the key factor causing distinct distribution
patterns of AOB communities in both types of WWTPs. In spite most of the municipal WWTPs in this
study were the activated sludge processes with an exception of one plant that was an aerated lagoon
system, the communities of AOB in all municipal WWTPs were similar. As results, system configuration
and system operation were less significant than influent wastewater characteristics. A total 72 AOA
amoA sequences, recovered from 8 out of 10 WWTPs, could be categorized into 38 OTUs, and
distributed in 12 clusters. Unlike AOB, the communities of AOA in the industrial WWTPs were less
diverse than those in the municipal WWTPs. Only 2 industrial WWTPs with moderate ammonium loads
(40 -70 mg-N/I), contained AOA (clusters G and K). In contrast, all six municipal WWTPs, that received
low ammonium loads of 5 — 13 mg-N/I, possessed AOA (cluster A, B, C, E, F, I, J, K, L, M, and N). For
each sample of activated sludge processes, only 1 — 3 clusters of AOA were observed, while in the
sample of an aerated lagoon system much more AOA clusters of 6 were found. Therefore, in the case of

AOA system configuration and system operation are significant for the distribution of AOA in WWTPs.

Keywords : Activated sludge, Ammonia-oxidizing archaea, Ammonia-oxidizing bacteria, amoA gene,

Wastewater treatment plant
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Treatment Design Flow Actual flow BOD in influent BOD in effluent NH; in influent NH; in effluent % NH; DO in
WWTP 3 3 effluent
Process (m°/d) (m°/d) (mg/1) (mg/l) (mg/l) (mg/l) removal (mg/l)
LM1P CASS 200,000 124,282 35.20 6.6 8.75 141 83.89 6.33
LM2° Two stage AS 40,000 28,107 57.99 13.76 6.53 2.90 55.59 5.94
LM3P VLR 157,000 124,423 32.43 3.84 7.08 0.43 93.93 6.24
Contact
LM4P stabilization 30,000 20,961 54.22 5.35 NA NA NA 3.27
AS
LM5P AS W'th 350,000 197,595.12 31.65 3.69 10.53 0.22 97.91 6.91
nutrients
SM1° septic & AS 800 600 116.82 5.50 NA NA NA 3.50
SM2° ASuw 1,300 1,156 164.55 6.45 NA NA NA 3.08
oxidation ditch
smae | Completely 1,200 1,200 175.45 7.82 NA NA NA 2.9
mixed AS
SM4° Aerated lagoon 1,500 1,188 69.82 10.64 NA NA NA 1.35

AS, activated sludge process; NA, data not available

o @ o A } o w o <
LM, szuvtihtiavindeauuina 1va); SM, szuuiiniasindeguasuuinaan

*annaeluil 2550 (http://dds.bma.go.th)
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ax a 14
4.3 35MTUNTIEH

Aax a 4 o A )
43.1 AIMsAnTIzHileveduIndoN
a Jd Y 9 =
43.1.1 ﬂ']'i'JLﬂﬁ'lgﬁﬂ'nul“lliﬂlusll'ﬂ\ul@llii]!ufJ

Y v v {1 a a a Y
l¥drd1anmiumaasoy Usuas 1 va. wuasazarsiuoa 40 lulasans audoe
Sodium nitroprussude 40 luTAsAAT 1Az @150xidizing reagent 100 TuInsaas awdwu imsnyu
a A 9w v o 2y a9 o v ¥ A A
meae I asnauiu dene1d 60 w1H 1dnhas193AR181AT09 UV spectrophotometer NAA1S

AANAUNAINANWE1INAY 640 U1 TUINAT (Strickland ttazANY, 1972)

an a 4 Yy 9
43.129m3unszvanuauduve lulasn
l¥@ed1anmumsana USuias 1 wa. inaisazale sulfanilamide 20 lulasans e
Y ° ~ ] v o 2 uvgyva o Ay
arod13azate NNED 20 luTaswas shimsvyumieslvassauiu asne A ldmadwiu 30 wii uda
1111052910A281AT99 UV spectrophotometer  A1A1N13AANAULEINA1INE1INAY 543 U1 TUIUAS

(Strickland Hagaale, 1972)

an a 4 Y 9
43.1.3 ’)‘ﬁﬂ15’Jlﬂi1314?]’3']3“61]3&1]1!61!@\3111!&]57]

o w v { [ a a a J o y o o
Wdlegnirumsanalsuiag 1 ya. L@]Nﬁ?iﬁ%ﬁ"lﬂllaiﬂﬁﬂa@aﬂ 1 Uasua Lﬁﬂﬂ"ﬁ]ﬂ
4 A a 4 A Y 9 1 1T A =
fT”Iiﬁ‘]Jﬂ'Jl.!W’Jﬂll?Jﬂiﬂﬂulgﬁﬂ NIVANNTITUBLUANUANNLIUNUYUGINIT 1000  UN. ADAATLAALTYY
4 1T A [V 4 { { 4
MTVBIUAADAAT ATI9IAAI8IATEI UV spectrophotometer NAIN15ANAUUAINAMNIINAY 220 U

Tuwiwas uag 275 W g

Y
a 4 1 Y 1 o o o
432 ﬂ153lﬂi13‘ﬂﬂquﬂ§$"]ﬂﬂi AOB 1lag AOA GI,L!G]’JE]‘(’JNG]gﬂfJui]'lﬂigiJ‘U‘]ﬂUﬂuuﬁﬁl

Tagldmaiinluszauluana

v Y
43.2.1 MITIVTWAAUWRUFNTINVI AOB 91999 wagiwy luszutinimindenin
aw = A o oA 4 . A o o 1
uateluedaiienaaen Insmes (Primer) Mvunzaud msunguilszying AOB
= 1 A A 1 I v :JI
lumsnuinguilszynsvewuniiisongu AOB a1mnsald 1dne 16S rRNA gene uaz
£ o . a 4 . ~Aq 9 1
amoA gene (G]N!fﬂu functional gene Glumiwamau"lw ammonia monooxygenase nl¥lumsdosaare
A’f A @ a { o g’
wouTuile) Mniunadeuminsounquued Inswesn@eniy AOB 91984 uazinuluszuuiniain
= ao = Y ) o S A
idoanauiveluednlasldl1lsunsy ARB program package @115 16S rRNA gene Insisasnanga
% 1 3 I 4 Y @
Am CTO 189 A/Bf fANU CTO 654r @IU amoA gene WuduInswes amoA 1F fINU amoA 2R AL AN

lua1snen 2
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A15197 2 Nucleotide sequence o lnTwes M5 16s RNA gene Lag amoA gene Y93 AOB

Target gene Primer Nucleotide sequence (5/—3/) Reference
CTO 189A/Bf | GGAGRAAAGCAGGGGATCG Kowalchuck et al., 1997)
16s RNA
CTO 189Cf GGAGGAAAGTAGGGGATCG Kowalchuck et al., 1997)
gene
AOB CTO 654r CTAGCYTTGTAGTTTCAAACGC Kowalchuck et al., 1997)
amoA 1F GGGGTTTCTACTGGTGGT Rotthauwe et al., 1997
amoA gene
amoA 2R CCCCTCTGCAAAGCCTTCTTC Rotthauwe et al., 1997
Arch-amoAF STAATGGTCTGGCTTAGACG Francis et al., 2005
AOA | amoA gene
Arch-amoAR GCGGCCATCCATCTGTATGT Francis et al., 2005

o v W a { o 4 . {
4322 MITIWIIWAAURUFNTTUVDI AOA 81999 tWoAAaDN INTwes (Primer) 0

Mnzaudmiungulszmng AOA

[ : o
msAneINguszang AOA endnu Iaelddu amod gene (Fuilu functional gene Tu
a 4 1 [
M3Haneu T3] ammonia monooxygenase 1 1% 1umsdosaarauon Tuilie) MANATIUANNMNT
4 1 4 d o 1 o
AT0UAQNUDY 1T Arch-amoAF 1ag Arch-amoAR wu lnsmesaenaninnusumiziuay

o = J Jd o J =
ﬂi@ﬁﬂquﬂ‘ﬂﬂigﬂﬂﬂi AOA TﬂEJ'i"IEJﬁ3Li’)EJﬂ"lJi’)\ill‘Wimi’JiﬂﬂﬂaTJuﬁﬂ\imlu@TiN‘VI 2

4323 MiINTIEHnquilszang AOB 1Az AOA Tufeduazneunnszuuitatind
Tagldmaiinluszauluana

MIANA DNA

1adad 0.5 g 1MIaia @18 Fast-DNA SPIN kits for soil (QGiogene, Ohio, USA)
mm’?umuel,u@:ﬁamﬂ%’am W& IMTRINMIATI9TeY DNA §281A304 electrophoresis 1a814 2%
agarose gel (Bio-Rad, Spain) 1A19931 DNA‘ﬁﬁ’ﬁﬂhlfvglmlﬂﬁi ﬂ15ﬁ1‘lj§?£‘l/l§(puriﬁcation) DNA Iﬂﬁli%ﬁlgﬂ

NAADI UATATNINFIIBNA (dilution) DNA @e 1)

Polymerase Chain Reaction

imsiindsine bNa FdunsfnunduisznnsvesunaiiGondy Ao Taeldlns
WOSCTOI89F-GC Gl CTO654R (F1MFUMITIDGGE) 1ag CTOI89F Al CTO654R (fHuM3
i PCR Unf) 1az 19 nsimes Arch-amoAF 1182 Arch-amoAR iflefn¥1nguilszmng AOA dmsy

AIUNTUAD 1 reaction VYOI IW5IUBTINIAN (CTO189F+CTO654R CTO189F+CTO654R 1A% Arch-
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amoAF+ Arch-amoAR) ludSunasnaviua 25 lulasaas dsznovlidae 1isiaanDNA 21.375
1uTas@as10x PCR buffer 2.5 Tulasans dNTP 0.5 1u1asans forward primer 2.5 1u1A5805 reverse

primer 2.5 lulnsans Taq DNA polymerase 0.25 1ulasdas uay template DNA 1 1ulnsans

Denaturing Gel Gradient Electrophoresis (§1%5UmsAny1nguilszans AOB)
Y v ' H
N8990 111 PCR product 71 1d1131m5110n DNA 161504 DGGE finnududuia

30-60% 75 volt U1 16 1 Tus ndrvainaai 1a ldeudae Ethidium bromide nazdosgnielduas Uv

a Y

Y ' Y ]
viniuiimsdauou DNA Alaldlu shisiann DNA wdni ldushguugi 4 °c udaiims

U

purification neouti1 Ui PCR o3 sequencing

AN 2 1A399 Thermo cycler MY polymerase chain reaction LlQ1 1504 denaturing gradient gel

electrophoresis

Cloning (§115UMIANINGNUTZHINT AOA)

Wi Intiuh PCR product (iefnBINGUTz31N5 AOA) 1d8n1% pGEM-T Easy Vector
System I kit (Promega, USA) 1182 XL1-Blue competent cells (Stratagene, USA) Ta ﬂfi 11 20-30 Inladl /1
f10814

Sequencing

1w 1 Ay ¥ o a do o A aow =
TnI9819 DNA ‘1/]11@] ulﬂ‘ﬂ'lﬂﬁ’)Lﬂﬂ%‘l’iﬂ']ﬂﬂmﬁﬂﬂi‘ﬂﬂ Macrogen Inc. Usematnivia
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5. HAN15VLUAZIDITUNANTTIVY
A o o Aa Y
5.1 HamMsAATIEH 98 auInaoN
A o @ A 9 Y v o W

wamsunsizvidateaanadon Taun MLSS vesaznouludarinia luTaswuuazainy
9 9 =\ :’ 9 g’ o Y g’ =1 [ o @
wuduvouTuile Tulasn wazlwasnlududwaziieenainszuuiiniaindenazdaiiiga

TuTasmu duwaasluaisian 3
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{ a o v o W 2’ oy o w 2’
@131 3 WaMINAITIZHA1 MLSS veaaznauludauinia luTasmuvazanududuuenTudle, Tu'lasn, vazlwasnlnivdaziiiesnsinszuuiniaii

= QJ o v
Lﬁmazmmm"lﬂmmu

ammonia nitrite nitrate BOD COD DO
Treatment Flow MLSS HRT SRT
WWTP , (mg-N/I) (mg-N/1) (mg-N/I) (mg/1) (mg/1) (mg/1)
process (m’/d) (mg/1) (hr) (day)
Inf. Eff. Inf. | Eff. | Inf Eff. Inf, Eff. Inf, Eff. Eff.
LM1 CASS | 102,132.61 8.12 422 1002|033 081 | 395 | 2731 | 704 | 631 | 2168 | 65 | 12067 4 10
LM2 Twisstage 27,634 5.54 505 |003|018]| 079 | 1.80 | 49.16 | 1247 | 8563 | 4538 | 5.74 NA 217 | 22
LM3 VLR | 133,986 574 | 730x10° | ND | 0.03 | 078 | 723 | 2707 | 321 NA NA | 612 | 7960 | 427 | 11.04
Contact
LM4 stabilizati | 16,596 0.03 006 | 008 | ND | 356 | 1232 | 5742 | 545 | 10685 | 1942 | NA | 5006 | 6360 | 30
on AS
AS with
LMS5 ients | 171237 9.81 019 | o011 |123] 002 | 003 | 3006 | 3.07 NA NA | 680 | 3933 6.5 34
septic & 3
SM1 AS 600 13.87 | 235x10° | 0.01 [ 002 | 227 | 1815 | 102 2 433 20 NA | 679 | 4320 | 21
AS
SM2 oxidation | 1,195 21.13 049 | 003 |007]| 061 | 2400 | 117 60 287 18 32 | 2100 | 22 15
ditch
Completel
SM3 ymixed | 1,000 33.06 1499 |001 | ND | 274 | 073 84 5 174 18 31 2520 | 1127 | 12
AS
>
SM4 T;Jgge: 1,442 5.68 453 ND | 023 | 094 | 133 | 75 5 185 15 1.58 105 | 67.24
lyear

ND, not detected; NA, data not available

AS, activated sludge process; HRT, hydraulic retention time; SRT, solid retention time; MLSS, mixed liquor suspended solid

Y Y
o o o ] o @ o <
LM, szuuiiniasindegusuvinag Ina; SM, seuuiiasindegusuainadn
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v ’ F
5.2 MIeFTHaRugnssuiiunTIed Inndieduagneunnszuuthiaiude
' ~ A A A A Y g} a
5.2.1 nguilszannsuon Tuiiveond lagduuaiGennszuuiminde
=2 1 [ ll o w 3’ = Jad

mifnuInguilszsing  AOB ludiednazneuainszuuiingatinde143s PCR

4 2 4 1
amplification-DGGE-sequencing lAlUYU DGGE M3du 14 nuu vaniumhswaugnssunldanms
Y [ o a 4 [ {
INMSDOATHANUFNTTUUIRINTAATIZH Homology Search #2811/51n51 Blast Aauaaaluaisiei
5 Wa91NN139%1 Homology Search wuswasiugnisud ladianulndifestusiaiugnisuvenguy

: 1 J yd @ A A 1w 1

Uszans AOB Tuszuugiudoya swaasi Inswoesiilinnumnizinizasnuuuaiisenguainan

Taedinnulndifesiunguilszang A0B lugudoyalurie 95-100%
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] 9
M990 4 ANUmMBEUYEITHARUENTTNVBIAIRENIINUAazs U T tFenaz g udeya

Accession No.
Percent of closely
Sample Band Sscore Identity Gap related closely related sequence
sequence
11 AOB-11-1 619 2/383 (0%) 3(6;5/;33 AY123811 Nitrosomonas sp. Nm59
363/364 Nitrosomonas europaea
12 -12- 7 4 (09 AL954747
AOB-12-1 66 0/364 (0%) (99%) 95 ATCC 19718
AOB-I3-1 662 0/364 (0%) 3(69%9/;;34 AB176858 DGGE A-W-3
13 -
378/378
AOB-I3-2 699 0/378 (0%) (100%) FM997803 Clone LEQUIA_ROCTO43
),
212/21
14 AOB-14-1 397 2/215 (0%) (géty)S AJ297415 Clone GaN50304
0
AOB-LM1-1 787 1/443 (0%) 4?:;;‘;3 AB222811 DGGE ONO2c-3
(]
LM1 AOB-LM1-2 806 0/444 (0%) 4?;4;1;4 AJ297415 Clone GaN50304
(]
441/442
AOB-LM1-3 811 0/442 (0%) (géfy) AJ297415 Clone GaN50304
0
LM2 AOB-LM2-1 623 3/357 (0%) 3(5;'8/;5)7 EU224365 Clone 9R-27
('
AOB-LM3-1 577 2/349 (0%) 3?;5‘;9 EF016119 Nitrosomonas oligotropha
LM3 224/2027
AOB-LM3-2 401 2/227 (0%) (98%) AJ297415 Clone GaN50304
0
LM4 AOB-LM4-1 577 2/349 (0%) 3(3976{;;19 AB176858 DGGE A-W-3
°),
45/347 DGGE A-W-
SM1 AOB-SM1-1 630 0/347 (0%) 3(9543) AB176858 GG 3
(]
259/263
SM4 AOB-SM2-1 462 1/263 (0%) (98%) FM997808 Clone LEQUIA_ROCTO49
(]

F4 [ v
wasnnihsdaiugnssui landoudusianugnssuues AOB fnenuluofau
514 Phylogenetic tree AEITMIAUIVU ALV (Distance metrix, Maximum Parsimony Hag
Maximum Likelihood) tiloSaurfieunu wui1n1s3anauAOB 910 Phylogenetic tree 711491075013
o 3 Y o 1 A 1Y & Y @ J ¥ @ A o a I
AansaunuyIiranstangumounu Saaa iy NI i aRugnIsuNmnNs I IEHIaY
VA A "N g ° 3q ¥ = Y ~ .
ngede uaz luinezlEismssanuulanIdnamilouny 9100 WA 3 ueas phylogenectic tree
v Y Y
a$ 1 TaemusiaRugnssuvesilodaznouInszuuthimi ndenrua (A2 we13152079 400 bp)
ya A v v W 3 Aa
Ta8147% parsimony method @411 phylogenetic NA31911910 THANUFNITUVYDI AOB NariNA (M)
A71W12110A31 1000 bp) 1ae1%33 neighbor joining (distance matrix) HazagUMInsz1oAIvBINGY

Y v
1529105 AOB luuaazszuuiiiatinge aaaadlunisian 5



1 £ coli, (J01859)
1 Ne. oceani Ne9 (M96398)

5 7 ag Jis (U58019)
— N& muleiformis NL13 (AY123807)
_,_.: N, tennrs Nvl (M96404)
g M. briensis Nsp10 (AJ298741)
T | 1 AOB-NASI0-2
' 1AOB-13-2
[ clone A2 CTO! (DQ857300)
[[Lg AZP2-8 (AY186222)
| AOB-NASIO0-3
1 clone 3 (AY683482)
LI AOB-NAS2- 1
— N crvoroferans Nm535 (AJ298738)
Tl ——0 M sp. Nmi143 (AY123794)
1 —— 1 Ne. mobilis N2 (AJ208728)
T 1 N halophila Nm1 (246987)
| ~ M eutropha Nm57 (AJ298739)
" AOB-NAS10-1
[0 ¥ sp. F5 (AJO0S546)
| £ N enrapaea Nm50 (M96399)

d AOB-NAS30-1
5 AOB-12-1
—— AOB -LM4 -1
T —0 AOB-SMI-1
Tl A0B-13-1
1 —— N nitrosa Nm90 (AJ298740)
_—: N communiy Nm2 (Z46981)
1 AOB - LM2 =1
[1 AOB - LM1 -2
| AOB-LMI-3
0 GaN50304 (AJ297415)
10 AOB-14- 1
"] AOB-LM3-2
T I N marina Nm22 (246990)
.——'_' N, aestuarii Nm36 (AJ298734)

—1 A JL21 (AB000700)
[0 M sp Nm84(AY123797)
L A 5o Nms9 (AY123811)

1 AOB-HMP

o M sp. Nm86 (AY123798)

L1 M sp. Is79A3 (AJ621026)

7 AOB-SM4 -1
| —— 1 AOB-TI-1

[0 A sp. Nmd7 (AY123810)

— 1 AOB - LM3 - 1
|—] AOB-LMI -1
0 N oligotrapha (AJ293736)
N sp. AL212 (AB000699)
] M wreae Nml0 (Z46993)
Lo A sp. 1586 (AJ621028)
T L Nosp Is32(AJ621027)

S— | —

18

Nitrosospira cluster

Unknown Nitrosospira cluster

N
N. europaea — Nc. mobilis
> cluster
J/
A
> . communis cluster
J

> I. oligotropha cluster

v 4 Y Y
71NN 3 Phylogenectic tree &319 TagtiusHaARUENITMV0IA06199 NIz DU WA uFe MU (AW

#171/52179 400 bp) TAw 1937 parsimony method 831U phylogenetic A3 19NN FHANUFNTTHVDI
) bp) Tae143% neighbor joining (distance matrix)

AOB N911A (NUANY1ININNIT 1000
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] 9
M350 5 a31MInszneaIvedngy AOB lumazaledeszuviitiniudey

AOB Cluster 11 12 13 14 LM1 LM2 LM3 LM4 SM1 SM4

Nitrosospira cluster

unknown Nitrosomonas
cluster

Nitrosomonas cryototerans
cluster

Nitrosomonas europaea- v
Nitrosococcus mobilis cluster
Nitrosomonas communis
cluster

Nitrosomonas marina
cluster

Nitrosomonas oligotropha v v v v
cluster

v $1U9U band MnuAazAIeg NN IuLdazngu

N30 6 W“U’hﬁi]’é]fJ'NG]$ﬂ’0uiﬂﬂi$ﬂﬂﬂ1ﬁﬂ£1l§'ﬁlq¢]ﬁ1ﬂﬂiiuﬁﬂﬁﬂizmﬂﬁ’mﬂ\‘]
naulsz¥Ing AOB mﬂﬂdﬁ’mshqmﬂizuuﬂwﬁmfu?rmgwu o Glmzuuﬂﬂm‘iu?raqmmﬂim
(11 - 14) UmMInszaea1veenguilszang AOB lu 4 ngu Ao Nitrosomonas cluster, N. europaea-Nc.
mobilis cluster, N. communis cluster a2 N. oligotropha cluster 1umm$ﬁ3zuuﬂ1ﬁﬂ1{u§w§wuﬁmﬁ

n3zeAveINgNlszrInTaIna1nlu 2 nguAe N. communis cluster g N. oligotropha cluster

) Y Y Y
U991 UFEIINNITITz VU ARYUzaNTALARA1N Y ABTzuV 1A 1T
s a = 1 ) L% oy = A o Y g‘ =
gAEIMNTINIA1 BOD taziTuamen Tulsgannssuviihiasiudeguyy asluszuviiniaiude

9AEMNIINNATBOD Uszunal 192-1400 HaansuaeansuazisuamenTuiiongluyig 13 — 420

Y
a a o 1 v o A =

Nadniuaeans luvaznszuuitiaindeyuruial BOD Ussua 27 — 102 Nadniudsaasuas
Y 9
a [ ] A A o 1A o wAa o @ <3
Usunawen Tuteedluye 5 — 14 Taansuaeans 1nanyazaNiave uTeNNITUVIINDI I
P2 o oA = 1 @ 1 9 1 a =} = Y
lanilateninziinadonsnizarearveanquilszanns AOB laun YsuamenTuils Fedoandoq

AUNIUIVGUDY Suwa et al., 1994; Stehr et al., 1995a; Koops i181¢ Pommerening-Roser, 2001.

y » v

Tumsnaaseiinyd szuvtiniadudegaavnssusuindenilsmnaney Tuiega
Uszanm 400 Haaniululasnuaeans 1dun 12 wuhlinsnszneaives AOB  ludeingu fo
Nitrosococcus mobilis  Wag Nitrosomonas europaea G?;Q AOB ﬂﬁj:iJ Nitrosococcus mobilis §1U150
m?ﬂujuﬁuT@“lutmnzumé’auﬁﬁuaﬂmﬁﬂqq sz 50-100 TuTas Tua1s) wu AOB nfjnﬁy”lﬁ'iu

dunedennasamnanszuiumsgInsingu lded1d wuludle (Koops er al, 2003) Tuvmeh

1 :/l Y ™ o w 3} = £ o 091 A Aa
AOB n@u Nitrosomonas europaea i W 'la laena I luszunthiamindeguasy desuindoni
Y

Q

o £ o =

YFuauenTuege (Limpiyakorn er al., 2007) Tudieg1aainszuuitiaindegaaivinssy 13 uag 14

Y
(% o

A AA (a ~ a a a o 1A 1A
sundenulsnaen Tuiedsunuithunais (ﬂﬁ%iﬂm 30-70 Nﬂﬁﬂiuquiﬁﬁlﬂuﬂ@ﬁﬁ‘i) WUIY
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MINTz8A103 AOB Tuaeangu lAun unknown Nitrosomonas cluster Wag N. communis cluster

iiosnndluilagiings1ilinsdny1 AOB nqu unknown Nitrosomonas cluster 910 pure culture ¥11%

9
1 = o 2 ]

9 [
Joyadrudidigniine uanuidumiiwes AOB nguiluuukuai 18a1nnsi DGGE idwmii

U 1]
9
L)

v W 1 1 1T d @ o o %
RN UAI0819AZ NOUIINTZDUAZ NO WS wazuAuiduT I wludoundasiugdadit F90n
o ' 3 3 % 1 A (A = a £ 1 Y 1 dy
aredrnsdouiludedeniiiuanen Tuisdsuulunans dee19znanldin AoB nquil

a a Y A =} 1 = o '
aunsasgauTaluanzuadeuniuen Tuiled a1 uAeINY NgU N,  communis 610130
a a { a o 4 1
n3yauTaldluannznadeuniivsmamenTudle Yszunw 14 - 43 luTas Tua1s nuuuaiiGenqu
dy Y a [ T ad A . ~
118 1uAY aznows waz sz UUMHUTANFINIM (Purkhold ef al, 2000; Gieseke e al., 2001) Tuumzh
% 1 o CY 3’ = w g‘ = d‘d a = c; a A 3
Aro81nnszuviaiudegad sy 11 Susiudentylsunaen Tudiea sz 10 Jaansy
luTasauasdns Wy AOB Nqu N. oligotropha FamuaiEenquasnanasansyanIaluanig
{ o o J J 3} a { o 1 1
wadeuniinenTuiiod 1.9 — 42 lulasTua1s) nuldluuvanirne Aundslutinsldile szuu

] C% 31 = d! 3 g‘ = d‘d a = (; . . .

Mt uFeassvindentdsunauen Tuiisd (Koops and Pommerening-Roser 2001; Limpiyakorn et

1 o W g' = 3 g’ A AA (a =~ g9
al, 2005) ayuluszuviiniatindegusu (LM1-4 SM1 uag SM4) suindenilsunaen Tuiistioy
sz 5-13  daansululasnuaedns WuNsnNIza10909 AOB NN N, communis  UDY
. £ oA :JI owg'dd'w:dd'da A o
N.oligotropha  FuilunguiinuTaesnsldluszvuihiaindensvindeniidsuauen Tuiiodq
(Limpiyakorn ef al., 2007; Siripong and Rittmann 2007) TagWUNINTZWAIVDINGY N. communis N
Y

A19619 5 @I080INNIMNA 6 #20619 TAun LMI-4 SMI entdu SM4  wumsnszateda lungu
<3 1 ] o o 1 Q ] @
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Plant | Clone Score | Identity Gap Accession No. related sequence Source
AOA-I13-1 (6) 1070 | 585/588 (99%) | 0/588 (0%) EU590198 Clone BGA-661 Soil
3 AOA-13-2 (1) 1050 | 579/584 (99%) 1/584 (0%) EU590198 Clone BGA-661 Soil
AOA-13-3 (1) 1046 | 579/585 (98%) 2/585 (0%) EU590198 Clone BGA-661 Soil
AOA-13-4 (1) 1048 | 580/586 (98%) 1/586 (0%) EU590198 Clone BGA-661 Soil
AOA-I3-5 (1) 1053 | 579/583 (99%) 1/583 (0%) EU590198 Clone BGA-661 Soil
14 AOA-14-1 (1) 979 553/564 (98%) 2/564 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
AOA-LM1-1(2) | 1029 | 566/570(99%) | 1/570 (0%) EU651295 Clone SF05-BG30-E01 Estuary sediments
WWTP operated with low dissolved oxygen levels and long
AOA-LMI-2(3) | 924 | c13cea (96%) | 1/564 (0%) | D2785%7 Clone DI-20 retention times
LM1
AOA-LM1-3 (1) 985 558/570 (97%) 1/570 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
EU239976 . .
AOA-LM1-4 (2) 996 560/570 (98%) 1/570 (0%) Clone MamSp.HO08 Mammoth Hot Spring sediment
AOA-LM1-5 (1) 1003 | 560/568 (98%) 1/568 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
AOA-LM1-6 (1) 981 540/544 (99%) 1/544 (0%) EU651295 Clone SFO5-BG30-E01 Estuary sediments
AOA-LM2-1 (7) 1064 587/592 (99%) 1/592 (0%) DQ304863 Clone 2 Trrestrial archaea
LM2 AOA-LM2-2 (1) 1046 | 581/588 (98%) 2/588 (0%) DQ304863 Clone 2 Terrestrial archaea
AOA-LM2-3 (1) 1035 | 578/586 (98%) 3/586 (0%) DQ304863 Clone 2 Terrestrial archaea
AOA-LM2-4 (1) 1042 | 581/589 (98%) 3/589 (0%) DQ304863 Clone 2 Terrestrial archaea
AOA-LM3-1 (2) 963 546/558 (97%) 2/558 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
AOA-LM3-2 (1) 977 553/564 (98%) 3/564 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
2
AOA-LM3-3 (1) 826 526/565 (93%) 2/565 (0%) F1227760 Clone WBMO050405_45P2A1 Sediment
LM3 AOA-LM3-4 (2) 841 530/567 (93%) 1/567 (0%) F1227760 Clone WBMO050405_45P2A1 Sediment
AOA-LM3-5 (2) 854 535/571 (93%) 1/571 (0%) F1227760 Clone WBMO050405_45P2A1 Sediment
AOA-LM3-6 (1) 990 557/567 (98%) 1/567 (0%) EU239976 Clone MamSp.HO08 Mammoth Hot Spring sediment
AOA-LM3-7 (1) 965 567/589 (96%) 1/589 (0%) EU852665 Clone PLANTC AR RSF-I OTU1 Water sampled
AOA-LM3-8 (1) 979 555/567 (97%) 1/567 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
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Plant | Clone Score | Identity Gap Accession No. related sequence Source
AOA-LM4-1 (9) 1013 | 573/585 (97%) 1/585 (0%) EU885673 Clone 3063-A-04 Deep-sea sediments

Lm4
AOA-LM4-2 (1) 1009 | 568/579 (98%) | 0/579 (0%) EU885673 Clone 3063-A-04 Deep-sea sediments
AOA-SM1-1 (9) 981 554/565 (98%) 3/565 (0%) FJ755701 Clone AOA-10 Sediment

SM1
AOA-SM1-2 (1) 904 546/571 (95%) 15/571 (2%) | FJ755701 Clone AOA-10 Sediment
AOA-SM4-1 (1) 1057 | 586/592 (98%) | 4/592 (0%) EU885647 Clone 3057-A-16 Deep-sea sediments
AOA-SM4-2 (1) 994 557/566 (98%) 1/566 (0%) EU239976 Clone MamSp.H08 Mammoth Hot Spring sediment
AOA-SM4-3 (1) 1018 | 576/588 (97%) 2/588 (0%) EU885647 Clone 3057-A-16 Deep-sea sediments
AOA-SM4-4 (1) 771 502/544 (92%) 2/544 (0%) EU022958 Clone HB_C_0604__C02 Coastal sediments

SM4 | AOA-SM4-5 (1) 828 527/566 (93%) 1/566 (0%) FJ227760 Clone WBMO050405_45P2A1 Sediment
AOA-SM4-6 (1) 924 553/579 (95%) 2/579 (0%) FJ601561 Clone MS_26B4 Tropical marine estuary sediment
AOA-SM4-7 (1) 948 550/567 (97%) 5/567 (0%) EF382617 Clone PA6-23 Coral colony
AOA-SM4-8 (1) 1044 | 576/581 (99%) 1/581 (0%) EU590435 Clone SGX-123 Soil
AOA-SM4-9 (1) 1018 | 563/569 (98%) | 0/569 (0%) DQ501096 Clone MX_5_JAN_6 Estuarine sediments
AOA-SM4-10 (1) | 922 542/562 (96%) 5/562 (0%) EF382617 Clone PA6-23 Coral colony
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In this study, the abundance and sequences of amoA genes of ammonia-oxidizing archaea (AOA) and
bacteria (AOB) were determined in seven wastewater treatment plants (WWTPs) whose ammonium
concentrations in influent and effluent wastewaters varied considerably (5.6-422.3 mgN 1! and 0.2-
29.2 mgN 171, respectively). Quantitative real-time PCR showed that the comparative abundance of
AOA and AOB amoA genes differed among the WWTPs. In all three industrial WWTPs, where the influent
and effluent contained the higher levels of ammonium (36.1-422.3 mgN 1~ and 5.3-29.2 mgN 1},
respectively), more than four orders of magnitude higher numbers of AOB amoA genes than AOA amoA
genes arose (with less than the limit of detection of AOA amoA genes). In contrast, significant numbers
of AOA amoA genes occurred in all municipal WWTPs (with ammonium levels in the influent and effluent
of 5.6-11.0 mgN I~ and 0.2-3.0 mgN 17!, respectively). Statistical analysis suggested that compared to
other plants’ parameters, the ammonium levels in the plants’ effluent showed correlation with the high-
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est p value to the abundance of AOA amoA genes.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

For a few decades, it had been believed that autotrophic ammo-
nia oxidation only occurred in members of the domain Bacteria
(e.g., aerobic ammonia-oxidizing bacteria, AOB and anaerobic
ammonia-oxidizing bacteria, Anammox). This understanding has
been changed by recent molecular and culture-dependent evi-
dence showing that autotrophic ammonia oxidation also occurs
in the domain Archaea. The use of molecular tools led to the discov-
ery of an archaeal ammonia monooxygenase (amo) gene that en-
coded ammonia monooxygenase (AMO), a key enzyme for
ammonia oxidation, in marine and terrestrial system environ-
ments (Venter et al., 2004; Treusch et al., 2005). The first and the
only available ammonia-oxidizing archaea (AOA) isolate, “Candida-
tus Nitrosopumilus maritimus”, was obtained from a marine
aquarium tank (Konneke et al., 2005). This AOA isolate acquires en-
ergy for growth by aerobically oxidizing ammonia to nitrite. Like
AOB, it contains putative genes for all three subunits of AMO

* Corresponding author. Address: Department of Environmental Engineering,
Faculty of Engineering, Chulalongkorn University, Phayathai Road, Pathumwan,
Bangkok 10330, Thailand. Tel.: +66 2 218 6668; fax: +66 2 218 6667.
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0960-8524/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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(i.e., amoA, amoB, and amoC). Later, thermophilic and moderately
thermophilic enriched AOA cultures, “Candidatus Nitrosocaldus
yellowstonii” and “Candidatus Nitososphaera gargensis,” were cul-
tivated from hot spring systems (De La Torre et al., 2008; Hatzenp-
ichler et al., 2008). Quantitative real-time PCR analysis has been
applied to several environmental samples to reveal the compara-
tive abundance of AOA and AOB. In many cases, such as in seawa-
ter, estuarine sediments, and soil, the archaeal amoA gene
outnumbered that of AOB (Wuchter et al., 2006; Caffrey et al.,
2007).

In Wastewater treatment plants (WWTPs), AOA was found for
the first time to occur in five out of nine activated sludge bioreac-
tors in the US (Park et al., 2006) and, later, in two WWTPs in Hong
Kong (Zhang et al., 2009). This suggests the widespread presence of
AOA in WWTPs and their potential role in removing nitrogen from
wastewater. Nonetheless, the comparative abundance of AOA and
AOB had not been investigated in both studies. Erguder et al.
(2009) reviewed and provided a conclusive discussion on the fac-
tors influencing the presence or/and dominance of AOA in different
environments. AOA is proposed to be the possible major ammonia
oxidizer in environments low in ammonium (Erguder et al., 2009).
Evidence from -culture-dependent studies corresponds to this
hypothesis (Hatzenpichler et al., 2008; Martens-Habbena et al.,
2009). It must be noted that, in WWTPs, the ammonium concentra-
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tions in influent wastewater entering the aeration tanks, where
ammonia oxidation occurs, varied considerably, from one to sev-
eral thousands of mgN L' depending on the nature of the source.
And, depending on the plants’ treatment efficiencies, the ammo-
nium levels in effluent wastewater can be diverged. The question
therefore remains as to what the potential ammonia oxidizer in
WWTPs is. In this study, the abundance and communities of AOA
and AOB were determined in seven WWTPs (three industrial
WWTPs and four municipal WWTPs) where ammonium concen-
trations in the influent and effluent varied significantly between
5.6 and 4223 mgNI' and 0.2 and 29.2 mgN I, respectively.
The abundance of archaeal and bacterial amoA genes was exam-
ined using real-time PCR quantification, and AOA and AOB commu-
nities were investigated by specific PCR amplification, followed by
the cloning and sequencing of the archaeal and bacterial amoA
genes.

2. Methods
2.1. Description of wastewater treatment plants

Samples of activated sludge were taken from seven full-scale
WWTPs in Thailand (Table 1). Plants IP1, IP2, and IP3 are industrial
WWTPs, and plants MP1, MP2, MP3, and MP4 are municipal
WWTPs. The seven WWTPs differed mainly due to their influent
characteristics, especially their ammonium concentrations in the
influent, which varied from 36.1 to 422.3 mgN 1! for the industrial
WWTPs and between 5.6 and 11.0 for the municipal WWTPs.
Ammonium removal efficiencies varied between 51.7% and
95.7%. The ranges of the ammonium levels in the effluent were
from 5.3 to 29.2 mgN 17! for the industrial WWTPs and between
0.2 and 3.0 mgN 1! for the municipal WWTPs. Influent biological
oxygen demand (BOD) concentrations were in the range of 23.4-
1410.0 mg1~! and the BOD removal efficiencies were between
72.1% and 99.5%.

2.2. Preparation of the samples and DNA extraction

Two milligram of mixed liquor suspended solid (MLSS) from the
sludge was transferred to a 1.7 ml tube and centrifuged at
14,000 rpm for 10 min. The supernatant was removed and the pel-
let was kept at —20 °C. DNA was extracted from the samples using
Fast-DNA SPIN kits for soil (QBiogene, USA) according to the man-
ufacturer’s instructions.

Table 1

3695
2.3. Real-time PCR quantification

For each sample, quantitative real-time PCR was performed
with duplicate sets of extracted DNA. Each set of extracted DNA
was prepared by pooling the DNA extracted in triplicate, then di-
luted for four different 10-fold dilutions. For each dilution, quanti-
tative real-time PCR was carried out in duplicate with a Brilliant II
SYBR Green QPCR Master Mix (Stratagene, USA) in an Mx3005P
instrument (Stratagene, USA). Archaeal amoA genes were quanti-
fied using the primers Arch-amoAF (5'-STAATGGTCTGGCTTAG
ACG-3’) and Arch-amoAR (5-GCGGCCATCCATCTGTATGT-3')
(Francis et al., 2005). The PCR mixture with a volume of 25 pl con-
tained 12.5 pl of the QPCR master mix, 1pl of each primer
(0.4 uM), and 1 pl of each sample. The PCR condition was 95 °C
for 10 min, followed by 40 cycles of 60 s at 95°C, 60s at 56 °C,
30s at 72 °C, with data capture for each cycle at 78 °C for 15s.
The standard DNA was the pGEM-T Easy Vector (Promega, USA) in-
serted with the amoA gene fragment of the archaea amoA clone
AOA-S-4 (with an accession number of GQ390338) prepared in
the range of 2.7 x 10" - 2.7 x 107 copies. The quantification of bac-
terial amoA genes was performed using the primers amoA 1F (5'-
GGGGTTTCTACTGGTGGT-3’) and amoA 2R (5-CCCCTCKGSAAA
GCCTTCTTC-3’) (Rotthauwe et al., 1997). The PCR mixture and con-
dition were identical to those used for the archaeal amoA genes.
The standard DNA used was the pGEM-T Easy Vector (Promega,
USA) possessing the amoA gene fragment of the clone AOB-
NAS10-360-4 (with an accession number of GU980134) prepared
in the range of 4 x 10! - 4 x 107 copies. The AOB 16S rRNA gene
was quantified using the primers CTO 189A/Bf (5'-GGAGRAAAG-
CAGGGGATCG-3'), CTO189Cf (5-GGAGGAAAGTAGGGGATCG-3'),
and CTO 654r (5'-CTAGCYTTGTAGTTTCAAACGC-3') (Kowalchuck
et al., 1997). The PCR mixture and condition were the same as
the mixtures and conditions used for the archaeal and bacterial
amoA genes. The standard DNA was prepared using the pGEM-T
Easy Vector (Promega, USA) containing the 16S rRNA gene frag-
ment of Nitrosospira multiformis (with an accession number of
X90822) in the range of 7.2 x 10" - 7.2 x 107 copies. To confirm
the single target fragment of the PCR amplified products, dissocia-
tion curves were analyzed and plotted at the end of every quanti-
tative real-time PCR reaction. To verify the correct amplification of
the target microorganisms’ DNA, few clones from the clone li-
braries constructed from the real-time PCR amplified products
were randomly selected for sequencing and the results for every
reaction tested verified the correct amplification of the target
microorganisms’ DNA.

Influent and effluent characteristics, treatment efficiencies, and operational parameters of full-scale wastewater treatment plants.

Parameter Unit Wastewater treatment plant

IP1 P2 IP3 MP1 MP2 MP3 MP4
Treatment process AS AS AS AS AS AS AS
BOD in influent® mgl~! 14100 1285.0 192-327 24.8-29.8 23.4-27.1 442-49.2 51.0-68.0
BOD in effluent® mgl~! 7.0 7.0 3.0-8.0 5.7-8.3 3.2-35 10.6-12.5 3.1-34
BOD removal® % 99.5 99.5 97.6-98.4  72.1-77.0 85.3-88.1 74.6-76.0 94.1-95.6
NH4-N in influent? mgl! 4223 72.5 36.1-59.0 10.0-11.0 5.9-6.7 5.6-6.6 9.4-10.6
NH,4-N in effluent® mgl~! 29.2 53 13.3-200 0.7-1.1 0.3-0.4 2.7-3.0 0.2-1.2
NH;"-N removal® % 93.1 92.7 63.2-66.1 72.8-84.0 93.8-949 51.7-554  88.7-95.7
NH,4*-N removal by autotrophs % 83.8 834 58.5 82.0 85.0 48.0 83.7
Influent BOD/NH,4-N ratio 3.34 17.72 5.46 2.60 4,01 7.66 5.95
Volumetric NH4-N removal load of aeration tank by autotrophs mgl-'d~! 179.0 114 234 471 30.3 7.9 30.8
HRT® h 48 96 19 4 4 4 6
SRTP d 14 10 12 10 11 20 30
MLSSP mgl! 3970 3540 5020 2067 3940 1103 4150

HRT, hydraulic retention time; SRT, solid residence time; MLSS, mixed liquor suspended solid; and AS, activated sludge.
@ All influent characteristic, effluent characteristic, and removal efficiency values were the ranges in the month in that sludge was collected.
P All operational parameters were the averages of the month in which sludge was collected.
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The cell numbers of AOB were calculated from the quantified
numbers of the amoA and 16S rRNA genes on the basis of the num-
bers of amoA and 16S rRNA gene copies found in isolated AOB. Per
genome, AOB possessed one copy of the 16S rRNA gene and 2.5
copies of amoA gene (Aakra et al., 1999; Norton et al., 2002).

2.4. Statistical analysis

The abundance of amoA genes of AOA and AOB in the WWTPs
was assessed correlations to the plants’ parameters including influ-
ent and effluent characteristics, removal efficiencies, and opera-
tional parameters. A calculation of nonparametric Spearman’s
rank correlation coefficient (r;) was performed with a two tailed
p value, at p value of <0.01 or 0.05 being significant, using SPSS sta-
tistical software version 17.

2.5. Analysis of ammonia-oxidizing archaeal communities

The 635-bp fragments of the archaeal amoA genes were ampli-
fied using the primers Arch-amoAF and Arch-amoAR. The PCR mix-
ture was prepared using a Takara polymerase (Takara Bio Inc.,
Japan) following the manufacturer’s instructions. PCR amplifica-
tion was performed in a thermal cycler (Biorad Laboratories,
USA). The PCR condition was 2 min at 94 °C followed by 30-35
cycles for 30s at 94 °C, 45 s at 53 °C, and 45 s at 72 °C, followed
by 10 min of final extension at 72 °C. Replicates of the PCR ampli-
fication were pooled and purified by gel electrophoresis using a
NucleoSpin Extract II Kit (Clontech Laboratories Inc., USA). Then,
the purified PCR products were cloned using the pGEM-T Easy vec-
tor system (Promega, USA). For each sample, 20-25 clones were
randomly selected for sequencing at Macrogen Inc., Korea.

2.6. Analysis of ammonia-oxidizing bacterial communities

The primers amoA 1F and amoA 2R were used to amplify 495-
bp of the bacterial amoA gene fragments. The PCR mixture was pre-
pared using a Takara polymerase (Takara Bio Inc., Japan) following
the manufacturer’s instructions. The PCR amplification was per-
formed in a thermal cycler (Biorad Laboratories, USA) under the
PCR condition of 2 min at 94 °C followed by 30-35 cycles of 30 s
at 94 °C, 45 s at 55 °C, and 45 s at 72 °C, followed by 10 min of final
extension at 72 °C. Replicate PCR products were pooled and puri-
fied by gel electrophoresis using a NucleoSpin Extract II Kit (Clon-
tech Laboratories Inc., USA). Then, the purified PCR products were
cloned using the pGEM-T Easy vector system (Promega, USA). For

each sample, 15-20 clones were randomly selected for sequencing
at Macrogen Inc., Korea.

2.7. Nucleotide sequence accession number

The analyzed sequences retrieved from this study have been
deposited in the GenBank database under the accession num-
bers HM191510-HM191520 for the archaeal amoA gene and
HM229662-HM?229681 for bacterial amoA gene.

3. Results and discussion
3.1. Abundance of archaeal and bacterial amoA genes

The WWTPs in this study were selected to cover wide ranges of
ammonium concentrations in the influent and effluent wastewa-
ters (5.6-422.3 mgN 1~ and 0.2-29.2 mgN 17!, respectively). Quan-
titative real-time PCR showed that the comparative abundance
results of the AOA and AOB amoA genes varied considerably among
the samples (Fig. 1). All industrial WWTPs, whose influent and
effluent contained the higher levels of ammonium (36.1-
4223 mgN 17! and 5.3-29.2 mgN 17!, respectively), possessed the
AOA amoA genes less than the limit of detection (LOD) of
1.70 x 10% copies mg~! MLSS (or 1.70 x 10° copies 1" sludge when
the MLSS concentration is 1000 mg1~!), whereas levels of more
than nine orders of magnitude of the AOB amoA genes occurred
(2.78 x 10° £ 1.32 x 10%-4.25 x 10'° £ 9.65 x 10° copies I"! sludge).
This result is contrary to those of the municipal WWTPs, where
lower levels of ammonium existed in the influent and effluent
(5.6-11.0mgN 1! and 0.2-3.0 mgN 17!, respectively). In all muni-
cipal WWTPs, significant numbers of AOA amoA genes were found
with more than eight orders of magnitude (1.05x 108+
6.74 x 107-7.48 x 10" £2.08 x 10'! copies I"! sludge). The level
of AOB amoA genes found in the municipal WWTPs varied between
3.73 x 103 £3.07 x 108 and 9.05 x 10'°+2.77 x 10'° copies 1!
sludge. In all samples, the numbers of AOB were confirmed using
the primer set targeting the 16S rRNA gene of the beteproteobacte-
rial AOB. The results provided in Table S1 show the consistency of
calculations from both assays.

The nonparametric Spearman’s rank correlation coefficients
demonstrated that the numbers of AOA amoA genes correlated to
the ammonium levels in the effluent wastewater (negatively with
rs = —0.741) with the highest p value (p =0.057) as compared to
other plants’ parameters. The p values for BOD concentrations in
the influent and effluent, ammonium levels in the influent, influent
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Fig. 1. Abundance of AOA and AOB amoA genes in activated sludge of full-scale wastewater treatment plants.
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and effluent BOD per ammonium ratios, hydraulic retention time,
and solid residence time were 0.129, 0.619, 0.102, 0.812, 0.077,
0.085, and 0.460, respectively. However, it is noticed that the p va-
lue for the ammonium levels in the effluent slightly exceeded the
significant level of 0.05 and the numbers of the plants used for cal-
culation were small as limited to only seven plants.

AOA and AOB share the common electron donor and acceptor,
ammonia and oxygen, respectively. Culture-dependent studies
revealed the similar stoichiometry of around 1:1.5 for both micro-
organisms (Konneke et al., 2005; De La Torre et al., 2008; Martens-
Habbena et al., 2009). In aerobic biological wastewater treatment
systems, aerobic microorganisms, for example heterotrophic,
ammonia-oxidizing, and nitrite-oxidizing microorganisms, com-
pete each other for the single electron acceptor, oxygen. With re-
gard to their competitiveness for oxygen, as can be indicated by
their oxygen affinities, distribution of distinct aerobic microorgan-
isms in different locations of sludge floc and biofilm has been ob-
served with heterotrophic microorganisms around the surfaces,
and AOB and nitrite-oxidizing bacteria in the deeper parts (Wagner
et al., 1998; Okabe et al., 1999; Gieseke et al., 2001; Shi et al,,
2010). For AOA, the influence of oxygen level on these microorgan-
isms has only partially been clarified. Erguder et al. (2009) sug-
gested that although AOA likely tolerate a wide range of oxygen
concentrations (<3.1 pM to 0.2 mM), some ecotypes might be spe-
cific for low-oxygen environments. And, the low range of oxygen
concentrations might be one of the most determinative factors
for the environments that AOA occur. Evidence from isolated cul-
tures demonstrated that the only available AOA isolate, “Candida-
tus Nitrosopumilus maritimus”, has the half-saturation constant
(Ks) value for oxygen of 3.91 uM (Martens-Habbena et al., 2009),
while the values for Nitrosomonas europaea range from 6.9 to
17.4 uM (Laanbroek et al.,, 1994). And, for other AOB which are
higher in affinity to ammonia than the N. europaea, such as Nitros-
omonas communis and Nitrosomonas oligotropha, the K values for
oxygen of these lineages seem to be lower than those of the N.
europaea (Gieseke et al., 2001). In the municipal WWTPs in this
study, AOA occurred in association with AOB with high affinity to
ammonia (Section 3.3). Since the K; values for oxygen of AOA
(3.91 uM) are likely to be in the range of the K values of the
AOB found in the plants (<6.9-17.4 uM reported for the N. euro-
paea), AOA may appear in the depths around the AOB aggregates.
In this case, AOA may receive ammonium at levels similar to the
AOB. In many occasions, AOA were found to be the dominant
ammonia-oxidizing microorganisms in environments low in
ammonium levels (Erguder et al., 2009). Previous evidence sug-
gested that “Candidatus Nitrosopumilus maritimus”, has the K va-
lue for ammonium (1.86 ugNL™!, 133nM total ammonium,
Martens-Habbena et al., 2009) very much lower than the K; values
reported for AOB (between 0.4 and 27.4 mgN L™}, 0.03-1.96 mM,
Laanbroek et al., 1994; Stech et al., 1995; Bollmann et al., 2002;
Martens-Habbena et al.,, 2009). However, when comparing the
maximum specific growth rate (tmax) of AOA and AOB, the fimax
of AOA was found to be in the range of AOB with high affinity to
ammonia, but lower than the values reported for low affinity
AOB. “Candidatus Nitrosopumilus maritimus” showed the fimax
values of 0.0325h™! and 0.027h~! (Konneke et al., 2005;
Martens-Habbena et al., 2009). The values were 0.014-0.025 (Suwa
etal., 1994), 0.006-0.035 h~! (Bollmann and Laanbroek, 2001), and
0.023-0.080 h~! (Bollmann et al., 2002) for AOB with high affinity
to ammonia and 0.063-0.138 h~' (Bollmann et al., 2002), and
0.049-0.074 h™! (Suwa et al., 1994) for AOB with low affinity to
ammonia. The results suggested that as long as the ammonium le-
vel in the sludge floc is not high enough to reach the inhibitory lev-
els for AOA or to shift the communities of AOB from high affinity
AOB to low affinity AOB, AOA and AOB with high affinity to ammo-
nia may co-predominate in ammonia-oxidizing consortium. The

very much (200 times) higher specific affinity (ftmax/Ks) value of
“Candidatus Nitrosopumilus maritimus” (68,7001gcell"'h™1)
than AOB (Martens-Habbena et al., 2009) suggested that AOA can
outcompete AOB under extremely low ammonium levels. There-
fore, even in the case that AOA locate beneath the AOB aggregates
in sludge floc and receive the lower level of ammonium which
remains from AOB consumption, AOA can still predominate inside
the sludge floc. Previous studies showed that AOA are more sensi-
tive than AOB to a high ammonium level, their growth and activity
can be inhibited at the levels reported not to inhibit AOB. Growth
of “Candidatus Nitrosopumilus maritimus” was inhibited at the
ammonium levels above 28 mgNL™! (2mM) and 4.2 mgNL!
(0.3 mM) at pH of 8.2 (Martens-Habbena et al., 2009). The activity
of the moderately thermophilic “Candidatus Nitososphaera gargen-
sis” was partially inhibited at the ammonium concentration of
43.1 mgN 17! (3.08 mM, Hatzenpichler et al., 2008). In this study,
a definite borderline of ammonium levels in the effluent between
the municipal and industrial WWTPs was between 3.0 and
5.3 mgN 1!, For the municipal WWTPs, the range of the effluent
ammonium concentrations (0.2-3.0 mgN L™') was lower than the
levels found to inhibit the AOA cultures. For the industrial WWTPs,
the ammonium levels in plants IP1 and IP3 were in the high ranges
(29.2 and 13.3-20.0 for plants IP1 and IP3, respectively) leading the
possibility to provide the conditions that deteriorated AOA in the
sludge floc. In plant IP2, the ammonium concentration
(5.3 mgN L) was higher than those of the municipal WWTPs. This
level of ammonium in bulk solution may generate the inhibiting
condition for AOA in the sludge floc. However, it must be noted
that AOA found in our WWTPs may differ from the AOA cultures
already discovered and they may response differently under differ-
ent ammonium levels. In addition, the above explanation on the
location of ammonia-oxidizing microorganisms in the sludge floc
must be proven. This can be done using fluorescence in situ hybrid-
ization technique.

The percentage and the volumetric loads of ammonium removal
in aeration tanks by autotrophic ammonia oxidation were calcu-
lated (Table 1) by assuming the amounts of ammonium used for
cell assimilation approximately 0.1 x the amounts of ammonium
removed in the aeration tanks (Daims et al., 2001; Harms et al.,
2003). In most WWTPs, 82.0-85.0% of ammonium in influent
wastewater was oxidized by autotrophic microorganisms. Only in
plants IP3 and MP3, the percentage of ammonium oxidized was
lower than that in the others (58.5% and 48.0%, respectively). The
calculation suggested that autotrophic ammonia oxidation oc-
curred in all WWTPs. And, in the municipal WWTPs, ammonia
might be partially oxidized by the AOA present. The volumetric
ammonium removal loads of the aeration tanks by autotrophic
ammonia-oxidizing microorganisms varied significantly among
the WWTPs (ranging from 7.9 to 179.0 mgl~! d~!). These values
show no correlation to the abundance of AOA amoA genes in the
plants (p =0.751).

For the industrial WWTPs, the ammonia-oxidizing activity per
cell of AOB was calculated by assuming that AOA was not present
in the plants and the values were found to be 31.31, 30.55, and
21.82 fmol cell ' h™! for plants IP1, IP2, and IP3, respectively.
These values corresponded to the range reported previously for
AOB isolates (4.4-23.0fmolcell 'h™') (Belser and Schmidt,
1980; Laanbroek et al., 1994). For the municipal WWTPs, the
ammonia-oxidizing activity per cell of ammonia-oxidizing micro-
organism cannot be accurately estimated since both AOA and
AOB amoA genes coexisted in ammonia-oxidizing consortium,
and their contributions in ammonia oxidation in WWTPs remain
unknown to date. However, rough estimation was computed by
assuming that only AOA and AOB were responsible for ammonia
oxidation in the municipal WWTPs and ammonia was prior used
by AOB at a fixed rate for all plants. Previously, the values of
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Fig. 2. A neighboring joining tree showing amoA genes of AOA. Sequences of AOA amoA genes retrieved in this study are shown in bold. The second abbreviation represents
the samples followed by the sequence numbers of the samples. The amounts of sequences of each OTU are displayed by the number in parentheses.
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7.7-12.4 fmol cell ' h~! and 0-49.6 fmol cell ' h~! were reported
for AOB in municipal WWTPs (Harms et al., 2003; Limpiyakorn
et al.,, 2005). However, at the times the previous studies performed,
AOA had not yet been known to be available, thus the contribution
of AOA was neither considered nor included in the calculation.
Therefore, the value for the ammonia-oxidizing activity per cell
of AOB was selected from the results of our industrial WWTPs,
where AOA occurred minimally. The value obtained from plant
IP1 (31.31fmol cell ' h™!) was excluded, since the analysis of
AOB communities (Section 3.3) suggested that this plant contained
AOB with low affinity to ammonia which differed from AOA found
in the municipal WWTPs. This result was in contrast to plants IP2
and IP3 where AOB with high affinity to ammonia, as found to
be common in the municipal WWTPs, appeared. Comparing
between plants IP2 and IP3, we selected the higher value of
30.55 fmol cell"! h™! as reported for plant IP2. Based on the above
assumptions, AOA contributed 96.75% and 26.94% of ammonia oxi-
dation in plants MP1 and MP2 and 0% for plants MP3 and MP4.
And, if it is assumed based on the previous studies (Wuchter
et al., 2006; Beman et al., 2008; Kasuga et al., 2010) that AOA con-
tain 2.5 copies of amoA genes per cell (2.8, 2.5, and 2.1, respec-
tively), the ammonia-oxidizing activity per cell of AOA would be
3.58 and 30.15 fmol cell " h~' for plants MP1 and MP2, respec-
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tively. These values were similar to those (4.1-80.6 fmol cell ' h™1)
reported in granular activated carbon in a full-scale drinking water
treatment plant (Kasuga et al., 2010), but higher than the value
(0.53 fmol cell ' h™') found for “Candidatus Nitrosopumilus mariti-
mus” (Martens-Habbena et al., 2009). It is important to remark
that the value for ammonia-oxidizing activity per cell of AOB used
in this estimation can be varied depending on the actual kinetic
coefficients of the AOB found and the ammonium concentration
in the sludge floc in the plants. In addition, all above calculation
needs modification when actual contribution of AOA and AOB in
the WWTPs is clarified.

3.2. Communities of ammonia-oxidizing archaea

A total of 80 clones (15-25 clones for each library) was calcu-
lated for an arrangement of operational taxonomic units (OTUs)
by the DOTUR program (Schloss and Handelsman, 2005). From
the same clone library, any sequences showing 100% OTU identi-
ties were grouped into one OTU. Archaeal amoA sequences showed
94-100% identity to the previously reported nucleotide sequences
in the GenBank database. The ARB program package (version
2.0; Department of Microbiology, Technische Universitat Munchen
[http://www.arb-home.de]) was used for the phylogenetic
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Fig. 3. A neighboring joining tree showing the amoA genes of AOB. Sequences of AOB amoA genes retrieved in this study are shown in bold. The second abbreviation
represents the samples followed by the sequence numbers of the samples. The amounts of sequences of each OTU are displayed by the number in parentheses.
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analysis. Our 80 AOA amoA sequences and reference sequences
were aligned and calculated using three different methods (i.e.,
the distance matrix, maximum parsimony, and maximum likeli-
hood), and the results show the same grouping of AOA clusters
and tree topology as those computed using different approaches
(data not shown).

Most of the sequences retrieved fell into a soil lineage (Group
1.1b). Few sequences were found to belong to a marine lineage
(Group 1.1a), but no sequence related to a thermophilic AOA line-
age (ThAOA). If a 14% nucleotide cutoff was defined, the AOA se-
quences were divided into 11 clusters (Fig. 2 and Table S2). All
AOA analyzed sequences in this study fell within one of seven
AOA clusters: 1.1a-1, 1.1a-4, 1.1a-5, 1.1b-3, 1.1b-4, 1.1b-5, and
11b-6. This finding differs from those reported by Park et al.
(2006). Park et al. demonstrated that AOA of clusters 1.1a-4 and
1.1b-2 (clusters B and D in the Park et al. study) might be distin-
guished groups of AOA found in WWTPs, with cluster 1.1b-2 iden-
tified as a common widespread AOA in the WWTPs of their study.
AOA of cluster 1.1b-2 was not found in any of the WWTPs in this
current study. Unlike AOB, establishing a link between the affinity
to ammonia of the AOA found and the ammonium levels in the
effluent of the WWTPs is impossible because the information on
the affinity to ammonia for each AOA cluster was unavailable. It
is interesting to note that AOA found in the WWTPs of this study
were found previously to be widely distributed in several environ-
ments, for example, a moderately thermal environment and mar-
ine environment (Francis et al., 2005; Weidler et al., 2007; De La
Torre et al., 2008).

3.3. Communities of ammonia-oxidizing bacteria

From each clone library of the bacterial amoA gene, 15-20
clones were randomly selected for sequencing, and in total, 128
clones were sequenced. An arrangement of OTUs of the sequences
was calculated as mentioned above. Analysis of sequence identity
using the BLAST program showed 96-100% identity at the nucleo-
tide level to previously reported sequences in the GenBank data-
base. Phylogenetic analyses were performed with three different
methods as described earlier. The results from all approaches
exhibited the same grouping of AOB clusters and tree topology
(data not shown). Fig. 3 shows the neighbor-joining tree of the
amoA genes of AOB. All analyzed sequences recovered from our
samples fell into three clusters: the unknown Nitrosomonas, N.
europaea, and N. oligotropha clusters (Table S3). Members of the
N. europaea cluster were found in plant IP1 only, while the N. oligo-
tropha cluster was distributed in most plants (IP1, IP2, MP1, MP2,
and MP4). The unknown Nitrosomonas cluster was recovered from
plants IP3, MP1, and MP3. It is noted that with all three methods of
phylogenetic calculation, the sequences of the unknown Nitroso-
monas cluster were always placed within the branch of the N. euro-
paea and N. communis clusters.

An analysis of the AOB amoA gene sequences revealed that AOB
with low affinity to ammonia (N. europaea cluster) were found in
plant IP1 only, whereas in the other plants, AOB with high affinity
to ammonia (N. oligotropha cluster and the unknown Nitrosomonas
cluster) arose. Studies from isolated and mixed cultures showed
that N. europaea exhibits the highest K; values (12.3-27.4 mgN 1},
0.88-1.96 mM, 7.7 mgN1~!, 0.55mM) (Laanbroek et al., 1994;
Martens-Habbena et al., 2009) among the group of AOB, while N.
oligotropha has lower K, values (0.4-1.1mgNI~!, 0.030-
0.075 mM, 0.7-1.4 mgN 1=, 0.05-0.10 mM) than other AOB (Stech
et al,, 1995; Bollmann et al., 2002). Consequently, AOB of the N.
europaea cluster are commonly found in WWTPs with high ammo-
nium levels and members of the N. oligotropha cluster are majority
strains originating from WWTPs with low ammonium levels
(Harms et al., 2003; Limpiyakorn et al., 2005; Limpiyakorn et al.,

20064a,b; Ducey et al., 2010; Wang et al., 2010). In the case of the
unknown Nitrosomonas cluster, although no information on the
ammonia affinity value is available, the molecular evidence from
environmental samples showed that clones (clone 1 AmoA,
FJ603083 and clone F7, EU275270) of this AOB cluster were recov-
ered from low ammonium environments. It is therefore implied
that members of the unknown Nitrosomonas cluster have a high
affinity to ammonia.

In this study, some WWTPs exhibited incorrespondence be-
tween the ammonium levels found in the effluent and the appear-
ance of AOB species in the WWTPs. One example is plant IP3,
where the range of the ammonium concentrations in the effluent
(13.3-20.0 mgN 1~!) was higher than the K values for N. europaea;
however, AOB of this cluster did not exist, but AOB with an ex-
pected lower K value (unknown Nitrosomonas cluster) appeared.
For plants IP2, the ammonium levels in the effluent were
5.3 mgN I~!. Although the ammonium levels of the WWTP were
significantly higher than the K values for N. oligotropha, AOB of this
cluster appeared and were probably the dominant AOB in these
WWTPs. The explanation for this is as described earlier that, the
ammonium level in the sludge floc around the AOB aggregates,
rather than the ammonium concentration in bulk solution, should
be the determinative factor to promote specific AOB species in the
plants. In addition, in the industrial WWTPs, the actual activity of
heterotrophic microorganisms might be higher than estimated,
resulting in lowering the ammonium levels around the AOB
aggregates.

4. Conclusion

It was found that the comparative abundance of AOA and AOB
amoA genes varied among the WWTPs with regard to the ammo-
nium concentrations in the effluent wastewater of the WWTPs.
Significant numbers of AOA amoA genes occurred in all municipal
WWTPs suggesting the potential role of AOA in autotrophic ammo-
nia oxidation in WWTPs receiving low ammonium influent (which
can lead to the low ammonium levels in the effluent). The finding
of this study changes our understanding on nitrogen removal in
WWTPs. AOA must also be considered as another microorganism
potentially involved in nitrogen removal in WWTPs. Further stud-
ies should clarify the role of AOA and AOB in autotrophic oxidation
of ammonia in WWTPs. This may be done by employing a combi-
nation of in situ activity investigations and molecular tools.
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Abstract In this study, sludge was taken from a municipal
wastewater treatment plant that contained a nearly equal
number of archaeal amoA genes (5.70x 10°+£3.30x 10> copies
mgsludge ') to bacterial amod genes (8.60x10°+£7.64x%
10° copiesmgsludge ') and enriched in three continuous-
flow reactors receiving an inorganic medium containing
different ammonium concentrations: 2, 10, and 30 mM
NH, N (28, 140, and 420 mgNI"). The abundance and
communities of ammonia-oxidizing archaca (AOA) and
ammonia-oxidizing bacteria (AOB) in enriched nitrifying
activated sludge (NAS) were monitored at days 60 and 360
of the operation. Early on, between day 0 and day 60 of
reactor operation, comparative abundance of AOA amoA
genes to AOB amoA genes varied among the reactors
depending on the ammonium levels found in the reactors.
As compared to the seed sludge, the number of AOA amoA
genes was unchanged in the reactor with lower ammonium
level (0.06+0.04 mgN1"), while in the reactors with higher
ammonium levels (0.51+0.33 and 0.25+0.10 mgN1™"), the
numbers of AOA amoA genes were deteriorated. By
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day 360, AOA disappeared from the ammonia-oxidizing
consortiums in all reactors. The majority of the AOA
sequences from all NASs at each sampling period fell into
a single AOA cluster, however, suggesting that the ammo-
nium did not affect the AOA communities under this
operational condition. This result is contradictory to the case
of AOB, where the communities varied significantly among
the NASs. AOB with a high affinity for ammonia were
present in the reactors with lower ammonium levels, whereas
AOB with a low affinity to ammonia existed in the reactors
with higher ammonium levels.

Keywords Ammonia-oxidizing archaea -
Ammonia-oxidizing bacteria - amoA gene -
Nitrifying activated sludge - Wastewater

Introduction

It had been believed for several decades that aerobic
ammonia oxidation was mediated by only a group of
chemolithoautotrophic ammonia-oxidizing bacteria (AOB).
In the year 2004, it was revealed for the first time that
autotrophic ammonia oxidation is not only restricted to the
domain Bacteria but also occurs in the domain Archaea.
Metagenomic studies demonstrated the presence of the
archaeal ammonia monooxygenase (amo) gene that poten-
tially encodes ammonia monooxygenase (AMO), a key
enzyme in ammonia oxidation, indicating the potential role
of archaea in the nitrification process in marine and
terrestrial environments (Venter et al. 2004; Treusch et al.
2005). The ultimate confirmation of the presence of
ammonia-oxidizing archaeca (AOA) and its activity was
achieved when the first autotrophic ammonia-oxidizing
marine archaeon was isolated by Konneke et al. (2005).
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Like AOB, this AOA “Candidatus Nitrosopumilus mariti-
mus” grows chemolithoautotrophically by oxidizing ammonia
to nitrite under mesophilic conditions and contains putative
genes for all three subunits of AMO (i.e., amoA, amoB, and
amoC). This led to the obtainment of enriched thermophilic
and moderately thermophilic AOA, “Candidatus Nitrosocal-
dus yellowstonii” and “Candidatus Nitososphaera gargensis,”
respectively (De La Torre et al. 2008; Hatzenpichler et al.
2008). Quantitative gene analysis revealed an abundance of
the archaeal amoAd gene that outnumbers those of AOB in
seawater, estuarine sediments, soil, and aquarium biofiltration
systems (Leininger et al. 2006; Wuchter et al. 2006; Caffrey
et al. 2007; Urakawa et al. 2008). Besides natural environ-
ments, AOA have been detected in activated sludge
bioreactors using specific polymerase chain reaction (PCR)
primers targeting the archaeal amoA gene (Park et al. 20006).
It is therefore debatable whether AOA play a key role in the
global nitrogen cycle and the removal of nitrogen in the
influent of wastewater treatment plants (WWTPs).

Past evidence suggests that the major concern when
selecting the groups of AOB in enriched nitrifying activated
sludge (NAS) is the ammonium concentration in the
supplied inorganic media (Limpiyakorn et al. 2007). The
reason for this is that the affinity constants for ammonia
differ among distinct AOB species (Koops et al. 2003),
which leads to the differences in the distribution patterns of
AOB species in the environment. For example, members of
the Nitrosomonas oligotropha, Nitrosomonas communis,
and Nitrosospira clusters are the most common AOB found
in systems with low ammonium concentrations (Dionisi et
al. 2002; Limpiyakorn et al. 2005, 2006a, b), whereas
members of the Nitrosomonas europaea cluster are found in
systems with high ammonium concentrations (Juretschko et
al. 1998). This leads to a question of this study, whether the
ammonium level influences the consortium of AOA in
enriched NAS. In this study, the sludge taken from a
municipal WWTP, which possessed the same ranges of
numbers of the archaeal amoA gene and the bacterial amoA
gene, was enriched in three continuous-flow reactors
receiving an inorganic medium containing different ammo-
nium concentrations: 2, 10, and 30 mM NH,—N (28, 140,
and 420 mgNI"). The abundance and communities of
AOA and AOB in enriched NASs were monitored at
days 60 and 360 of the operation.

Materials and methods
Seed sludge
The seed sludge taken from a WWTP in Bangkok, Thailand

came from one of the plant's sludge buffer tanks in a cyclic
activated sludge system, which is a modification of a

@ Springer

sequencing batch reactor. The 1-year-average biological
oxygen demand (BOD) and ammonium concentrations in
the influent were 31.5 mgl™" and 9.1 mgNI"", and the BOD
and ammonium removal efficiencies of this system were
81.6% and 86.1%, respectively. The nitrite concentration in
the aeration tank was 0.01 mgN/l, and the pH was
controlled within the range of 6 to 7.

Enrichment of the nitrifying activated sludge
by an inorganic medium containing different
ammonium concentrations

Sludge taken from the municipal WWTP was enriched in
three continuous flow reactors without sludge recycling.
Each reactor received an inorganic medium containing a
different ammonium concentration: 2, 10, and 30 mM
NH,"-N corresponding to 28, 140, and 420 mgNI' in
NAS2, NAS10, and NAS30, respectively. The total volume
of each reactor was 4 1, with an effective volume of 2 1. All
three reactors were operated under the appropriate con-
ditions for enhancing the nitrification process. The temper-
ature was controlled between 25 °C and 30 °C, the DO
concentration was kept above 2 mgl™" at all times, and the
pH was adjusted to be in the range of 7.5 to 8.0 using 1 N
HCI and 1 N NaOH. Mixing in the reactors was performed
by rotators at a speed of 300 rpm to prevent aggregation and
sedimentation. A fixed dilution rate of 0.01 h™', equal to a
hydraulic retention time and a solid retention time of 100 h,
was used to supply the inorganic medium into the reactors.
Each liter of inorganic medium contained (NH4),SOy,
40 mg MgSO47H,0, 40 mg CaCl,-2H,0, 200 mg
KH2P04, 1 mg FCSO4'7H20, 0.1 mg N32M0404'2H20,
0.2 mg MnCl,"4H,0, 0.02 mg CuSO45H,0, 0.1 mg
ZnS0O47H,0, and 0.002 mg CoCl,-6H,O (Limpiyakorn et
al. 2007). The pH value was adjusted to be within the range
of 7.5 to 8.0 using 40 gI”' NaHCOs.

Measurement of the ammonium, nitrite, and nitrate
concentrations

The ammonium, nitrite, and nitrate concentrations were
measured by using the phenate method, colorimetric method,
and ultraviolet spectrophotometric screening method, re-
spectively, following the standard procedure (Clesceri et al.
1998) applied to UV visible spectrophotometers (Thermo
Electron Corporation, UK).

Preparation of the samples and DNA extraction

Each enriched NAS with 2 mg dry weight was transferred to
1.7-ml tubes and centrifuged at 14,000 rpm for 10 min. The
supernatant was removed, and the pellet was kept at =20 °C
until analyzed. DNA was extracted from the samples using
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Fast-DNA SPIN kits for soil (QBiogene, USA) according to
the manufacturer's instructions. The product from the DNA
extraction was verified by electrophoresis in 1.5% agarose
(Bio-Rad, Spain). Triplicate DNA of each sample were
extracted and pooled to minimize bias.

Real-time PCR quantification

The extracted DNA was prepared for four different tenfold
dilutions; each dilution was quantified in duplicates using
an Mx3005P instrument (Stratagene, USA) with a Brilliant
II SYBR Green QPCR Master Mix (Stratagene, USA).
Quantification of archaeal amoA genes was performed
using the primers Arch-amoAF (5'-STAATGGTCTGGCTT
AGACG-3") and Arch-amoAR (5'-GCGGCCATCCA
TCTGTATGT-3'; Francis et al. 2005). The PCR mixture
contained 12.5 pl of the QPCR master mix, 1 pl of each
primer (0.4 uM), and 1 pl of each sample, which composed
a total volume of 25 pl. The PCR conditions were 95 °C for
10 min, followed by 40 cycles of 60 s at 95 °C, 60 s at 56 °C,
30 s at 72 °C, and data capture for 15 s at 78 °C. Standard
DNA was the pGEM-T Easy Vector (Promega, USA)
possessing the amoA gene fragment of archaea amoA clone
AOA-S-4 (accession number of GQ390338) prepared in a
range of 2.7x10' to 2.7x10" copies. Bacterial amoA
genes were quantified using the primers amoA 1F (5'-
GGGGTTTCTACTGGTGGT-3") and amoA 2R (5'-
CCCCTCKGSAAAGCCTTCTTC-3'; Rotthauwe et al.
1997). The PCR mixtures and conditions were the same
as those used for the archaeal amoA genes. Standard DNA
was pGEM-T Easy Vector (Promega, USA) with an
inserted amoA gene fragment of the clone AOB-NAS10-
360-4 (accession number of GU980134) prepared in a
range of 4x10" to 4x10” copies. The AOB 16S rRNA
gene was quantified using the primers CTO 189A/Bf (5'-
GGAGRAAAGCAGGGGATCG-3"), CTO189Cf (5'-
GGAGGAAAGTAGGGGATCG-3'), and CTO 654r (5'-
CTAGCYTTGTAGTTTCAAACGC-3'; Kowalchuck et al.
1997). The PCR mixture and conditions were identical to
the mixture and conditions used for the archaeal and
bacterial amoA genes. Standard DNA was prepared using
the pGEM-T Easy Vector (Promega, USA) containing the
16S rRNA gene fragment of Nitrosospira multiformis (an
accession number of X90822) in the range of 7.2x 10" to
7.2x107 copies. For every real-time PCR reaction per-
formed, dissociation curves were analyzed and plotted to
confirm the single target fragment of the PCR amplified
products. To calculate the cell numbers of AOB from the
quantified numbers of the amoA and 16S rRNA genes, it was
assumed, on the basis of the numbers of amoA and 16S rRNA
gene copies found in isolated AOB, that AOB possessed one
copy of the 16S rRNA gene and 2.5 copies of amoA gene per
genome (Aakra et al. 1999; Norton et al. 2002).

Analysis of ammonia-oxidizing archaeal communities

Primers Arch-amoAF and Arch-amoAR were used to amplify
635 bp of the archaeal amoA gene fragments. The PCR
mixture was prepared using a Takara polymerase (Takara Bio
Inc., Japan) following the manufacturer's instructions. PCR
amplification was performed in a thermal cycler (Biorad
Laboratories, USA) for 2 min at 94 °C followed by 30-35
cycles for 30 s at 94 °C, 45 s at 53 °C, and 45 s at 72 °C,
followed by 10 min of final extension at 72 °C. Replicates of
PCR amplification were pooled and purified by gel
electrophoresis using a NucleoSpin Extract II Kit (Clontech
Laboratories Inc., USA). Then, the purified PCR products
were cloned using the pGEM-T Easy vector system
(Promega, USA). For each sample, 20 to 30 clones were
randomly selected for sequencing at Macrogen Inc., Korea.

Analysis of ammonia-oxidizing bacterial communities

The primers CTO189f and CTO654r were used to amplify
465 bp of the AOB 16S rRNA gene fragment belonging to
betaproteobacteria. The extracted DNA was PCR amplified
using the primer sets with a GC clamp at the 5" end of the
forward primer. The PCR mixture was prepared using a Takara
polymerase (Takara Bio Inc., Japan) following the manufac-
turer's guidelines. PCR amplification was performed in a
thermal cycler (Biorad Laboratories, USA) for 2 min at 94 °C
followed by 30 to 35 cycles of 30 s at 94 °C, 45 s at 55 °C,
and 45 s at 72 °C, followed by 5 min of final extension at
72 °C. Polyacrylamide gels (8% of a 37.5:1 acrylamide:
bisacrylamide mixture) with a gradient of 30% to 70% of
urea—formamide were made by using a gradient wheel
(Biorad Laboratories, USA) following the manufacturer's
instructions. Gels were run on the D Code system (Biorad
Laboratories, USA) at 75 V for 16 h at a constant temperature
of 60 °C in a 1x TAE buffer. After electrophoresis, the gels
were stained with ethidium bromide (Amersham Biosciences,
Germany) and analyzed by gel documentation (Dolphin-DOC
Plus, USA). All bands were excised and dissolved in 30 pl of
sterilized water. They were stored at 4 °C overnight to recover
the DNA. The DNA eluted from the bands excised from the
DGGE gels were reamplified for 20-25 cycles and run on new
DGGE gel until they were purified. Then, the DNA eluted from
the purified bands was amplified in 25 cycles using the primer
set lacking the GC clamp, and the products were purified using
a NucleoSpin Extract II Kit (Clontech Laboratories Inc., USA)
and analyzed for sequencing at Macrogen Inc., Korea.

Nucleotide sequence accession number
The analyzed sequences obtained from this study have been

deposited in the GenBank database under the accession
numbers GQ390309-GQ390338, GUI36642-GU936656
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Quantitative real-time PCR showed that the AOA amoA
gene (5.70x10°+3.30x10° copiesmgsludge ') occurred in
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Fig. 2 Abundance of AOA (black square) and AOB (white square)
amoA genes in the seed sludge and enriched nitrifying activated
sludge samples
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Enrichment of nitrifying activated sludge

During the operational period of 360 days, ammonium,
nitrite, and nitrate concentrations were monitored. Figure 1
shows the concentrations of ammonium, nitrite, and nitrate
during the first 80-day run. Ammonium concentrations in
all three reactors reached steady-state conditions (0.06+
0.04, 0.51+0.33, and 0.25+0.10 mgNI"' for NAS2,
NAS10, and NAS30, respectively) after certain periods of
operation (i.e., after 22 days of operation for NAS2, after
37 days for NAS10, and afterl5 days for NAS30). Nitrite
concentrations were detected in all reactors during the start-
up periods (i.e., after 13 days of operation for NAS2,
10 days for NAS10, and 13 days for NAS30); then, they
gradually decreased to below the limit of detection after
18 days of operation. Nitrate concentrations were detected
in all reactors, and the concentrations gradually increased
until they reached their steady-state conditions: it took
22 days for NAS2, 14 days for NAS10, and 15 days for
NAS30. Steady-state conditions of nitrogen were main-
tained until the end of the experiment of 360 days (data not
shown). At days 60 and 360, the enriched NASs were
collected to analyze the abundance and communities of
AOA and AOB.

Abundance of archaeal and bacterial amoA genes
in the enriched nitrifying activated sludge

Results in Fig. 2 indicate a shift in the numbers of archaeal
and bacterial amoA genes along the time of operation in all
three enriched NAS. As mentioned earlier, the seed sludge
contained a nearly equal number of AOA amoA genes to
AOB amoA genes. After an operation time of 60 days, the
proportions of ammonia-oxidizing microorganisms in each
NAS shifted distinctively from those of the original
consortium in the seed sludge. In NAS2, the amount of
AOA amod genes (3.60x10°+4.27x10° copiesmg
sludge ") was still in the same order of magnitude as that
of the AOB amoA genes (1.78x107+2.55x10° copiesmg
sludge ). However, the number of AOA amoA genes for
NAS10 and NAS30 decreased significantly (1.62x10%+
1.93x10% and 2.69x10°+4.26x10* copiesmgsludge ',

respectively) as compared to the AOB amoA genes
(2.44x107£4.25x10° and 2.22x10%+1.39x10® copiesmg
sludge™!, respectively). When the reactor operation was
prolonged to 360 days, bacterial amoA4 was more abundant
(6.97x10°+2.57x10°% 4.93x10"+1.82x10, and 1.05x 10%+
3.52x107 copiesmgsludge™ for NAS2, NASI0, and
NAS30, respectively) than archeal amoAd (<LOD of 1.70%
10* copiesmgsludge '). This observation was made in all
three NAS, with more than a four order of magnitude
difference. Confirmations of the AOB numbers in all samples
were carried out using the primer set targeting beteproteo-
bacterial AOB 16S rRNA genes. Table 1 shows the well-
matched results when calculated using the amoA genes and
16S rRNA genes (with the ratio for each sample ranging
from 0.49 to 2.95).

Communities of ammonia-oxidizing archaea in the seed
sludge and enriched nitrifying activated sludge

Although some samples of the real-time PCR quantification
show values below the LOD for archaeal amoA genes (i.e.,
NAS2, 360 days; NAS10, 360 days; and NAS30,360 days),
PCR-amplified products could be obtained at the end point
of the amplification when a regular PCR reaction was
performed with a Takara polymerase under lower annealing
temperature. From each clone library, 20 to 30 clones were
randomly selected for sequencing; in total, 159 clones were
sequenced. All sequences were calculated for an arrange-
ment of operational taxonomic units (OTUs), based on
100% OTU identities by the DOTUR program (Schloss and
Handelsman 2005). Any sequences from the same clone
library showing 100% OTU identities were grouped into
one OTU. Consequently, 46 unique OTUs were recovered:
six OTUs for the seed sludge and three to eight OTUs for
each enriched NAS sample. Archaeal amoA sequences
were tested for their sequence identity using the BLAST
program, and the results show 88% to 100% identity at the
nucleotide level to previously reported sequences in the
GenBank database. Our 159 archaeal amoA sequences and
reference sequences were aligned and phylogenetic ana-
lyzed using three different methods (i.e., the distance
matrix, maximum parsimony, and maximum likelihood) in

Table 1 Calculated numbers
of AOB in the seed sludge and Sample Day

amod gene (cellsmgsludge ")

16S rRNA gene (cellsmgsludge ')

enriched nitrifying activated

sludge samples based on the Seed sludge
amo4 gene and 16S rRNA gene NAS2 Day 60
Day 360
NASI10 Day 60
Day 360

LOD for the AOB amoA gene,
80 cellsmgsludge ' . LOD for NAS30 Day 60
the AOB 16S rRNA gene, Day 360

3.44x10°+3.06x10°
7.13x10°£1.02x10°
2.79%x10°£1.03 x 10°
9.74%10°+£1.70x10°
1.97x107+£7.30%10°
8.87x107+5.58x107
420x107+1.41x107

1.17x10°42.44x10°
5.09%x10°£7.99%10°
2.57x10°£6.05x10°
1.97x107+4.88%10°
1.07x107+4.58x10°
1.44x10%+1.61x10°
7.34x107+8.43%10°

2.20x10 cellsmgsludge ™’
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Table 2 Communities of AOA in the seed sludge and enriched nitrifying activated sludge samples based on the amoA gene sequence

AOA cluster Seed sludge NAS2 NAS10 NAS30
Day 60 Day 360 Day 60 Day 360 Day 60 Day 360
Clusterl.la-1
Clusterl.1a-2 + +
Clusterl.1a-3 +
Clusterl.1a-4 + ++ +
Clusterl.1a-5
Clusterl.1b-1 e e T + B e e
R e e

Clusterl.1b-2
Clusterl.1b-3
Clusterl.1b-4 -
Clusterl.1b-5 o o + o ++ o

o o B o

++ o

+ present (the amount of symbols represents the number of clones)

the ARB program package (version 2.0; Department of
Microbiology, Technische Universitat Munchen [http://
www.arb-home.de]). The results from all approaches
exhibited the same grouping of AOA clusters and tree
topology (data not shown). The AOA cluster was defined
based on 14% nucleotide cutoffs calculated by the DOTUR
program. All AOA analyzed sequences in this study fell
within one of six AOA clusters: 1.1a-2, 1.1a-3, 1.1a-4,
1.1b-1, 1.1b-4, and 1.1b-5 (Table 2 and Fig. 3). It is noted
that AOA sequences found fell mainly into soil lineage
(Group 1.1b) with some sequences in marine lineage
(Group 1.1a), but no sequence related to a thermophilic
AOA lineage (ThAOA) was found.

Communities of ammonia-oxidizing bacteria in the seed
sludge and enriched nitrifying activated sludge

All recovered bands of the AOB 16S rRNA gene from
DGGE were cut, reamplified, and run on new gels until
they were purified. A total of 12 bands were found and sent
for sequencing. All sequences were tested for their
sequence identity using the BLAST program, and the
results showed 96% to 99% identity at the nucleotide level
to the previously reported sequences in the GenBank
database. All analyzed sequences along with the reference
sequences from the SSU rRNA database were aligned and
put through phylogenetic analyses using three different
methods (i.e., the distance matrix, maximum parsimony,
and maximum likelihood) in the ARB program package.
All phylogenetic analyses exhibited the same grouping of
AOB sequences (data not shown). The presented tree in
Fig. 4 was constructed by adding our approximately 400 bp
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sequences into the distance tree, which was previously
constructed based on a comparison of >1,000 bp sequences
of reference AOB with Escherichia coli (JO1859) used as
an outgroup sequence. All analyzed sequences recovered
from our samples fell into four clusters: the unknown
Nitrosomonas cluster, N. europaea cluster, N. communis
cluster, and N. oligotropha cluster (Table 3). The seed
sludge taken from the municipal WWTP contained mem-
bers of the N. communis and N. oligotropha clusters. After
the seed sludge was enriched for 60 days, members of both
clusters disappeared from all enriched NAS samples. In
NAS2 and NAS10, the unknown Nitrosomonas cluster was
found, while sequence types of the N. europaea cluster
were recovered from NAS10 and NAS30. These patterns of
AOB communities were maintained throughout the study,
except that on the day 360, AOB of N. europaea cluster in
NASIO0 shifted to N. communis cluster.

Discussion

In this study, a significant number of AOA amoA genes
were found for the first time in wastewater treatment
facilities. This suggests the potential role of AOA in the
removal of nitrogen in WWTPs. AOA is proposed to be

Fig. 3 A neighboring joining tree showing amoA genes of AOA.p>
Sequences of AOA amoA genes retrieved in this study are shown in
bold. The second abbreviation represents the samples followed by the
sequence numbers of the samples (e.g., AOA-NAS10-60-3 refers to
sequence 3 of NAS10 taken on day 60). The amounts of sequences of
each OTU are displayed by the number in parentheses
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Fig. 4 Phylogenetic tree showing the 16S rRNA genes of AOB
belonging to betaproteobacteria constructed by adding approximately
400 bp sequences from the seed sludge and enriched NASs using the
parsimony method into the tree previously constructed by the
neighbor-joining (distance matrix) method using >1,000 bp sequences

one of the possible major ammonia oxidizers in low
ammonium-containing environments (Erguder et al. 2009).
The municipal WWTPs of this study received an influent
with low ammonium concentration of 9.1 mgN1"', and the
ammonium level in an effluent was found to be low as well
(1.3 mgNI'"). The seed sludge mainly contained the
archaeal amoA sequences of cluster 1.1b-5; the minor
sequences fell into cluster 1.1b-4. This finding is contrary

@ Springer

of described AOB. The sequences of the DGGE bands in this study
are shown in bold. The second abbreviation represents the sample
followed by the band number of the sample (e.g., AOB-NAS10-60-3
refers to band 3 of NAS10 taken on day 60)

to those previously reported by Park et al. (2006). Park et
al. suggested that clusters 1.1a-4 and 1.1b-2 (clusters B and
D in the Park et al. study) might be distinguished groups of
AOA found only in WWTPs, with cluster 1.1b-2 identified
as a common AOA due to it being so widespread in the
WWTPs in their study.

On day 60 of operation, the patterns of the ammonia-
oxidizing consortiums varied among the reactors. General-
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Table 3 Communities of AOB in the seed sludge and enriched nitrifying activated sludge based on the 16S rRNA gene sequence

AOB cluster Seed sludge NAS2

NAS10 NAS30

Day 60

Day 360 Day 60 Day 360 Day 60 Day 360

Nitrosococcus oceani cluster

Nitrosospira cluster

Unknown Nitrosomonas cluster +
Nitrosomonas cryototerans cluster

Nitrosomonas sp. Nm143 cluster

Nitrosomonas communis cluster ++

Nitrosomonas europaea cluster

Nitrosomonas marina cluster

Nitrosomonas oligotropha cluster +

+ present (the amount of symbols represents the number of bands)

ly, the ammonium levels are considered to relate directly to
the inclusion of ammonia-oxidizing microorganisms in the
environments. It is found that the ammonium concentra-
tions after reaching steady-state conditions in all three
reactors varied with significantly lower levels in NAS2 than
others (0.06+0.04, 0.51+0.33, and 0.25+0.10 mgNl_1 for
NAS2, NAS10, and NAS30, respectively). The half-
saturation constant (Ks) for ammonia of AOA is very much
lower than those of AOB. The only isolated AOA,
“Candidatus Nitrosopumilus maritimus,” shows the Ks for
total ammonium of 1.86 pgNL™' (133 nM; Martens-
Habbena et al. 2009). The Ks values for AOB isolates vary
among the species, but they fall in a range 0f 0.4-27.4 mgNL ™"
(0.03-1.96 mM; Keen and Prosser 1987; Laanbroek et al.
1994; Stehr et al. 1995; Martens-Habbena et al. 2009). As
results, AOA are likely to be supported by the ammo-
nium levels found in NAS2, but not NAS10 and NAS30.
By day 360, AOA amoA genes were not detected in all
reactors leading to bacterial amoA being at least four
orders of magnitude more abundant than archeal amoA.
This could be attributed from several factors during
reactor operation. One possible reason is a lack of
vitamins and other trace elements necessary for the growth
of archaea in the inorganic medium supplied. Nicol and
Schleper (2006) suggested that AOA media should require
particular additives such as vitamins and trace elements.
However, it must be noted that so far there is no clear
scientific evidence supporting the role of vitamins for the
AOA growth. Therefore, other factors, such as operational
parameters, cannot be omitted. To compare with 360-day
reactor operation, sludge was taken again from the WWTP
in the next 1 and 2 years. The abundance of AOA and
AOB amoA genes was analyzed. It is suggested that the
sludge from both sampling periods still contained signif-
icant numbers of AOA amoA genes (3.15x10°+£1.31x10°
and 3.14x10°+4.53x10° copiesmgsludge ', for year 1

and year 2 samples) and AOB amod genes (1.49x10°+
3.89x10° and 8.66x10*+6.87x10* copiesmgsludge ',
respectively) as did for the sludge used as the seed for
the NASs. This finding leads to the concern if enriched
NAS prepared by traditional protocols, as in this study,
can be good representatives for ammonia-oxidizing con-
sortiums in actual WWTPs. In recent years, enriched NAS
has been used extensively in laboratory studies to
representatively describe the metabolic and cometabolic
behavior of ammonia-oxidizing microorganisms of the
actual WWTPs. The ammonia-oxidizing activity per cell is
estimated using the AOB numbers calculated from the 16S
rRNA genes to crosscheck the activity found in previous
studies. In this case, activity of AOA (in all reactors at day 60)
is neglected, as at the time the previous studies performed,
AOA was not known to be available. The ammonia-oxidizing
activity per cell of AOB was 40.91, 50.66, and 20.50 fmol
cell "h™! on day 60 and 80.94, 93.28, and 40.29 fmolcell '
h'on day 360 for NAS2, NAS10, and NAS30, respectively.
These values do not far differ from those reported in the past:
0-49.6 fmolcell 'h™" (Limpiyakorn et al. 2005) for AOB in
municipal WWTPs and 9-23 fmolcell 'h™" for AOB isolates
(Belser and Schmidt 1980).

Analysis of AOB communities reveals a shift in the
AOB communities from the seed sludge to the enriched
NASSs, and the communities of AOB in each NAS varied
significantly. AOB with high and moderate affinities to free
ammonia (i.e., the N. oligotropha cluster, N. communis
cluster, and unknown Nitrosomonas cluster) were recovered
from the seed sludge, NAS2, and NAS10, whereas AOB
with a low affinity to free ammonia (namely, the N.
europaea—Nitrosococcus mobilis cluster) were retrieved
from NAS10 and NAS30. N. oligotropha's high affinity to
free ammonia (0.4—1.1 mgNI™" NH," plus NH;, 0.030—
0.075 mM, Stehr et al. 1995) tends to make it the dominant
AOB in oligotrophic environments, especially in WWTP
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sludge with low ammonium concentrations (Dionisi et al.
2002; Limpiyakorn et al. 2005, 2006a). Members of the N.
communis cluster are noted for their moderate affinity to
free ammonia, but often found in WWTPs receiving
influent with low ammonium concentrations (Limpiyakorn
et al. 2006b). In the case of the unknown Nitrosomonas
cluster, there is no available isolate leading to information
on the ammonia affinity value (K) of AOB in this cluster.
However, related information of this AOB cluster is
accessible when using molecular evidence with environ-
mental samples. Clone A2 CTO1 (DQ857300), clone 3
(AY683482), and clone P2-A25 (AB239537) were recov-
ered from a municipal sewage plant, an aquarium biofilter,
and river sediments (Grommen et al. 2005; Nakamura et al.
2006; Geets et al. 2007). All of these clones were obtained
from environments with mid-to-low ammonium concen-
trations implying that the AOB of the unknown Nifro-
somonas cluster has a high affinity to free ammonia. The
molecular analysis of the isolated AOB species demon-
strated that the N. europaea cluster contains AOB with a
low affinity to free ammonia (5.6 mgNI1"", 0.4 mM, 12.3—
27.4 mglel, 0.88-1.96 mM, 7.7 mglel, 0.55 mM; Keen
and Prosser 1987; Laanbroek et al. 1994; Martens-Habbena
et al. 2009). This AOB cluster is the most common AOB
found in WWTPs with high ammonium concentrations
(Pynaert et al. 2003). It is known that the presence of AOB
species results from the affinity to ammonia of the AOB
species and the ammonium concentration in the reactors.
However, this may not be true for NAS10 and NAS30. In
these two reactors, the ammonium concentrations in the
reactors (0.5140.33 and 0.25+0.10 mgN1™") were found to
be much lower than the Ks value of N. europaea cluster.
However, this AOB existed in both reactors. A previous
study gave rise to the question of whether the ammonium
level or/and ammonium removal load are factors influenc-
ing the inclusion of AOB species (Limpiyakorn et al.
2007). When considering the volumetric ammonium re-
moval loads of the NASs (7, 33.6, and 99.4 mgNI 'day ™’
for NAS2, NAS10, and NAS30, respectively), it is found the
N. europaea cluster occurred when the volumetric removal
loads of ammonium were higher than 33.6 mgN1'day ',
which corresponded to the previous report by Limpiyakorn
et al. (2007).

Although the abundance of AOA in the enriched NASs
was found to vary, the AOA communities seemed to be
stable among the enriched NASs. The results differ for
AOB: the majority of the clones obtained from all enriched
NASs on day 60 fell into cluster 1.1b-5 and then found in
cluster 1.1b-1 on day 360. DOTOUR analysis with our
analyzed sequences from cluster 1.1b-5 and 1.1b-1
exhibited only one unique OTU at a 2% cutoff for each
AOA cluster. This suggests that the ammonium levels in the
NASs did not influence the communities of AOA, as it
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affected the AOA abundance. The information on substrate
affinity to the free ammonia of AOA is limited since there
is only one available AOA culture that has been isolated
from the environment (Konneke et al. 2005).

The sequence closest to that of our AOA in cluster 1.1b-
5 was found in the Mammoth hot spring sediment, located
in a moderately thermal environment (from 42 °C to 50°C;
De La Torre et al. 2008). The temperature of the hot spring
was higher than that of the municipal WWTP and its
continuous flow reactors used for enriching the NASs (from
25°C to 30°C). Interestingly, members of AOA cluster
1.1b-5 might be tolerant to a relatively wide temperature
range, meaning that they could survive in environments of
25°C to 50°C. In addition, it is interesting to note that
some AOA sequences found in our study are closely related
to the AOA sequences retrieved from saline environments.
AOA of clusters 1.1a-2, 1.1a-3, and 1.1b-1 comprise the
sequences recovered from coastal sediments, estuary sedi-
ments, marine sediments, and intertidal sandy flats (Francis
et al. 2005; Park et al. 2006; Santoro et al. 2008). These
results imply that some AOA clusters are salt tolerant and
can exist in both salt and non-salt environments.

In conclusion, this study indicates the presence of a
nearly identical level of AOA amoA genes to AOB amoA
genes in a WWTP. The reason for this phenomenon is
unclear due to the limited amount of studies to refer to.
During the early operational period, day 0 to day 60,
comparative abundance of AOA amoA genes to AOB
amoA genes varied among the NASs, and this variation
probably relied on the ammonium levels found in the
reactors. However, AOA communities among the NASs at
the same sampling periods were found to be similar. Unlike
AOA, AOB communities were found to be dependent on
the ammonium levels in the reactors.
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Abstract

The contribution of ammonia-oxidizing archaea to nitrogen removal in wastewater treatment
plants (WWTPs) remains unknown. This study investigated the abundance of archaeal
(AOA) and bacterial (AOB) amoA genes in eight of Bangkok’s municipal WWTPs. AOA
amoA genes (3.28x107+1.74x107-2.23x10"'+£1.92x10"" copies I sludge) outnumbered AOB
amoA genes in most of the WWTPs even though the plants’ treatment processes, influent and
effluent characteristics, removal efficiencies, and operation varied. An estimation of the
ammonia-oxidizing activity of AOA and AOB suggests that AOA involved in autotrophic
ammonia oxidation in our WWTPs. Statistical analysis shows that the numbers of AOA
amoA genes correlated negatively to the ammonium levels in effluent wastewater, while no
correlation was found between the AOA amoA gene numbers and the oxygen concentrations
in aeration tanks. An analysis of the AOB sequences shows that AOB found in the WWTPs
limited to only two AOB clusters which exhibit high or moderate affinity to ammonia. In
contrast to AOB, AOA sequences of various clusters were retrieved and they were previously

recovered from a variety of environments, such as thermal and marine environments.

Keywords
ammonia-oxidizing archaea, ammonia-oxidizing bacteria, amoA gene, quantitative PCR,

wastewater treatment plant

Introduction

A nitrification-denitrification process is commonly employed by wastewater treatment plants
(WWTPs) to remove nitrogen from wastewater. Nitrification is a two-step process by which
ammonia is oxidized to nitrite by ammonia oxidizers and subsequently to nitrate by nitrite

oxidizers. Thereafter, nitrate is reduced to nitrogen gas and released into the atmosphere
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by denitrifiers in a denitrification process. Ammonia oxidation is a rate-limiting step

since autotrophic ammonia oxidizers have comparatively slower growth rates and are more
sensitive to environmental factors than the microorganisms in the surrounding regimes.
This has led to several intensive and extensive studies on the ammonia-oxidizing
microorganisms in WWTPs to improve their activities and thus enhance the overall

performance of nitrogen removal at WWTPs.

The recent discovery of an archaeal ammonia monooxygenase (amo) gene in environments
[37, 38] and the obtainment of ammonia-oxidizing archaeal (AOA) cultures, namely
“Candidatus Nitrosopumilus maritimus,” “Candidatus Nitrosocaldus yellowstonii,” and
“Candidatus Nitososphaera gargensis” [8, 13, 15] have changed the current understanding of
aerobic autotrophic ammonia oxidation. In the global nitrogen cycle, this process also occurs
in the domain Archaea and is not restricted to the domain Bacteria. In WWTPs, sequences of
archaeal amoA genes were found for the first time in five out of nine activated sludge
bioreactors in the US [28], followed by two WWTPs in Hong Kong [43]. The numbers of
AOA and ammonia-oxidizing bacteria (AOB) in WWTPs had been solely reported in a study
by Wells et al. [41]. Wells et al. [41] weekly monitored the comparative abundance of
archaeal and bacterial amoA genes in a municipal WWTP over the period of one year. An
AOA amoA gene was found in 8 of the 51 weekly samples, and in each of those eight
samples, its amount was always three orders of magnitude lower than that of the AOB amoA
gene [41]. Due to the very limited available information on AOA in WWTPs, this study
determined the abundance of archaeal and bacterial amoA genes in eight municipal WWTPs
in Bangkok. It must be noted that the specifics of the WWTPs differed; they had different
treatment processes, influent and effluent characteristics, removal efficiencies, and system

operation.
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Materials and methods

Municipal wastewater treatment plants

Sludge samples were taken from the aeration basins of eight municipal WWTPs in Bangkok,
Thailand (Table 1). Based on their treatment capacities, the municipal WWTPs were
categorized into large and small plants. The large plants received influent with flow rates
ranging from 18 881 to 200 274 m’ d”' (plants L1-L4). Plants S1-S4 received much smaller
amounts of wastewater, ranging from 413 to 1442 m® d™!. The characteristics of the influent
wastewater of the large and small plants also differed. The small plants received higher
strength influent. Their influent biological oxygen demand (BOD) and ammonium
concentrations were 72.0—152.0 mg 1" and 5.4-38.6 mgN I, respectively. These values were
more than double the large plants’ concentrations of influent BOD and ammonium
(24.8-58.3 mg 1" and 7.1-11.1 mgN I, respectively). The lower concentrations

of the influent entering the large plants in this study were caused by the natural attenuation
of compounds in wastewater during its transport in the sewerage system. This is a unique
characteristic of Bangkok’s urban piping system for central WWTPs; they have extremely
long retention times for conveying wastewater from households to large municipal WWTPs.
In all municipal WWTPs, BOD removal efficiencies were satisfactory, whereas

the ammonium removal efficiencies varied. Complete ammonium removal was achieved in
plants L3, S1, S2, and S3. The ammonium removal efficiencies of plant S4 were poor.

The treatment processes of the nine municipal WWTPs differ: plants L1, L2, S1, and S3
utilize conventional activated sludge processes, while plants L3 and L4 utilize modified
activated sludge processes. Plant .3 employs contact stabilization and plant L4, anoxic-oxic.
Plant S2 employs an oxidation ditch and S4 utilizes aerated lagoon systems. Since

the treatment processes differ, there are also distinct differences in their operation (e.g., their

hydraulic retention time (HRT) and solid residence time (SRT) values).
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DNA extraction
DNA was extracted from two mg (dry weight) of a mixed liquor suspended solid (MLSS)
of the sludge using Fast-DNA SPIN kits for soil (QBiogene, USA). The product from

the DNA extraction was verified by electrophoresis in 1.5% agarose (Bio-Rad, Spain).

Quantitative PCR

Quantitative PCR was performed in a Mx3005P instrument (Stratagene, USA) with

a Brilliant I SYBR Green QPCR Master Mix (Stratagene, USA). For each sample,
quantitative PCR was performed with duplicate sets of extracted DNA. For each set

of extracted DNA, DNA was extracted in triplicate and pooled to minimize bias and was
prepared for four different 10-fold dilutions and for each dilution; quantification was carried
out in duplicate. The primers Arch-amoAF (5'-STAATGGTCTGGCTTAGACG-3') and
Arch-amoAR (5'-GCGGCCATCCATCTGTATGT-3") [10] were used to quantify the
archaeal amoA genes. The standard DNA was prepared in the range of 2.7 x 10" to 2.7 x 107
copies (PCR efficiencies = 93.6-102.8% and R*= 0.995-0.998) by the pGEM-T Easy Vector
(Promega, USA) containing the amoA gene fragment of the archaea amoA clone AOA-S-4
(with an accession number of GQ390338). The bacterial amoA genes were quantified using
the primers amoA 1F (5'-GGGGTTTCTACTGGTGGT-3") and amoA 2R (5'-
CCCCTCKGSAAAGCCTTCTTC-3") [32]. The standard DNA used was prepared using the
pGEM-T Easy Vector (Promega, USA) inserted by the amoA gene fragment of the clone
AOB-NAS10-360-4 (with an accession number of GU980134) in the range of 4 x 10" to 4 x
10" copies (PCR efficiencies = 88.9-92.9% and R*= 0.997-0.999). The quantification of the
AOB 16S rRNA gene was performed with the primers CTO 189A/Bf (5'-
GGAGRAAAGCAGGGGATCG-3"), CTO189CT (5'-GGAGGAAAGTAGGGGATCG-3"),

and CTO 654r (5'-CTAGCYTTGTAGTTTCAAACGC-3") [17]. The standard DNA was the
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pGEM-T Easy Vector (Promega, USA) possessing the 16S rRNA gene fragment of
Nitrosospira multiformis (with an accession number of X90822) in the range of 7.2 x 10' to
7.2 x 107 copies (PCR efficiencies = 96.5-97.8% and R*= 0.995-0.999). The PCR conditions
were 95 °C for 10 min, followed by 40 cycles of 60 s at 95 °C, 60 s at 56 °C, and 30 s at 72
°C, with data capture for each cycle at 78 °C for 15 s. At the end of every quantitative PCR
reaction, dissociation curves were plotted to confirm the single target fragment of the PCR

amplified products.

Statistical analysis

A calculation of nonparametric Spearman's rank correlation coefficients was performed to
assess correlations between the abundance of amoA genes of AOA and AOB and plants’
parameters. The calculation was carried out with a two tailed p value, at p value of < 0.01 or

0.05 being significant, using SPSS statistical software version 17.

Analysis of the communities of ammonia-oxidizing archaea and ammonia-oxidizing
bacteria

The archaeal amoA genes (635 bp) were amplified using the primers Arch-amoAF and Arch-
amoAR. The PCR was performed in a thermal cycler (Biorad Laboratories, USA). The PCR
mixture was prepared using a Takara polymerase (Takara Bio Inc., Japan) and the PCR
condition was 2 min at 94 °C followed by 30-35 cycles for 30 s at 94 °C, 45 s at 56 °C, and
45 s at 72 °C, followed by 10 min of final extension at 72 °C. The PCR amplified product
was purified by gel electrophoresis using a NucleoSpin Extract II Kit (Clontech Laboratories
Inc., USA), and the purified PCR products were cloned using the pPGEM-T Easy vector
system (Promega, USA). For each sample, 14 to 22 clones were selected for sequencing at

Macrogen Inc., Korea. The analyzed sequences for the archaecal amoA gene have been



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

deposited in the GenBank database under the accession numbers HM748092—HM 748103 and

HM748107-HM748131.

The 465-bp fragment of the AOB 16S rRNA gene belonging to betaproteobacteria was
amplified using the primers CTO189f with a GC clamp and CTO654r. The PCR mixture was
prepared using a Takara polymerase (Takara Bio Inc., Japan) and the PCR condition was 2
min at 94 °C followed by 30 to 35 cycles of 30 s at 94 °C, 45 s at 56 °C, and 45 s at 72 °C,
followed by 5 min of final extension at 72 °C. Gels for denaturing gradient gel
electrophoresis (DGGE) were prepared with a gradient of 30% to 70% of urea—formamide
using polyacrylamide (8% of a 37.5:1 acrylamide:bisacrylamide mixture). Gels were run at
75 V for 16 h on the D Code system (Biorad Laboratories, USA) at a constant temperature of
60 °C. The DNA excised from the gels was PCR amplified and the products were purified
using a NucleoSpin Extract II Kit (Clontech Laboratories Inc., USA). DNA sequences were
analyzed at Macrogen Inc., Korea. The analyzed sequences for AOB 16S rRNA gene have
been deposited in the GenBank database under the accession numbers HM754393-

HM754401.

Results

Abundance of archaeal and bacterial amoA genes

Quantitative PCR showed considerable numbers of AOA amoA genes in all municipal
WWTPs (3.28x107+1.74x107-2.23x10"'+£1.92x10"" copies I"' sludge, Figure 1). The numbers
of AOB amoA genes occurred within the range of 8.05x10°+5.20x10°-5.72x10°+£5.96x10°
copies 1" sludge. In plant L3, the number of AOA amoA genes was two orders of magnitude
higher than the number of AOB amoA genes; in plants L2 and S3, the difference was more

than one order of magnitude; and for plants L4, S1, S2, and S4, the difference was one order
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of magnitude. In only plant L1 did the AOB amoA genes outnumber the AOA amoA genes;
however, the numbers were merely one order of magnitude less AOA amoA genes than AOB

amoA genes.

Quantification of the AOB 16S rRNA genes was performed, and the cell numbers of AOB
were calculated from the quantified numbers of 16S rRNA genes and compared with those of
the amoA genes. The calculation was carried out on the basis of the numbers of amoA and
16S rRNA gene copies found in isolated AOB: 2.5 copies of the amoA gene and one copy of
the 16S rRNA gene per genome [1, 25]. The corresponding results were obtained from both

assays (Table 2).

The Spearman's rank correlation coefficients (Table 3) demonstrated that the numbers of
AOA amoA genes significantly (p < 0.01) correlated negatively to the ammonium
concentrations in effluent wastewater and positively to the ammonium removal in aeration
tanks by autotrophs. For operational parameters, the AOA amoA gene numbers positively
correlated to SRT (p < 0.05). The numbers of AOB amoA genes solely correlated to the

influent ammonium concentrations (p < 0.05).

Communities of ammonia-oxidizing bacteria

Analyzed sequences together with the reference sequences from the SSU rRNA database
were aligned and calculated using three different methods to find the distance matrix,
maximum parsimony, and maximum likelihood, provided in the ARB program package
(version 2.0; Department of Microbiology, Technische Universitat Munchen
[http://www.arb-home.de]) for phylogenetic analyses. All phylogenetic trees showed the

same grouping of AOB sequences (data not shown). Analyzed sequences recovered from the
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municipal WWTPs fell into 2 AOB clusters: Nitrosomonas communis cluster, and

Nitrosomonas oligotropha cluster (Table 4).

Communities of ammonia-oxidizing archaea

An arrangement of operational taxonomic units (OTUs) of all 154 analyzed sequences was
calculated using the DOTUR program [34]. Any sequences from the same clone library that
exhibited 100% OTU identities were grouped into one OTU. The AOA amoA sequences
retrieved from the municipal WWTPs along with reference sequences were aligned and
calculated with three different methods to determine the distance matrix, maximum
parsimony, and maximum likelihood, using the ARB program package. The results from the
different approaches show the same grouping of AOA clusters and tree topology (data not
shown). The majority of AOA sequences found in the municipal WWTPs fell within the soil
lineage (Group 1.1b) with some sequences in the marine lineage (Group 1.1a) (Table 5,
Figure 2). However, there was no sequence belonging to the thermophilic AOA lineage
(ThAOA) [8, 26]. When the nucleotide cutoff was defined at 14%, the AOA sequences were
divided into several clusters. AOA sequences obtained from the municipal WWTPs fell
within AOA clusters 1.1a-1, 1.1a-2, 1.1a-4, 1.1a-6, 1.1b-3, 1.1b-4, 1,1b-5, 1.1b-6, 1.1b-7, and

1.1b-8.

Discussion

AOA amoA genes outnumbered AOB amoA genes in most of our WWTPs. With regard to
the AOB cells (5.58%10°+2.70x10%-2.29x10°+2.27x10® cells I"' sludge calculated based on
the AOB amoA gene numbers) in activated sludge processes (plant L1-L4, S1 and S3),
similar ranges of AOB cells were found to those documented of other municipal WWTPs:

~4.80x10"-1.64x10° cells "' sludge [41] and 1.0x10°~9.2x10" cells I"' sludge [21]. To



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

confirm that significant numbers of AOA amoA genes also occurred in our municipal
WWTPs during other sampling periods, additional sludge samples were taken from some
plants (L1, L2, S3, and S4) in the same month of the following year. For each plant, the
influent and effluent characteristics, removal efficiencies, and system operation did not vary
between both sampling occasions also the comparative abundance of AOA and AOB amoA
genes appeared to be similar. Numbers of AOA and AOB amoA genes were
2.54x10*+2.20x10% and 8.54x10%+1.73x10® for plant L1, 4.87x10''+7.38x10'"" and
7.83x10%1.07x10° for plant L2, 1.99x10"'+5.45x10' and 3.53x10°+5.10x10°® for plant S3,
and 3.45x10'£7.92x10" and 2.60x107+3.25x107 for plant S4. The results confirm a high
contribution of AOA amoA genes to the ammonia-oxidizing consortium. However, it must be
noted that the results do not imply no seasonal variation of the comparative abundance of
AOA and AOB amoA genes, because the confirmation was performed only in the same

month (dry season) of the later year.

By assuming that the ammonia assimilation of microorganisms in the aeration tanks was
accounted for 0.1 x the ammonium removed [7, 12], the percentages of the ammonium
removal and the volumetric ammonium removal loads of the aeration tanks by autotrophic
ammonia oxidation were calculated (see Table 1). Between 62.3 and 90.0% of ammonium in
the influent of plants L.1-L.4 and S1-S3 was oxidized by autotrophic microorganisms. For
plant S4, small autotrophic ammonia oxidation occurred (18.2%). The results suggest that
autotrophic ammonia oxidation arose in most plants. When considering the volumetric
ammonium removal loads, larger amounts of ammonium were oxidized autotrophically at the
large municipal WWTPs (23.6-32.8 mg 1" d™') than the small municipal WWTPs (0.1-16.4
mg 1" d”!, Table 1). However, a connection between the volumetric ammonium removal loads

by autotrophic microorganisms and the individual numbers of AOA or AOB amoA genes
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remains undefined (Table 3). It is noticed that for plant S4, where minimal autotrophic
ammonia oxidation was performed, a smaller sized ammonia-oxidizing consortium occurred
(when considering based on 1 mg sludge). This is probably due to too short SRT to promote

ammonia oxidation in this plant.

Thus far, the actual contribution of AOA to ammonia oxidation in WWTPs remains unclear.
Here, we estimated the ammonia-oxidizing activity of AOA and AOB in our WWTPs with
some assumptions: 1) AOA and AOB were the only microorganisms involving autotrophic
ammonia oxidation in our WWTPs and 2) AOB oxidized ammonia at equal ammonia-
oxidizing activity per cell for all plants. Previous studies reported the values of 4.4—23.0
fmol cell! h™" for AOB isolates [2, 18] and 0—49.6 fmol cell' h™' for AOB in municipal
WWTPs [21]. However, at the time of the previous study [21] , AOA was not known to be
available and was excluded when estimating the ammonia-oxidizing activity per cell of AOB
in the municipal WWTPs. Thus, only the values reported for AOA isolates were used for our
calculation. To calculate ammonia-oxidizing activity per cell of AOA, it was assumed that
AOA posses 2.5 copies of amoA genes per cell following the former estimations (2.5, 2.1,
and 2.8 copies of amoA genes per cell) [3, 14, 42]. With the minimum value for ammonia-
oxidizing activity per cell of AOB (4.4 fmol cell h™"), AOA involved 39.37-97.39% of
autotrophic ammonia oxidation (Figure 3a) and the estimated ammonia-oxidizing activity per
cell of AOA ranged from 0.07—34.97 fmol cell’ h™! for all plants except for plant L1 where
the value was significantly higher (343.27 fmol cell’ h™"). When AOB performed with the
maximum ammonia-oxidizing activity per cell of 23.0 fmol cell” h™', AOA still involved in
autotrophic ammonia oxidation in all plants (21.64—86.36%) with an exception of plant L3
(0%). In this case, the ammonia-oxidizing activity per cell of AOA ranged between 0 and

100.63 fmol cell' h™'. The estimations show that AOA contributed to ammonia oxidation in

11
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most plants. Previously, the values of 4.1-80.6 fmol cell” h™ and 0.53 fmol cell’ h™' were
estimated for AOA in granular activated carbon of a full-scale drinking water treatment plant

[14] and reported for “Candidatus Nitrosopumilus maritimus” [24], respectively.

AOA and AOB compete each other for the common electron donor and acceptor, ammonia
and oxygen. Although AOA and AOB are likely to differ in ammonia and oxygen affinities,
both microorganisms can probably co-predominate in sludge floc by arranging themselves in
certain locations of the sludge floc where the surrounding conditions favor their growth.

For ammonia, “Candidatus Nitrosopumilus maritimus” and AR enrichment culture have the
Ks values for ammonium (1.86 pgN L™, 133 nM and 8.54 ugN L™, 610 nM total ammonium)
[24, 31] extremely lower than the values described for AOB (between 0.4 and 27.4 mgN L',
0.03-1.96 mM) [5, 18, 24, 35]; however, the maximum specific growth rate (Umax) of AOA
(0.0325 h™,0.027 h™" and 0.027 h™") [15, 24, 31] is in the range reported for AOB with high
affinity to ammonia, as were found to be common in all of our WWTPs (0.006-0.035 h™,
0.023-0.080 h™" and 0.014-0.025 h™") [4, 5, 36]. The pmax values for low affinity AOB are in
the higher ranges (0.063-0.138 h™ and 0.049-0.074 h'") [5, 36]. In addition, the specific
affinity (ima/Ks) value of “Candidatus Nitrosopumilus maritimus” (68,700 1 g cell”! h™") was
200 times lower than AOB [24]. The data suggest that anywhere in the sludge floc if the
ammonium levels do not exceed the inhibitory levels for AOA (see below) or are too high to
promote growth of AOB with low affinity to ammonia over AOB with high affinity to
ammonia, AOA should co-predominate with AOB, if the oxygen levels do not limit AOA
growth (see below). And, in the deeper parts of the sludge floc where the ammonium levels
may fall below the growth-limiting concentrations for AOB, AOA can be the only ammonia-
oxidizing microorganism in those layers (if the oxygen levels are enough for AOA growth).

Previously, studies on isolated and enriched AOA cultures suggested that growth and activity

12
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of AOA can be inhibited at high ammonium levels. Growth of “Candidatus Nitrosopumilus
maritimus” was inhibited at the ammonium levels above 28 mgN L™ (2 mM) and 4.2 mgN L
(0.3 mM) at pH of 8.2 [24] and activity of “Candidatus Nitososphaera gargensis” was
partially inhibited at the ammonium concentration of 43.1 mgN I"' (3.08 Mm) [13]. For AOB
the inhibitory levels were found to be significantly higher (>20 mM) than AOA (16, 36). In
our study, the ammonium concentrations in aeration tanks (<0.1-4.9 mgN 1™) were found to
be lower than the levels reported to inhibit AOA. But, the ammonium levels inside the sludge
floc were not investigated here. Information from studies in the past using microelectrodes
with municipal sludge suggested that throughout the sludge floc depth, the ammonium
profiles reduced slightly as compared to the oxygen profiles, which declined dramatically
[20, 33]. Interpolated from data presented by Satoh et al. [33], the ammonium levels at the
floc centers were found to reduce < 20% from the levels observed in bulk solutions (an
average value of 3.96 mgN 1" for the bulk solutions). And, the levels of ammonium occurred
at the sludge floc center in their study were higher than the Ks values reported for AOB with
high affinity to ammonia (0.7-1.4 mgN I, 0.05-0.10 mM, 0.4—1.1 mgN I"', 0.030-0.075
mM) [5, 35]. However, in our study, the ammonium concentrations in aeration tanks (<0.1—
1.1 mgN l'l) of many WWTPs (plants L2, L3, L4, S1, S2, and S3) remained around the Ks
values reported for AOB found in the plants (members of Nitrosomoas communis and
Nitrosomonas oligotropha clusters). In this case, in the deeper layers of the sludge floc, the
ammonium levels may remain below the growth-requiring levels for AOB and only AOA
may predominate in those layers. The calculation of Spearman's rank correlation coefficients
(Table 3) supports this explanation. The numbers of AOA amoA genes were found to
strongly correlate negatively to the ammonium levels in effluent wastewater. Many studies in

the past are also in this agreement. Erguder et al. [9] recommended that AOA were found to
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be the dominant ammonia-oxidizing microorganisms in environments low in ammonium

levels.

With regard to oxygen competition, an interaction among a group of microorganisms in
sludge floc is more complicated since in association with AOA and AOB, heterotrophic
microorganisms and nitrite-oxidizing bacteria also consume oxygen for their electron
acceptor. Previous studies suggested that depending on the competitiveness for oxygen of
each microorganism, as can be described by their oxygen affinity, the aerobic
microorganisms place themselves in different layers of sludge floc and biofilm. Heterotrophic
microorganisms exist near the sludge floc and biofilm surfaces, while AOB and nitrite-
oxidizing bacteria occur in the deeper parts [11, 27, 39]. Comparing between AOA and AOB,
studies on isolated cultures suggested that the Ks values for oxygen of AOA are likely to be
lower than the values reported for AOB. The Ks values for “Candidatus Nitrosopumilus
maritimus” and AR enrichment culture are 0.13 and 0.06 mg I'' (3.91 and 2.01 pM),
respectively [24, 31]. Nitrosomonas europaea have the Ks values in a range of 0.22—0.56 mg
1" (6.9-17.4 uM) [18]. For Nitrosomonas oligotropha, which were the common AOB found
in most WWTPs in this study, the Ks values for this lineage are ambiguous. Evidence from a
culture-dependent study demonstrated that a relative of Nitrosomonas oligotropha has the Ks
value for oxygen higher that the values reported for the Nitrosomonas europaea (1.22 mg 1™,
38.13 uM) [29]. In contrast, molecular evidence showed that the Ks value for oxygen of
Nitrosomonas oligotropha lineage seemed to be lower than those of the Nitrosomonas
europaea [11]. However, the data show a clear tendency that the Ks values for oxygen of
Nitrosomonas oligotropha are higher than the Ks values reported for AOA. This suggests that
in the sludge floc, AOA and AOB are likely to co-predominate at the upper layers of the

sludge floc and in the lower layers of the sludge floc, where oxygen levels may limit growth
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of AOB, only AOA may predominate. Molecular evidence with a few environmental samples
agrees with this; the low levels of oxygen in the environments may be the factor promoting
the AOA amoA gene abundance [9]. For example, in suboxic marine environments, relatively
high abundance of AOA was found [3, 6, 19, 30]. As mentioned earlier, in the municipal
sludge, the oxygen concentration profiles reduced dramatically along the sludge floc depth
[20, 33]. Li & Bishop [20] showed that even under aerobic bulk liquid condition, the aerobic
zone only restricted to the surface layer of the sludge floc (0.25 mm), while in the reaming
parts of the sludge floc (a diameter of ~ 1.0—1.4 mm), the oxygen levels reached zero. Satoh
et al. [33] suggested that the oxygen concentrations in bulk solutions influenced the oxygen
concentration profiles in the sludge floc, especially for the occurrence of anoxic zone in the
sludge floc. When the bulk oxygen level was 6.24 mg "' (195 pM), no anoxic zone was
generated even at the floc center, whereas an anoxic zone was found when the bulk oxygen
concentration reduced to 1.44 mg "' (45 pM). It must be noted that in our study, anoxic zones,
as can be indicated by denitrification performances in aeration tanks, did not occur in all
plants (data not shown). Only in plants L2, L4, S1, and S2 did denitrification arise (data not
shown), and in these plants the oxygen levels in the aeration tanks were lower (< 1.40 mg I'")
than in the plants with no denitrification (> 2.68 mg 1", plants L1, L3, S3, and S4). The
results imply that although the oxygen levels in the sludge floc varied among the plants, AOA
amoA genes arose in significant numbers in all plants. The result from the calculation of
Spearman's rank correlation coefficients (Table 3) is in this agreement. The abundance of
AOA amoA genes did not correlate directly to the oxygen concentrations in the aeration

tanks.

For operational parameters, the AOA amoA gene numbers correlated solely to the SRT

(positively). Previously, the occurrence of AOA in WWTPs was found to relate

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

(qualitatively) to SRT. Park et al. [28] demonstrated that only WWTPs having the SRT of >
15 days are likely to harbor AOA. In our WWTPs, AOA were found in significant numbers
though most plants (L1, L4, S1, S2, S3, and S4) were operated with shorter SRT (2.8—14.9

days) than the WWTPs’ in study of Park et al. [28].

Analysis of AOB communities demonstrated that AOB found in our municipal WWTPs were
limited to only two AOB clusters (Nitrosomonas oligotropha and Nitrosomonas communis
clusters) which exhibit high or moderate affinity to ammonia. Nitrosomonas oligotropha are
groups of AOB with lower K, values (0.7-1.4 mgN 1", 0.05-0.10 mM, 0.4—1.1 mgN I"",
0.030-0.075 mM,) than other AOB [5, 35]. As a result, they are commonly the majority
strains in the municipal WWTPs, as the environments low in ammonium levels [12, 21, 22,
23]. Although AOB of the Nitrosomonas communis cluster are noted for their moderate

affinity to free ammonia [16], they are also commonly found in municipal WWTPs [23].

In contrast to AOB, AOA sequences of various clusters were retrieved from the municipal
WWTPs of this study. Previously, the related sequences to our sequences were found
extensively in a variety of environments. AOA of clusters 1.1b-5 and 1.1b-6 were found in
Mammoth hot spring sediment, which is a moderately thermal environment (42 °C to 50 °C)
[8], and a subsurface thermal spring [40]. The results suggest that AOA cluster 1.1b-5 and
1.1b-6 might be tolerant to a relatively wide temperature range, meaning that they could
survive in environments of 25 °C, as in WWTPs, to 50 °C, as in a hot spring. In addition,
AOA of clusters 1.1a-1, 1.1a-2, 1.1a-6, 1.1b-3, 1.1b-4, 1.1b-7, and 1.1b-8 were found in
marine environments (5; clone WBMO050405 45P2A1, accession number FJ227760). These
results imply that AOA of these clusters are salt tolerant and can exist in both salt and non-

salt environments. And, in plants L2, L3, S1, and S3 they were the only AOA sequence type
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present implying that they were the dominant ammonia-oxidizing microorganisms in these

municipal WWTPs.

The AOA sequences recovered from the municipal WWTPs in this study differed from those
reported by Park et al. [28]. Their study indicated that AOA of clusters 1.1a-4 and 1.1b-2
(clusters B and D in their study) might be distinguished groups of AOA, with cluster 1.1b-2
as the AOA with a widespread presence in their WWTPs. AOA of cluster 1.1b-2, however,
was not found in any of the municipal WWTPs in our study. Sequences of AOA cluster 1.1b-
4 were found to be the most widespread sequences distributed throughout five of the nine
municipal WWTPs in this study. No special AOA cluster was found to relate to the highly
active plants. A link between AOA distribution patterns and autotrophic ammonia oxidation,

therefore, remains unclear.

One to three AOA clusters were found in each plant with activated sludge or oxidation ditch
processes (plants L1-L4 and S1-S3). However, the AOA in an aerated lagoon system (plant
S4) were found to be highly diverse with seven clusters present. It must be noted that in plant
S4, autotrophic ammonia oxidation occurred minimally (Table 1) and the numbers of AOA
(and AOB) amoA genes were less significant than they were in the other plants (when

considering based on 1 mg sludge).

Conclusion

In conclusion, AOA amoA genes outnumbered AOB amoA genes in most of the WWTPs
even though the treatment processes, influent and effluent characteristics, removal
efficiencies, and system operation of the nine municipal WWTPs in this study were not

homogenous. This points to the significant contribution made by AOA amoA genes to
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ammonia-oxidizing consortiums; as a result, these microorganisms may be involved in the
ammonia oxidation that occurs at municipal WWTPs. Prior to the recent work, studies on the
removal of nitrogen from WWTPs had overlooked AOA, considering only AOB’s role.
Future research must include and clarify the role of AOA as well as AOB in the treatment

processes of municipal WWTPs.
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Table 1 Treatment processes, influent and effluent characteristics, removal efficiencies, and system operation of municipal wastewater treatment

plants.
Wastewater treatment plant
Parameter Unit L1 2 L3 L4 s1 52 3 4
. . Contact . . . . .

Treatment process Conventional Conventional stabilization Anoxic-oxic Conventional Oxidation Conventional Aerated

p AS AS e AS AS ditch AS lagoon
Wastewater flow rate m’ d’! 102184 200274 18881 111295 413 1302 600 1442
BOD in influent mg I 24.8-27.4 30.1-31.4 57.0-58.3 46.0-47.3 109.0-135.0 89.0-103.0 102.0-152.0 72.0-75.0
BOD in effluent ¥ mg I 8.6-10.4 5.9-11.8 5.5-5.7 3.3-3.4 5.0-6.0 3.0-5.0 2.0-5.0 4.0-5.0
BOD removal ¥ % 62.2-65.4 60.9-81.1 90.6-91.0 92.6-92.9 94.5-96.3 95.1-96.6 96.7-98.0 93.3-94.4
NH,-N in influent ¥ mg I 8.5-9.7 11.0-11.1 7.7-7.9 7.1-8.1 21.4-24.0 36.2-38.6 13.4-14.5 5.4-6.0
NH,-N in effluent ¥ mg I! 2.7-29 0.9-1.1 <0.1 0.6-1.0 0.2-0.4 <0.1-0.4 <0.1-0.2 4.1-49
NH,"-N removal ¥ % 68.2-70.1 90.9-91.8 100.0 87.9-92.0 98.3-99.1 99.0-100.0 99.9-100.0 18.3-24.1
NH,"-N removal by autotrophs % 62.3 81.8 90.0 80.5 88.8 89.5 89.4 18.2
Xf";:ﬁzg;ftgim removalload 11 g 3738 40.1 35.1 339 13.7 18.3 57 04
Volumetric NH4-N removal load gl
of acration tank by autotrophs mgI'd 23.6 32.8 31.6 27.3 12.2 16.4 5.1 0.1

-1

DO in aeration tank mg | 3.25 0.5 2.95 0.55 1.30 1.40 3.05 2.68
HRT” h 4.0 7.0 6.0 4.0 6.0 39.8 435 67.2
SRT® d 9.0 35.0 25.0 12.0 7.0 5.7 14.9 2.8
MLSS® mg I 1670 5930 7550 7640 3360 2090 6110 120

DO, dissolved oxygen; HRT, hydraulic retention time; SRT, solid residence time; MLSS, mixed liquor suspended solid; AS, activated sludge

a) All influent characteristic, effluent characteristic, and removal efficiency values were the ranges for the month that the sludge was collected.

b) All operational parameters are the averages for the month in which the sludge was collected.
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Table 2 Calculated numbers of AOB in municipal wastewater treatment plants based on the

amoA gene and 16S rRNA gene

Wastewater treatment plant

amoA gene

(cells I sludge)

16S rRNA gene
(cells I sludge)

Ll
L2
L3
L4
S
s2
S3
sS4

2.29x10°£2.27x10°
1.37x10°+3.95x10°
5.58x10%2.70x10°
9.78x10%£1.10x10°
1.24x10°£6.07x10°
1.21x10°+3.62x10°
2.09x10%£7.14x10°
3.22x10%:2.08x10°

2.17x10°£1.25x10°
1.07x10°+3.66x10°
6.27x10%+4.44x10°
4.66x10°+2.06x10°
1.92x10°+5.71x10°
1.03x10°+2.32x10°
3.20x10%+4.60x10°
3.89x10%4.36x10°
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Table 3 Spearman’s rank correlation coefficients between the numbers of AOA and AOB

amoA genes and plants’ parameters.

Spearman’s rank correlation coefficient

Parameter AOA amoA gene AOB amoA gene
Wastewater flow rate -0.143 (0.736) -0.214 (0.610)
BOD in influent 0.310 (0.456) 0.381 (0.352)
BOD in effluent 0.012 (0.978) -0.144 (0.734)
BOD removal 0.167 (0.693) 0.405 (0.320)
NH4-N in influent 0.381 (0.352) 0.714 (0.047)
NH4-N in effluent -0.833(0.010) -0.333 (0.420)
NH,"-N removal 0.826 (0.011) 0.407 (0.317)
NH,"-N removal by autotrophs 0.833(0.010) 0.333 (0.420)

Volumetric NH,;-N removal load

of acration tank 0.214 (0.610) 0.048 (0.911)
yolmare NNl o3u1 035 ooss 0911
DO in aeration tank -0.024 (0.955) -0.286 (0.493)
HRT 0.048 (0.910) 0.133 (0.754)
SRT 0.738 (0.037) 0.405 (0.320)
MLSS 0.643 (0.086) 0.310 (0.456)

p values are shown in parenthesis

Bold letters indicate significant correlations at p value of <0.05.



Table 4 Communities of AOB in municipal wastewater treatment plants

AOB cluster

Wastewater treatment plant

L1

L2

L3

L4

S1

S2

S3

S4

Nitrosococcus oceani cluster
Nitrosospira cluster
Nitrosomonas communis cluster
Nitrosomonas europaea cluster
Nitrosomonas cryototerans cluster
Nitrosomonas sp. Nm143 cluster
Nitrosomonas marina cluster

Nitrosomonas oligotropha cluster

\/, present
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Table 5 Communities of AOA in municipal wastewater treatment plants

Wastewater treatment plant

AOA cluster

L1 L2 L3 L4 S1 S2 S3 S4
Cluster 1.1a-1 et —+
Cluster 1.1a-2 .
Cluster 1.1a-3

b
Cluster 1.1a-4 R mma
++
Cluster 1.1a-5
Cluster 1.1a-6 .
Cluster 1.1b-1
Cluster 1.1b-2
b A
Cluster 1.1b-3 bbb
R b
A
RS
Cluster 1.1b-4 A R aEa A +
A
++

Cluster 1.1b-5 o . -
Cluster 1.1b-6 -

Cluster 1.1b-7
Cluster 1.1b-8

++

++

+, present (the amount of symbols represents the number of clones)
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