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Abstract: Traditional biological denitrification process for wastewater has severely limited its application in the field
of water environment pollution prevention due to large aeration energy consumption, alkalinity consumption, insufficient
carbon source, high sludge output, complex process, and the generation of large amounts of greenhouse gases. Anaerobic
ammonia oxidation( Anammox) driven by anaerobic ammonia oxidizing bacteria(AAOB) is the most concise denitrification
pathway so far, which can achieve carbon and nitrogen separation with low consumption, high efficiency and envi-
ronmental friendliness. However, the low growth rate, long doubling time and environmental sensitivity of AAOB have
become bottlenecks for the engineering application of Anammox. Enrichment and cultivation of AAOB to exert Anammox
activity became the key to solve the problem. The enrichment strategy based on the biological characteristics of AAOB
determines the biomass, activity and denitrification performance of the strains. The distribution and species of AAOB
were summarized, and their physiological and biochemical characteristics were analyzed. Three enrichment strategies
of process regulation, aggregation granulation and strain preservation were analyzed based on AAOB characteristics,
and the enrichment culture process was analyzed. It was believed that the essence of the enrichment culture process was
to adopt suitable culture conditions for AAOB enrichment to eliminate the inferior bacteria, and continuously increase
the relative abundance of AAOB, and form a relatively homogeneous and stable biological community. The focus of future
research was to analyze the biological characteristics of AAOB under different habitat conditions, the multi-method

synergy of different AAOB strains in enrichment and cultivation, and the mechanism of water quality and environmental
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conditions on the enrichment of AAOB.
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Fig. 1  Apparent properties of AAOB enrichment cultures
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Table 1  Advantages and disadvantages of commonly used
AAOB enrichment reactors
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AOLY R R pH A S A SR A AL
Wy AT i HE ORI U T8 B, O BB Ca™ MgT R
Fe™ J5 , UKL TS U8 (1 A R85 45 K S, T o 6
PN AAOB B9 36 PE 5 A4 K, B AR UKL 5 I8 A9 5ik JiE
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Anammox Jii 2 I K IR B 1T, A RO AN T F IR A
N I28 1
2.3 BEHRRE
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PRI RIVE RT3 AR A B4 B R] 355 B 00 ] Pl sk ik
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15 U

BRI

e P T I i R 3217 5 LR
R A 8 P P4, S AAOB J It 45 BB B 6 T
R A R 77 U T U 5 8 % o7 2 o s R T

FERL L A
e 75
R AHAGTS
Anammox V5 &1 & 15 T NH,"=N 2 BR AR 1

DRAH AL TS DR A 15 NH,'~N .NO, N 25 B S 4 b

JE B B B i e UK PERE T, U 2 TS T

FEE TS AAOB LA W AEY , AAOB L
Bl v, B s SRR 3%, AAOB Ji3 3l i 1) 5
JLREAL B S5 AAOB AR AR BL, 58 43 1) S i 1675 U8
S TE N 48 N B A2 AAOB, ik i 2h 1k i
& AAOB, JB g A, P i A RS E B AT,

by W IR AAOB, Ji 3h I 8] MR 55

AAOB U /D> WA M/EMF R E R, FHAAOB A H 4,
SR A I Bl I T B SR R A kAR B T I B
SR 5 8 14 1 S5 R Tk S K, — e R BRI T

TR AU ¥ TR AR Ay e T 5 R V5 R 1 R L
LY O B DR M R e S B R AT
NH,"-N BRI ATRAR , 5N M LA i [8] 5z 458 17
NH, =N Z3BR R A 5, 2o 5 (39 52 A Ak AT RE s 1
NO, =N A&, Al A T 3 it 1 5
SN TE RIEA E , — Bi5 ek & HiES SR G i

I 25 5 52 HAWR 5 5 e M, 5 BU R A

TE TG A S B B, AAOB 15 Bl — 2 & 45 34 Wi 1l N
PEF TR , SO AL AN A0 A v i R 2 T 9 Anammox 2
BEFTBUR, K Y NH, =N FTNO, -N $#4 58 F a3,
MMt 7K NO, =N A B F+ s, 3% 32 28 & Anammox J W ™
A NO, -N B8, NO, —N /A 4 Al M Anammox
M E B bR . TEARRE BT B B, AR T A W4 i O
AFE B ZREEE— D FRAR, DL AAOB 2 TR
PR B R DA TRT , 15 V8 B 60 21 (0 38 0

AAOB 4fi i = F2 A% FL % R 5% S0k , & 4R B gR i
T2 AR 3l AAOB A ¢ M X 45 B A 1) 52 ) Il B2 L pHLL
DO vk B SRT 5L B B 1R RN 4 J& 5 1 55 ) i AT
JEAEE o R TS BR AR JE H R T K, PR 2
IR R B W S 5 AAOB 1 AR AR AN
AR NN T V5 K A B R A s
I B RR T SR UL VR B AIR R 48 NLR, &

g ] K 225 2 NO, N B AR X A e i i o
R AV 1A 7K 6 B ok B2, s 7 i ) P g PT BRI A, > 41D
il R T A R 5T R BRI . R FRUS Y AAOB
XoJ i 5 24 R 25 0 15 1) i 37 fig 77 BH I B AR, X DO
F1hy B B B T Wk S B AR G 1 VR B RT DO R
TR W s AT B R W R, JF Gl 24 SE K HRT. ¥R
AHLs {5 5 43 F MU M BE N H, 7] 4 oF B bk 0 PE07
RARZMT T % ER A . Anammox il A K Rk &
WA LR 2 PR, IR RE 28 D3 0 1 3R VT 365 R R A
st 31 B .
A

4 Zit5RE

LLAAOB F IR 81 19 Anammox 38 42 8 75 7K B &4
KA AZ T AAOB il AE K B R A A% 4 B
(] 3o BR 858 SR RY S TRE N AR, AT = e



ik b 5aR

Tl KA F 2022-08,42(8)

EE IR AAOB LN CHE . 25 N AAOB A= 3R AL
PE B ARG IR R e R R AR B R AR 3 T i R T
BRI E 3% . (H i T AAOB 763055 v iy 43 A1 EL
B2, A A M 22 5 S BUE B ML, E R 5
I BF I HH A T] T R 1 R 1 2 T B I ) B AR A
% ST KK BRI B SR o e A A ) BT A T
WAARIE : (1) AR5 &4 T AAOB A ¥ ¢ M 43
Br s (2) AN AAOB B bR & AR 35 52 1 2 T B In] 5 (3)
KT Ay R B 4% 1 X AAOB & 4E B Y A A
B o

&% ik

[1] CHEN Dan, WANG Hongyu, YANG Kai, et al. Performance and
microbial communities in a combined bioelectrochemical and sulfur
autotrophic denitrification system at low temperature [J]. Chemo-
sphere, 2018, 193: 337-342.

[2] LU Xinxin, WANG Yi, WANG Wenhuai, et al. Characteristics of

rapid-biofiltering anammox reactor (RBAR) for low nitrogen waste-

water treatment[ J]. Bioresource Technology, 2020, 318: 124066.

A, BERE S, BRETR, 55 . BT RS S S b 1 S BR A 1 75 K IR

BEMLA T 285 ()] SRR A2, 2021, 41(1): 83-91.

DI Fei, SUI Qianwen, CHEN Yanlin, et al. Advanced nitrogen

—
(95}
[}

removal based on anammox process treating municipal wastewater| J |.
Acta Scientiae Circumstantiae, 2021, 41(1): 83-91.
KOCAMEMI B A, DITYAPAK D, SEMERCI N, et al. Anammox

—
~
famn

start-up strategies: The use of local mixed activated sludge seed
versus Anammox seed [ J]. Water Science and Technology, 2018,
78(9): 1901-1915.
[5] WANG Haiyue, PENG Ling, MAO Nianjia, et al. Effects of Fe’* on
microbial communities shifts, functional genes expression and nitrogen
transformation during the start-up of Anammox process[]]. Bioresource
Technology, 2021, 320: 124326.
XING Chongyang, FAN Yuchen, CHEN Xuan, et al. A self-

—
(=)}
[}

assembled nanocompartment in anammox bacteria for resisting
intracelluar hydroxylamine stress[J]. Science of the Total Environ-
ment, 2020, 717: 137030.

EARRE, BRI, R, A AR AL - PR AR A B
T2 R RS W E R (1], R, 2021, 40(4) -
1216-1231.

WANG Jianhui, YOU Qingguo, SHEN Yu, et al. Research

—
-
[}

advances on influence factors and regulation of Partial denitrifica-

tion and Anammox coupling denitrification process [J]. Environ-

mental Chemistry, 2021, 40(4): 1216-1231.

ZHANG Lei, OKABE 8. Ecological niche differentiation among

anammox bacterial J|. Water Research, 2020, 171: 115468.

[9] MESCE, #REL, 222848, 45 . JEFEUR IR 47 A [ R A B rh R
A SE AL AN A Z AR AR LD ] B 941, 2019, 59(6)
1143-1155.

—
o]
[}

HONG Yiguo, HUANG Tianzheng, LI Yiben, et al. Community
structure and distribution of anammox bacteria in different habitat[ J ].
Acta Microbiologica Sinica, 2019, 59(6): 1143-1155.

[10] BECE, Z=ai A, SRS, 55 . i P 20 7 22 i ol 30 24 g

Fh PR AR SR AN T I 22 R A R AR (] B el R
2019, 46(11): 2865-2876.
HONG Yiguo, LI Yiben, WU Jiapeng, et al. Diversity analysis of
anaerobic ammonium-oxidizing bacteria in typical habitats by high
throughput sequencing[J]. Microbiology China, 2019, 46(11) :
2865-2876.

[11] LU Huifeng, LI Yiyu, SHAN Xiaoyu, et al. A holistic analysis of
ANAMMOX process in response to salinity: From adaptation to
collapse[ J]. Separation and Purification Technology, 2019, 215:
342-350.

[12] X025, WG A, B2, 55 DRSS 40 i i B oe s e ()]
AP AR L 2021, 61(4): 969-986.

LIU Lan, MING Yuzhen, LU Aiping, et al. Recent advance on
the anaerobic ammonium oxidation bacteria [J]. Acta Microbio-
logica Sinica, 2021, 61(4): 969-986.

[13] WANG Jinxing, LIANG Jidong, SUN Li, et al. Granule-based im-
mobilization and activity enhancement of anammox biomass via
PVA/CS and PVA/CS/Fe gel beads[J]. Bioresource Technology,
2020, 309: 123448.

[14] WANG Weigang, WANG Junjie, WANG Han, et al. Anammox
granule enlargement by heterogenous granule self-assembly [J].
Water Research, 2020, 187: 116454.

[15] WANG Weigang, WANG Han, JIANG Zhuwu, et al. Visual evi-
dence for anammox granules expanding their size by aggregation
of anammox micro-granules [J]. Science of the Total Environ-
ment, 2020, 745: 141052.

[16] JHSM, A, dkas . DR R A AL B SR 8 7 BOR BT 98 5 B
AL AL THE R, 2009, 28(8): 1421-1426, 1434
TANG Chongjian, ZHENG Ping, ZHANG Lei. Enrichment tech-
niques for anammox biomass[J]. Chemical Industry and Engineer-
ing Progress, 2009, 28(8): 1421-1426, 1434.

[17] KANG DA, LI Yiyu, XU Dongdong, et al. Deciphering correla-
tion between chromaticity and activity of anammox sludge[J]. Wa-
ter Research, 2020, 185: 116184.

(18] Wfiffh, FB-F, HEik . PR A AL A AR 2 R S AG I [T ]

I 5 R R M 2441, 2017, 23(2) : 384-391.
HU Qianyi, ZHENG Ping, KANG Da. Taxonomy, characteris-
tics, and biotechniques used for the analysis of anaerobic ammo-
nium oxidation bacteria[ J]. Chinese Journal of Applied and Envi-
ronmental Biology, 2017, 23(2): 384-391.

[19] KARTAL B, VAN NIFTRIK L, RATTRAY J, et al. Candidatus
‘brocadia fulgida’ : An autofluorescent anaerobic ammonium oxi-
dizing bacterium[ J]. FEMS Microbiology Ecology, 2008, 63(1):
46-55.

[20] KARTAL B, RATTRAY J, VAN NIFTRIK L A, et al. Candida-



Tl KA 3 2022-08,42(8) = /MR

EETRAAAEFEN T BRE RERIRON

tus “Anammoxoglobus propionicus” a new propionate oxidizing
species of anaerobic ammonium oxidizing bacterial J]. Systematic
and Applied Microbiology, 2007, 30(1): 39-49.

ZHANG Tianqi, WEI Nan, WU Guangxue. Autotrophic nitrogen
removal and potential microbial interactions in anammox systems
with different ammonia and organic carbon concentrations [J].
Journal of Water Process Engineering, 2020, 37: 101493.

YANG Yuchun, PAN Jie, ZHOU Zhichao, et al. Complex micro-
bial nitrogen-cycling networks in three distinct anammox-
inoculated wastewater treatment systems [J]. Water Research,
2020, 168: 115142.

7ZUO Fumin, SUI Qianwen, ZHENG Rui, et al. In situ startup of a
full-scale combined partial nitritation and anammox process treating
swine digestate by regulation of nitrite and dissolved oxygen [J].
Bioresource Technology, 2020, 315: 123837.

EM, FISCHl, Bk, & HRT X R AL AL R G2 1T
B RFRZ M LJ]. Tolb 22 4 53048, 2019, 45(11) : 94-98.
WANG Wei, YAN Wenkai, LI Bolin, et al. Effects of HRT on an-
aerobic ammonia-oxidation system and unstable recovery strategy[J ].
Industrial Safety and Environmental Protection, 2019, 45(11) :
94-98.

SHI Liangliang, DU Rui, PENG Yongzhen. Achieving partial de-
nitrification using carbon sources in domestic wastewater with
waste-activated sludge as inoculum [J]. Bioresource Technology,
2019, 283: 18-27.

R TR, WERLL, WRHE, 45 . v BT R A ST S % B AT 5T
PRI AL THER, 2013, 32(8): 1914-1920.

JI Yuxin, ZHU Meihong, CHEN Hui, et al. Research progress of
high-loaded ANAMMOX reactors[J ]. Chemical Industry and Engi-
neering Progress, 2013, 32(8): 1914-1920.

TR, SRIOHE, H BESC, A5 PREEUE AL SN DS 3k i
WEFEHERE[T]. BT T A, 2018, 36(6): 18-21.

XU Shi, ZHANG Dachao, XIAO Longwen, et al. Research prog-
ress on quick start-up process of the anaerobic ammonia oxidation
process[ J]. Environmental Engineering, 2018, 36(6): 18-21.
CHEN Hui, LIU Tao, LI Jie, et al. Larger anammox granules not
only harbor higher species diversity but also support more func-
tional diversity[]] Environmental Science & Technology, 2020,
54(22): 14664-14673.

BN, fRiR, TR R, 55 PR SR A A S T AT
B, 2017, 38(3): 1116-1121.

LU Gang, XU Lezhong, SHEN Yaoliang, et al. Quick start—up of
anaerobic ammonium oxidation process [J]. Environmental Sci-
ence, 2017, 38(3): 1116-1121.

TR, ¥, BOE, T MR AT N RAA R
PeT A W )], I BREER %, 2021, 41(4) : 1672-1680.
WANG Haiyue, PENG Ling, MAO Nianjia, et al. Effect of Fe’* on
nitrogen removal of Anammox in the presence of organic matter[ J].

China Environmental Science, 2021, 41(4): 1672-1680.

[t

[

=

[31] T8, Z=MIAk, EA46, 2. o BB UASB IR S8 & A AL 2 1 #4418

FPRCREXT LT ). BRBE T R4 4, 2019, 13(5): 1073-1081.
WANG Heng, LI Bolin, WANG Wei, et al. Comparison of perfor-
mance of modified anammox UASB reactor[ J]. Chinese Journal of
Environmental Engineering, 2019, 13(5): 1073-1081.

XUE Yi, MA Haiyuan, KONG Zhe, et al. Bulking and floatation
of the anammox—HAP granule caused by low phosphate concentra-
tion in the anammox reactor of expanded granular sludge bed
(EGSB)[J]. Bioresource Technology, 2020, 310: 123421.
ADAMS M, XIE Junxiang, KABORE A W J, et al. Research ad-
vances in anammox granular sludge: A review [J]. Critical Re-
views in Environmental Science and Technology, 2022, 52(5) :
631-674.

Win, T, 2y, & RAE AR LB K A0k 75
VARG R S [T ], E BRI R 2020, 40(11) : 4744~
4752.

YANG Jinhong, YU Jingjie, CAI Mansha, et al. Quick start-up of
anammox—HAP granular sludge system [ J]. China Environmental
Science, 2020, 40(11): 4744-4752.

SRWIAT, L, WaREE, . PRAEE AL MR TS Ye M B R
WP TEE e [1]. fesrid e, 2020, 83(1): 30-34.

GUO Menglei, JIANG Ying, XIE Jiawei, et al. Research progress
in properties and influencing factors of anaerobic ammonium oxide
granular sludge[ J]. Chemistry, 2020, 83(1): 30-34.

TAN Hao, WANG Yunyan, TANG Xi, et al. Quantitative deter-
mination of cavitation formation and sludge flotation in Anammox
Granules by using a new diffusion-reaction integrated mathemati-
cal model[ J]. Water Research, 2020, 174: 115632.

TR, TR, R, ARG WG T X IR A
SAATE WIEPE R R L)), ER B R, 2019, 39(10) ¢
4133-4140.

ZHANG Yachao, ZHANG Jing, HOU Aiyue, et al. Effect of
extracellular polymers and signal molecules on the activity of
ANAMMOX sludge [J]. China Environmental Science, 2019,
39(10): 4133-4140.

LIU Wenru, YANG Dianhai, CHEN Wenjing, et al. High-throughput
sequencing-based microbial characterization of size fractionated
biomass in an anoxic anammox reactor for low-strength wastewater at
low temperatures[]]. Bioresource Technology, 2017, 231: 45-52.
RN, ¥ . BT RAR S i R A A A s e R S R
ZREVES BT[], FREERL, 2021, 42(4) 2 1930-1938,

WANG Xiaotong, YANG Hong. Analysis of performance and mi-
crobial diversity of ANAMMOX sludge based on particle size dif-
ferentiation [ J]. Environmental Science, 2021, 42 (4) : 1930-
1938.

TANG Chongjian, ZHENG Ping, WANG Caihua, et al. Perfor-
mance of high-loaded ANAMMOX UASB reactors containing
granular sludge[ J]. Water Research, 2011, 45(1): 135-144.

[41] GILBERT E M, AGRAWAL S, KARST S M, et al. Low tempera-



ik b 5aR

Tl KA F 2022-08,42(8)

[44]

[48]

[49]

ture partial nitritation/anammox in a moving bed biofilm reactor
treating low strength wastewater [J]. Environmental Science &
Technology, 2014, 48(15): 8784-8792.

KRR, A, R, AR TR DR X R A R L MBRIBATHY
SR AR LB ] b IR A, 2018, 38(3): 929-934.
ZHANG Zhigiang, GUAN Xiao, LU Feng, et al. Influencing char-
acteristics and mechanisms of suspended carriers on anammox MBR
performance [J]. China Environmental Science, 2018, 38 (3) :
929-934.

ADAMS M, XIE Junxiang, XIE Jiawei, et al. The effect of car-
rier addition on Anammox start-up and microbial community: A
review [ J]. Reviews in Environmental Science and Bio, 2020,
19(2): 355-368.

R, TEAE, EMRE, S WA R EURE ASBBR IR H &
2 GE A RE LA S U W g A [0 ). BRI R 2727 3, 2020,
40(7): 2438-2448.

WANG Jun, YU Deshuang, WANG Xiaoxia, et al. Performance
and microbial analysis of ANAMMOX system with different type of
suspended carriers in ASSBR[J]. Acta Scientiae Circumstantiae,
2020, 40(7): 2438-2448.

EWUAE, A RGE, EOF, L RE S T AR ot BRI R
Anammox T 2038 1T R /L W RE 5 A2 AL ()], PR 58 TR A0,
2020, 14(2): 285-294.

WANG Shuya, LIU Lingjie, WANG Fen, et al. Variation of operating
and microbial community of Anammox process with convertional and
modified filler by low temperature plasma technology [J]. Chinese
Journal of Environmental Engineering, 2020, 14(2): 285-294.
LA, WK, A HMR, SF ALY X BURL TS 8/ BURHR
SR A R AR RS R (D] I g5 K AEOK, 2018, 34(15)
17-23.

AN Xuedi, PENG Yongzhen, LI Zigiang, et al. Effect of organic
matter shock on granular sludge/carriers anaerobic ammonium oxi-
dation reactor[J]. China Water & Wastewater, 2018, 34 (15) :
17-23.

WA, 92 38T, B SCH . AR R PR B T PR AR AL T A
WA B B TR, 2019, 13(12): 3012-3018.

JI Qian, PENG Dangcong, ZHAO Wenzhao. Determination of de-
cay coefficients of Anammox bacteria under anoxic and anaerobic
conditions [ J]. Chinese Journal of Environmental Engineering,
2019, 13(12): 3012-3018.

ZHANG Quan, ZHANG Xian, BAI Yuhui, et al. Exogenous ex-
tracellular polymeric substances as protective agents for the pres-
ervation of anammox granules [J]. Science of the Total Environ-
ment, 2020, 747: 141464.

ZHOU Yuanyuan, SHAO Wenli, LIU Yongdi, et al. Genome-

[51]

[53]

[54]

[EEE AN ] F/MR(1981—

based analysis to understanding rapid resuscitation of cryopre-
served anammox consortia via sequential supernatant addition[ J].
Science of the Total Environment, 2020, 744: 140785.
KAEWYAI J, NOOPHAN P, WANTAWIN C, et al. Recovery of
enriched anammox biofilm cultures after storage at cold and room
temperatures for 164 days [J]. International Biodeterioration &
Biodegradation, 2019, 137: 1-7.

JI Yuxin, JIN Rencun. Effect of different preservation conditions
on the reactivation performance of anammox sludge[ J]. Separation
and Purification Technology, 2014, 133: 32-39.

ALI M, OSHIKI M, OKABE S. Simple, rapid and effective pres-
ervation and reactivation of anaerobic ammonium oxidizing bacte-
rium “Candidatus Brocadia sinica” [J]. Water Research, 2014,
57:215-222.

T, RBER, T, % Anammox B T8 i 1 4 5 R 1
AL EFERE, 2017, 37(12) : 4630-4636.

ZHANG Qian, XU Xiaochen, WANG Chao, et al. Technique of
preparation and preservation of dry powder agent of anammox bac-
teria [J]. China Environmental Science, 2017, 37 (12) : 4630-
4636.

T, MIts, T, S PSR TH A9 TS I PR S AT
Gk R[] Kb AR, 2019, 45(7): 6-12.

WANG Ying, YANG Kailiang, WANG Bo, et al. Research progress
of preservation and reactivation of anaerobic ammonium oxidation
bacteria[ J]. Technology of Water Treatment, 2019, 45(7): 6-12.
SRR, FEWTAT, BN, A R TR A B AR A B T B
AKIGWETEHERE )] Tl kAR B, 2020, 40(1): 1-7.

ZHANG Xingxing, WANG Xinzhu, YIN Wen, et al. Research
progress on the treatment of municipal sewage by Anammox tech-
nologyl J]. Industrial Water Treatment, 2020, 40(1): 1-7.
RS, I8, B/t R AL 2R AR B ) & R L
e[ BE AR5 TR RRE 224, 2010, 18(4): 561-570.
TANG Chongjian, ZHENG Ping, CHEN Xiaoguang. Substrate in-
hibition and recovery strategies for anammox process [ J]. Journal
of Basic Science and Engineering, 2010, 18(4): 561-570.

L, A, KT, L R AEAPNAA LY WA S A
Ja ISR L) ] BB T AR, 2019, 37(1) : 35-40.

GAO Yuan, CHENG Jun, ZHANG Liang, et al. High-strength
ammonoium pn/a nitrogen removal process: Recovery strategy af-
ter inhibition of nitrite nitrogen [J]. Environmental Engineering,

2019, 37(1): 35-40.

), I+, E-mail : yanjiushengmengjun@
163.com,

[WKFEEE] 2022-07-07 (& ki)



