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Analysis on the Microbial Community Structure of Red Granule in the
Anaerobic Ammonium Oxidation Reactor

HyoKwan Bae - Kyung-Soon Park - Yun-Chul Chung - Jin-Young ]ung'r

Environment & Process Technology Division, Korea Institute of Science and Technology

ABSTRACT : Extremely slow growing anammox(anaerobic ammonium oxidation) bacteria were cultivated using a combination of UASB
(Upflow Anaerobic Sludge Blanket) reactor seeded with anaerobic granular sludge and carbon-fiber cultivating reactor. After 180 days of
continuous cultivation, average nitrogen removal rate showed 0.54 kg N/nr'-day when 0.6 kg N/m’-day of nitrogen loading was applied. The
black granule was changed to brown and red granule as continuous operation, and the red granule was highly dependant on the high anam-
mox activity. Microbial community structure of red granule in the UASB reactor was analyzed by molecular methods such as gene clon-
ing, phylogenetic tree analysis, and FISH(Fluorescence In Situ Hybridization) method. As a result of gene cloning and phylogenetic tree
analysis, 5 kinds of phylum were found to be Planctomycetes, Proteobacteria, Acidobacteria, Chlorobi, and Chloroflexi. 13 clones were matched
to anammox bacteria among 51 clones in the red anammox granule. In-silico test which used cloning information and FISH probe of the
AMX368 was conducted to detect the presence of anammox bacteria in the red anammox granule. As a result of in-silico test, only one clone
was exactly matched to AMX368 but 11 clones was mutated one base among 18 bases representing all 12 clones are anammox bacteria. A

filamentous Chioroflexi might be related to the granulation of anammox bacteria. As a result of FISH analysis, anammox bacteria was abundant
in the red anammox granule.
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Fig. 1. Schematic diagram of the continuous culture reactor.

Table 1. Composition of synthetic wastewater used in this

study
Component Target compound Concentration(mg/L)
(NH4):804 NH4-N 32-500
NaNO, NO;-N 32-500
NaHCO; Alkalinity 350
KH,PO,4 PO4-P 6
MgS0, - TH,0 Mg 12
CaClz . 2H20 Ca 48
Trace element solution I  Trace elements 1 mL/L
Trace element solution II  Trace elements I mL/L

60%(viv)Z AR, FUAHY] A F ¢ AFsAch @
7] o= A4 7-10 mme] ceramic ballg <F 90 mL H
A= A AENAEY A FAEHL, 1FEZ(Model
QSY with RH, Fluidmetering Inc.)& o]&&le] FAdH+S
st gHee 2442 ol Table 13 Zu}. njFd
2 18992 EDTA 5 g/L9} FeSO, - TH0 5 g/LZ A|ZHY
3, WA [I{AL ZnS0s - 7H;0 043 gL, CoCl; - 6H,0
0.24 g/L, MnCl, - 4H,0 0.99 g/L, CuSOy - 5SH,0 0.25 g/L,
Na;MoO; - 2H,0 0.22 g/L, NiCl, - 6H0 0.19 g/L, NapSeO, -
10H,0 0.21 g/L, HsBO; 0.014 g/L2 AZ3te] Ja46A
B#add

27 7% A& ke FEEH ARAT 149 24904
drUolY A ofdity ALE 72 32 my/l FYst,
FARARIE 006 kg N/m’-day2 §23141, 94 WY
of MZ anammox ¥FZ §&9 WIS FANY] Y3
o F&5E BYSY anammox B gsiA 3
RVt A4 vt FFALE AALNE |, &
ALFEE BAFHLE Z/HAA GEYoH] FA9 ol
4 249 3EF 42 300 mg/lLe] A A5t pll
€ 23R ggoeH, VY 2+ x4 JHE
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2.2. 165 rRNA gene €24

2AUBAH THE o185l WS NAEE BH
7 A8, A%WE) R AR AATE Fokol B8]

U g4 £8AE APk 27 AEF V8 98
A e F248 YR YA, anammox &do] F7Hd
o wel AA 24 EE F2YoE HIHAT FaAAL
=7} 0.54 kg N/m3-day§ Q-3 anammox EX & el
A 2009 o1F9 4 £8AE AR FUeE 2N
A3, dFE 2L JERR, 9579 gdsR oA
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FH P, dRE F2 A9 JFegAE FEH AA
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2 A RHES AASAT AHF F2

G148 SHAE 250 mg AEE Power Soil™ DNA kit(Mo
Bio Laboratories Inc., USA)o] £{i&a EF genomic DNA
2 &3ty EF genomic DNAE FHPOE o] §3y
thorgt A8 v &S 16S rRNA gened FE3 =], ©l
Z 93 AA 99 " PEY 168 RNA gened] FFo] 7}
=3 27f(5-AGAGTTTGATCMTGGCTCAG-3")9} 14921(5’-
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PCRE 93t &AL & 20 uloji, 2 pL9 10X PCR bu-
ffer(15 mM MgCL), 0.2 uL2] dNTP(dATP, dCTP, dGTP¢}
dTTP Z¥zt 2.5 mMo 2 F4), 0.2 pLe] 27f primer(20 pmol),
0.2 pL9) 1492r primer(20 pmol), 1 pLe] DNA template, 0.2
uL¢] Taq DNA polymerase(Takara Ltd. Co., Japan), 123l
164 pL9 37 ZHTE 2AFHUT

16S TRNA gened] ZZ-& MyCycler(BIO-RAD, USA)E
0|83l AFAaYrh PCR SEXAL pre-heating(94 T, 48),
denaturing(94°C, 1%), annealing(557C, 1), extension(72C,
), final extension(72C, 108)0]93L, 308 S&& AASH
. Z2ZHE2 100 mVelA] 258§t A7) ¥ (Mupid-a,
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(Dyne Biolnc., Korea)2 A3t FA st th
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A Bk &, Plasmid Miniprep Kit(DyneBiolnc., Korea)
2 0183 plasmidE &8 A ST Plamidol] 44 168
rRNA gened g7|AX €L DYEnamic ET Terminator Sequen-
cing Kit(GE Health Care, USA)$} MegaBACE 1000 DNA
sequencer(GE Health Care, USA)ell 93] EAH
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2.3. DNA HHe| HEEF/EH &M

RDP(Ribosomal Database Project) A}o]E¢] CHIMERA _
CHECK Z2a3g o]&3st] Z&3 H714E(500 bp)3<
chimera® 2z121g3tAt}. Chimera7l ohd §714¥-& NCBI
(National Center for Biotechnology Information)¢] BLAST
Network Serviceo] §gste} o] FAMEE Hole ZwES
gAasgth 27%F FEE ASERTE EAE FoM &
Q1st7] YsiA G714 QS ClustalX 1.81& o] &3t F&H3}
3, AER 9719 FRE MEGA 31282 439 AE
2o BAEE 4499 ASEFNY BAE Ay A
neighbor-joining method& <3z F0.2 o] &3152H, A=A
£ gr3y] g3 100039 bootstrap A A 3H T}

2.4. FISH(Fluorescence In Situ Hybridization)

QAEH A ABE AERFS ¢35t PBS(phosphate buffe-
red saline) A3} 4% cold paraformaldehyde €9 #W2-& #
Atk A x| Tissue-Tek OCT compound(Sakura Finetek, USA)
2 JFAA §F ¥ 5o 39 F(387), AFE 20T
A v A @7 (Reichert-Jung Cryocut 1500, Leica)E AF&-5}
o] 1020 pm2) FAZ ADsA) olF, Fdd AES 4
ZF€(0.1% gelatind} 0.01% chromium potassium sulfate).2.
2 FGAZ AEA 2 28 Ftol=d] &3 o 208 F

¢t A AZANAS 2 F 47 283 50, 80, 96% s

of 294 o] @Azl ¥ hybridizationS 3T
hybridization2 46°C, 3A]Zt &< hybridization buffer(0.9M
NaCl, 20 mM Tris(pH 7.2), 0.01% sodium dodecyl sulfate
(SDS)el SBI=S o} Widaisich. & 4Bl AHSE @
A= AA vtelz]o} AL 9% fluorescein labeled EUB338
L I, T mix$} anammox W|AE ¥ S £]3 HEX labeled
AMX3680] it}

g3AR9 FAZ2FEE 5 ng/uLo)9eH, formamided] F&
£ B34 ng} 233Utk fol=e AFA(4.5 M NaCl,
20 mM Tris HCI(pH 7.2), 0.01% sodium dodecyl sulfate
(SDS))oll &0l 48T, 208 B FAT F Do 2FE A
ot AAAR AR @rF F2L A4R Neofluar
Z9} axiocamo] ZAFA 3 FF o) Z(Axioskop 2plus, Zeiss,
Germany)& Al&39 ).
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SRAx7% 79 gdEYolY 2 o FIE A& FEE G
z} 30014 50 mg/L, 100014} 200 mgLE Z/MAZAL HE
Agsta griioly Ak olAag Ao AAEE 100%
o 77l on, wgo] ¢hEsle ol FREE 83.3-93.5%9 F
Az AAES YT §92&%-87} 0.6 kg N/m'-do)
Ao u, §F AAAHEL 054 kg N/m*-d= Jebgrh
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BUokd A9 EEE 32 mgLdA dAFL=E 50, 100,
200, 300 mg/L7kA) E7HNZT. €4 1747HAE #4 o
MY A FEE 32 mglE FYFA2L FEFH oF
AMA Az AAL] 9A vehd 23 18YRE 4997
A= obAAA A4S FEE 20 mgLE BFoA FYstd]
w719 ekgsE A=t

olmujobd AAe] AL oA 38URH uHAF PPAHoE
AAE7] AAeEa, A 10044 FEyoly Az %
2 50 mgLE Z/MAL ), AAgol F43] AFHUR
AA3 FBEATE £ 24 86U FRUoH] Ai9 F

2 100 mg/LolA 200 mgLE ZF7MAZHE dol= DAH
o2 60 mgL7tA] R A4l FUHsIE StAAT

Table 2. Oligonucleotide probe used in microbial analysis by
FISH

Target Formamide
site conc.(%)

EUB338 1 GCTGCCTCCCGTAGGAGT 338-355  10-50
EUB338 11 Eubacteria GCAGCCACCCGTAGGTGT 338355 = 10-50

Probe  Specificity Sequence(5'-3")

EUB338 Tl GCTGCCACCCGTAGGTGT 338355 10-50
AMX368  TEMOX T ITCGGGCATTGCGAA 368385 15
Bacteria
350
w0 { | T8 et cnnn

250

200 4

100 4

Ammonium nitrogen concentration (mg N/L)

Ammgniurn rermoval efficiency (%)

e Tt FOQEN lORING rate applied
—{— ammonium removal eficiency

Nitragen loading rate applied (kg mea«d)

og T T T 0
] 50 100 150 200

Time {days)
(b)

Fig. 2. Operational efficiency in the continuous culture reac-
tor: (a) variation of ammonia nitrogen concentration in
the R3 reactor (b) variation of ammonium removal effi-
ciency with nitrogen loading rate applied.
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o2y B2 FAfole, 24 209 o) FRE dAHO
2 AAF7] AFsitht €3 9QRE §E5U obd Ay &
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HE anammox UlAES FRTs 2234 RS 0] anam-
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2 RV e
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bpe] REZF JrME & 897] sequence CHIMERA _
CHECK-& &4l non-chimera 7144 5148 A¥sy 97
AEol FHE= cloned AT A, AZH EMPAL @
7IMEE BT 27702 siebs9ict BLASTE 3 H49 &
AEE T WAES 2A% A% 27709 cloned anam-
mox bacteria, B-proteobacteria 37}*], Chlorobi 27}%), Acido-
bacteria, Chloroflexi®] % 87}%] m|q &3 R EF5 9 THTable
3). & ZRE dstd 39 FAIEE Bol: 8709 clone
=(GR 3, GR 15, GR 24, GR 35, GR 45, GR 55, GR 77,
GR 88yt ZHFo2 A= VIMEES NCBIA 24
2 Fzstd AGERIH BEAZE A9 tKFig 3).
A BAIE £AE 10003 bootstrap resamplinge] )3}
FAU HRES Yehlle Aoz 5719 phylum HoL 85%
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b

Burkhoideriales bacterium: DQ507 144 B-protecbacteria § Protecbacteria

AB252918
Lanammox siudge/Japan: AY548943

B252916
8 AB252917
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78 AY211077
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autotrophic nitragen remaval anaerobic granular studge

IKorea: Avsogsso | Chlorobi

anammox sludge/China; AY548931

river sedement/China 0Q444080

76 Flexus sp.. AY150877

AYS21735

Chioroflexaceae bacterium: DQ507172

Chiorofiexi

AY221734

Candidatus “Scalindua brodae™ AY254883
-Candidatus “Scalindua sorokinii®: AY257181
Candidatus “Anammoxoglobus propionicus; DQ317601

Anammox Plactromycetes
66|_98Candidatus “Kuenenia stutlgartiensis™: AF375995 Bacteria
ncultured anoxic studge bacterium KU2: ABO554007
-Candidatus “Brocadia fulgida’ DQ459989
5gL[ Candidatus “Brocadia anammoxidans™: AF375994

6 uncultured anoxic sludge bacterium KU1: AB0S254006
Archaea; ilum sp.: MSP133792

005
Fig. 3. Phylogenetic tree of red granule in the continuous

culture reactor.
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Fig. 4. Comparison of the diversity and the abundance of
clones in this study.

Table 3] No 1-12¢f sl@3l= clone5& & YEY anam-
mox ¥Hg7]olA FF AB057453(Planctomycete KSU-1)3}
ARG o2 WA, FALETF 98-100%2 435 &3
t}. Anammox TAE IFL 25%(13/51)9 HL LAEE
Hehf e, e anammox FAEC] WHEFHA = ARt
o} #A7EA] 9Esi 2 anammox B|A)E-2 Candidatus “Brocadia
anammoxidans”, Candidatus “Kuenenia stuttgartiensis”, Candidatus
Candi-
Candidatus “Brocadia fulgida”,
Candidatus “Jettenia asiatica”} Candidatus “Anammoxoglo-
bus propionicus” 5202 thgstA| T B A4 o] UASB yb
€714 anammox FIAE FFHTFRE TYS 545 veh
Aot 28T B 149 sEA2RY FUF 599 anam-
mox A E cloneg WA3A R

“Scalindua wagneri”, Candidatus “Scalindua brodae”,

datus “Scalindua sorokinii”,
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Table 3. Affiliations of the 16S rRNA gene clones analyzed in this study

No Clone % Similarity Accession No Organism Source Phylum?
1 GR 72 98
2 GR 2 98
3 GR 10 98
4 GR 30 98
5 GR 5 98
6 GR 33 99 AB057453 Uncultured . Planctomycetes
(Planctomycete Planct. ; Anammox Biofilm(Japan) (Anammox
7 GR 1 9 KSU-1) anclomyeetes Bacteria)
8 GR 67 99
9 GR 9 99
10 GR 28 99
11 GR 12 (2)" 100
12 GR 45 100
13 GR 69 95
14 GR 23 98
135 GR 4 (16) 98 AB194898 Uncultured Bacteria Anammox Sludge(Japan)
16 GR 70 99 Proteobacteria
17 GR 88 100 (3-proteobacteria)
18 GR 36 98 L . .
AY945875 Uncultured Bacteria  Denitrifying Bioreactor(China)
19 GR 77 (2) 99
20 GR 24 97 DQ507144 Burkholderiales Anammox Reactor(Russia)
21 GR 76 94
22 GR 18 (6) 95 . . ) . .
DQ444090 Uncultured Bacteria River Sediment(China) Chloroflexi
23 GR 73 96
24 GR 15 97
25 GR 3 (2) 99 AY548931 Uncultured Bacteria Anammox Sludge(China)
Autotrophic Nitrogen Chlorobi
26 GR 35 (2) 98 AY 609340 Uncultured Bacteria Removal Granular
Sludge(Korea)
27 GR 55 95 AB240484 Uncultured Bacteria Rhizosphere Biofilm Acidobacteria

(Japan)

D () means the number of identical clones

2 Phylogenetic information was determined by the phylogenetic tree(Fig. 3)

No. 13-179] CloneE2 [B-protecbacteria phylume] &&=
Aoz @gr] B-proteobacteria YT 37kx] Z8Zo] 3
bl 74 s FHE Holx, F 24709 clone(47%)
o] A 7} Z $AEE BYrh o3 dEyH ¢
AEE 7¥toz Bys B o, B-proteobacteria’} anammox
e 4R #dsta Je Aoz Asdo E3, B-
proteobacteria’} 2 A7) anammox UASB #F-&7|o] A4t v
A Aol o, ZHFLE Ity AB194898(uncul-
tured bacteria), DQ507144(Burkholderiales)o] & &jo)A] &4
¥ anammox HFEIINAME WAHT = AL B-proteo-
bacteria7} anammox ¥F2o| ZA BAE 15H L 531
At

7l 2#FSE ot WAEE Chloroflexi, Chiorobish
Acidobacteria phylumell &3] 9]+&dl, Chloroflexi(green non-
sulfur bacteria)¥ anammox2] YU4+3te} BHo] 9= AS
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wagt gaske sEhd, €984, vAE 5449 9
R0l = Ao g BRI &=, AHd(filamentous)-

Chloroflexit= V| E9] E535 4 YA E A& A E
A E4e AFse Aoz @A 97" A Chloro-
flexit= thermophilic 52 & 93 Y& &8A ) FF
st EAsta, E7Ee] NYW# Bohbulking)d] Fa9 4
@2 3} Chlorobi(green sulfur bacteria) 2% AY548931
3} AY6093400] F7]4 AaAA FFAA LA glon
2, O350 V42 AsAMY ZL&AA Jdske 93
0% 73E e Zeg gdgrh

2 &
(e}

3.4. AMX368 FISH Ef&IXIE &-E8t in-silico2t in-situ hy-
bridization A&

olm] AMX156, AMX820, AMX223, BAN71, BAN108, BAN

222, KST31, KST77, KST193 5¢] «J& FISH probes} 7igt



2718 42w s wE7] W

# v QAAT, AA anammox PAEL VA= @A
£ AMX3680] #3tt}k'® AMX368 ©3A}7} anammox ]

BEE AAHe= E“Q@_r T HeA FAsk7] A in
silico FISH testg 331t} o) Y3 ZARAE E3

Sort BE anammox u]xggq 16S rRNA gene ¥71MQ 3

Table 4. Type of AMX368 region searched from NCBI database

Accession
N
° No

AJ131819  anaerobic ammonium-oxidizing Planctomycete

Definition Type

—

2 AJ519649  uncultured bacterium; Sh765B-TZzT/AG-34
3 AJ250882 anaerobic ammonium-oxidizing Planctomycete
4 AF202655 anoxic biofilm clone Plal-47

5 AF202656 anoxic biofilm clone Plal-48

6 AF202657 anoxic biofilm clone Plal-44

7 AF202658 anoxic biofilm clone Pla2-10

8 AF202659 anoxic biofilm clone Plal-14

9 AF202660 anoxic biofilm clone Plal-1

10 AF202661 anoxic biofilm clone Pla2-19

11 AF202662 anoxic biofilm clone Pla2-22

12 AF202663 anoxic biofilm clone Pla2-48

13 AF375994 Candidatus “Brocadia anammoxidans”

14 AF375995
15 AY254882
16 AY254883
17 AY257181
18 AY769988
19 AB015552
20 AB05254006
21 AB0554007
22 AB176696
23 AB177171
24 DQ459989
25 AB057453
26 DQ301513

Candidatus “Kuenenia stuttgartiensis”
Candidatus “Scalindua wagneri”
Candidatus “Scalindua brodae”
Candidatus “Scalindua sorokinii”
Uncultured Planctomycete; 3-8b6
unidentified bacterium; BD3-11

uncultured anoxic sludge bacterium KU1
uncultured anoxic sludge bacterium KU2
uncultured Planctomycetales bacterium
uncultured bacterium; ODP1230B20.10
Candidatus “Brocadia fulgida”
Planctomycete KSU-1
Candidatus “Jettenia asiatica®

II

27 DQ304S31 Uncultured Planctomycetales bacterium clone

28 DQ317601

Candidatus “Anammoxoglobus propionicus” Il

Y

Table 5. Nucleotide anformauon in AMX368 region

ged gueuAe HaE 2aTE B4 1061

X9} Probe Match(Ribosomal Database Project)ellA] AMX368
2 gd5s vAE JEE dEIEh F 9021179
714E8& #B%35k Probe MatchE 2135 A3 AMX368&
anammox 99| PBES BHNA = %o, ZE anam-
mox HMEE BAsAE Rt AMX368 ola) 23
He nAES Type [22 E/\]%}E’&"’ AMX368] 93] &
FFA & anammox HAEL Type II, L2 BFER
THTable 4). Planctomycete KSU—l, Candidatus “Jettenia asi-
atica”, Uncultured Planctomycetales bacterium clone P14, Can-
didatus “Anammoxoglobus propionicus”E AMX3687} &3
A Eole olfE B3 A E coli rRNA gene base
number 368-385 W9 = slute G- Qe Gr|AE LA
(substitution)7} &AJ3}7] 2otk GAXNE TAE F 7}
A F3g BAed 2 ZHE Table 5¢] EASHH T

E. coli IRNA gene base numbering 368-385 Alo]2] 7]
Hg g8o2 @otd Type I, I, MIE 7utoz 51719
cloneol] sk in-silico hybridizationg A|&3t 23} 117
9] clone2 Type o] 3] F3dl= anammox H A E0|YH, 1
M) clonegto] AMX3687 &3] dX3e AL Ry
(Table 6). Table 6] Ao W=, F7|4H daA3 UASB

S719) 5= anammox F|AIE-2 Planctomycete KSU-1
I} 28 Type 1o]1, Type 19] anammox BB E9 $AL
< %<& ALE vepdnh MM, anammox FAEEE &
HHoz BA57) AL Type 1% 1 anammox ©41E
B EHE & UEF /MAE AMX368 FISH probe
ALgstojof drh, EF AAHCE EAFE £ e Type
1] anammox B ¢35t 37}A] degeneracy”’} iz 8
T AEE AMX368& MAdste A £ Fasith

Anammox 719 AF&EAe 2327 AL Mg Y

iy wo

B RO, anammox @40 FEFE Be AS UEh
o A&EA 2000 olFole B A YA} Bl B
AR, BN LA TEel BolRIIE SiTkFig. 5).

Fig. 62 EUB338 I, II, 1lI¢} AMX368& o]&3ld £
A 4 £8A A anammox HAES BIS I A
oltt. Fig. 6(a)oll vtehd vk} Zo] anammox mAJE-2 A4
<82 YR FEE F24 AL e A& ¢ &
1Atk Fig. 6(b)= anammox HAEo] 48l YdEH

vl

F& 7 gdid a1golth F&4 22 anammox

o>' i
ﬂlb

A
3

Type Sequence Information Probe
Tyel T T € G €C A A T G C C C G A A A G G AMX36S
Type I - - . - - - - - - - - - - G - - - - -

Type 1I - - - - - - - - -

Table 6. In silico FISH test result of clones obtained in this study

Type 1 GR 10
Type I
Type III

GR 1, GR 2, GR 5, GR 9, GR 12, GR 28, GR 30, GR 33, GR 45, GR 67, GR 72

not detected

iorE oo x| 2867 102, 20063 10¥



(a) Seed granule

(b) Granules after 200 days of continuous operation

Fig. 5. Photographs of seed granule and changed granules after 200 days of continuous operation.

(a)
Fig. 6. Fluorescence in situ hybridization of granules in continuous culture reactor red granule. Anaerobic ammonia oxidizer is
visualized in yellow-red because of the overlap of labels. (a) x50, (b) x100

=9 3 9% Aoz FPH e, van de Graaf & <
S} anammox UAE W9 cytochrome?] $22rle] <9t A
olgtx Hud w ATk max B2 MED e anam-
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5 2 &

2 AP AE 83.3-93.5%Y EAA AALS Kol anam-
mox UASB wkg7|d Uehts H24 8714 44 &8
9 mds FATEE BEALESA 718 16S rRNA gene
E43 FISHE €&3to BA314th 16S rRNA gene 2
P& 3l I5F 9UIME FEE 8835to] BLASTE A|H
P ASEFAY BARE 4T 2 wher) U9 w4

ol
£ o
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(b)

Fig. 7. Fluorescence in situ hybridization of peripheral region
of red biofilm. Anaerobic ammonia oxidizer is visualized
in yellow-red because of the overlap of labels. (200%)
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