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treatment worldwide, and microorganisms are the key driver of its de-contamination ability of wastewater.
The study of all species and genes of activated sludge microbial communities (referred to as ‘microbiome’)
has undergone three major stages of tremendous development: microscopic observation and pure culture
isolation (since 1915), PCR amplification and sequencing (since 1994), and high-throughput sequencing
(HTS) and meta-omics (since 2006). Correspondingly, our understanding of the activated sludge microbiome
has experienced the leap from the earliest observations of the morphology of micro-fauna (e.g. Vorticella
and Rotifera) and other microorganisms to complete diversity profile of the entire microbiome
nowadays. In the past 13 years, HTS-based meta-omics research has been widely used to reveal the
structure and function of activated sludge microbiome. We have now fully realized that the activated sludge
microbiome contains a large diversity of uncultivable new species and genes, driving the degradation and
conversion of various pollutants. At present, amplicon sequencing analysis of specific molecular marker
genes has been widely used to reveal the spatial and temporal diversity of urban and industrial wastewater
treatment activated sludge microbiome, typical functional bacteria (e.g. nitrifying bacteria and
polyphosphate-accumulating bacteria) and community assembly patterns, providing theoretical basis for
achieving precise regulation of activated sludge microbiome functioning. Metagenomic studies have
comprehensively revealed, the microbiome-driven carbon, nitrogen and phosphorus cycling in activated
sludge and the biodegradation and transformation mechanisms of organic micro-pollutants at levels of
community, population and individual genomes. Future research on the activated sludge microbiome is
supposed to make breakthroughs in the following four technical aspects for the achievement of precision
eco-genomics: i) standardized meta-omics approaches and absolute quantification, ii) high-throughput
culture omics; iii) high-throughput functional metagenomics, and iv) integrated use of multi-omics methods
and multiple methods, which are important for maximizing the ecological and engineering values of
activated sludge microbiome in wastewater treatment and resource recovery.

Keywords: Activated sludge, Microbiome, Community genomics, Community structure, Microbial function
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Figure1 A schematic diagram of abiotic factors and microbial community within activated sludge flocs
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Figure 2 Meta-omics approaches of activated sludge microbial community and their application events
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Table 1 Typical functional microbial genera reported in wastewater and activated sludge
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Figure 3 A hypothetical model for interactions between autotrophic and heterotrophic bacteria in activated sludge microbiome

1]

i IERAHEAEF SR MBI R, Sk IR S FEn R A e w4 AOB: ALY ; NOB: W ilfREh & L4 ; DNB:
AHALANES ; PAO: B ; GAO: BWHHE; OHB: HASREICHE; SMPs: n[EMEMAYr=Y); SOMs: BHL/N>FH5; EGFs:

DFEAERKEF; CS: k.

Note: A solid line and a dash line represent a positive and a negative correlation, respectively. AOB: Ammonia-oxidizing bacteria; NOB:
nitrite-oxidizing bacteria; DNB: Denitrifying bacteria; PAO: Phosphate-accumulating organisms; GAO: Glycogen-accumulating organisms;
OHB: Other heterotrophic bacteria; SMPs: Soluble organic matter; EGFs: Essential growth factors; CS: carbon source.
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(85.6%—93.0%) F1 7 1 (0.11%—0.40%) 1% 5 4 )2
B A WITE 2 2 18S A1 168 J 471 Hh (1 A X =
J¥(0.73%—7.3%) 75 2 Z= W i i T4 =00
322 EE

BRI S ok, GV U8 TP R AR TR

YLIRFU . OSSR ALY, EAE
PN NS 55 g 2B EEER AT, e
Pp Bl 5 X1 A rh 0 il A B TS YL (AR ) AN B
FEIU R B BRACR LT BE AT DA o b T A
A KK By BEEEE R RS, XAl
3 KATORE A = e B8 8 ol 42 ol 4
RIS B IE TG RG . B9 5 s
FEOLRM, e AR K 2 B R Ok
HF2®I], 5 Acremonium . Aspergillus .
Candida . Chrysosporium. Cladosporium . Fusarium .
Oidium . Penicillium ., Sporothrix Fl Trichoderma J& ;
A b i F W T (Basidiomycota) T (5] 40
Rhodotorula ., Trichosporon. Mucor 1 Mortierella)
AR ETEE T, M TR, MR
FREFR 50 A )2 5 VR AR R 38 I 43
BBl K F0 58 1 X6 3 P V5 e 1L T 2 A B9 IR .
Evans 250 IR FEEF209 18S rRNA LH T4
MAG KB RRNT R 5K h FEEER
X B 0 $5  Chytridiomycota
Blastocladiomycota F Cryptomycota; £ T4 FE i
HhR H ) 2 K 22 B T AR ROk B IX S BT 2R T
A& A BB Cryptomycota) ™ AT £5 24X
. SEGEETIEHFOHRAN, EHEIHFR
TE K AR B 16 75 Ve AR o TR R I B Penicillium |
Cladosporium . Aspergillus F1 Mucor Z Hi 4 H #Hk
R E B, Niu &9 0k F R MUY EL T N
ot Sy ) B DX A7 1 00 P A il A 1 18 ST LTS K
AR R RIS 2, R 7 AT
195 M@ ; H, Ascomycota 1 Basidiomycota J&
X EERENTT, FERAETE Pluteus .
Wickerhamiella 1 Penicillium J&; 23 /> E.1# )& 4%
TIHKRGEWMZOEERE, S ER PR
50.1% . ZAFSE IR K BLRE G 15 /K AL 3 (7] R 2 1
T, 5K N BT R LS R AN A AR RLRE R
%, TREE Y45 (Bvenness)f8 8UE E 2 5. IUAR
3 ATT 2 BRI A SRR AL LU (C/N) J2 ELTRT V% 45 10 3
DA B B e U,

Zygomycota
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HE G TG PETs e h B2 i bt o E 28 b AE
I GUCHE A A0 7 2H ) 2R R G BRI K E R
FTR) A [ A YRR R T 23 AP, i e
& 2H B2 1) 5 1) R Z2 A A UF 9 G AR D
Ghosh 45 F) FH 2 it — Ak 5k (CO) [ 22 1 A% TR AR -
TSR R AL WL I (rbe L) K LY 1 T FE A S B
WEFT R B B KA B H 7K U0 3 th A S il Ak
UE SN A B BE S B B BE (Diatom) | B P
(Chlorella) . Wi ¥ (Cyanobacteria) . K M ¥ %X
(Eustigmatophyceae) Fl &K H AN & ¥i £ []
(Stramenopiles) 1 ; 15K NEERZ RS,
BEATGK] R RERIN R 19-24 AR rbelL
FEEF A, HASETGK T 8] 328 4 0 2% 5 v 4
K VEFARITE rbel FED VR K R 2k
PEAMHTIARIC LY M2, Matsunaga 250
1 Ju 20T 18S rRNA SR R4 A0 Hr 4 Hm R T
ANEWEIREN R TR FEOERIZLE
Y. Su U T HEI AT YR A b He %%
15 UE A FRACRE A B R E Y R TIRE PERE R S, 1R
HEREEIS /i U L AR IR 501 I AU TS Qe ) 25
BRacRimm; MHEZT, BRI plEHITE 1:5
HATRAERTSRTTREIERE; 16S rRNA JEPI 73 Hrak
], ARl B A AN B RV AR TE 22 7T BLAE SO
s TR B RN R E R TR . Su R
PERAR G A TG VR R . AR T JCHexT
MRAH, b RGP R CING s B & FRAR, MISMRG
YIrh TR IR IN(25.7% 1 22.5%), &M
PR R T B S (AR o oh B 4 N G A 1
YIREds , AT SR LBRAE G I RRA A, Ry
W2 Nitrospiraceae F Nitrosomonadaceae 4=,
3.3 R

HRAEAS R 0 1 £ 2880, 55 AT R o R A P s
B SIYIR R TR R PR WERIA ) o 157K A3
J ORISR REREETE 10°-10" A aEREIRL/mL,
FERSRK A BB R 101 000 %, FEV5/KALHEZ
girh, WIS U6 R A5 2SN TR RN B B R AR

My Hor, AR W TR AR 5 OSSR AR OC
PR B0 PR I 1 2 B ALY TP e R TR
Tamaki 8% FE G i BTG K AR HEK . 16 PETS
. DRAETSIRFIH K i s: DNA #7122
M, FRAFM 93 600 2 DNA J7:515 HAM IR BT RE
WEEALUT IR LI 5%, AT D RE
BHFFIARIE 5%-20%7, BilI5 Kb B R 45 1
6 VTS U 245 3 KB e s R R RE 24
o ITHA Wang S84 7 SE PR AL 7 FIZH B 3BT e
I 2 AR B IE TS e R HP R EE T 8 478 4
K AR Y EZ (>S5 kb); Hrp, 60%M
FREAE NCBI A1 IMG/VR J 25779 B304 2 P i 7
i, HAURR 35%m9%E 0 A LLRA R B
331 MEEIK

Parsley 453l 10 VG P75 YR BURE . 8 DNA $EX
F 3 20 b & B VE AR Myoviridae) . K FEE
AR Siphoviridae) F15E FEVEE AR Podoviridae) &
e FE AR R RUT VR h RS 1R e R ST AN T
IR, e PRI I 2 056 1 ¥ U0 m A R R 7 ) 45
PRI RE T AT BE A HEE AR . BN, Barr S5F
MZOCIRALZ4 S (FISH) | 3 4 HL B (TEM) S5 7 i &
PR 52 5 35 RIS Tyt =X 5 )W 4% (Sequencing batch
reactor, SBR)TERBER Accumulibacter % 3\ e W
FIRMEY, SEBCRBREAAEGEEGRPMERER
IRREA, DEM S BU N RBREEBCRIEET, Lin %
I 4 RS B A YR Oy X 2 8
TEHETEIRREN A FELIRE Gordonia IR FE
FEARZ R IM 10%, 2 1 25 204 il V5 e e v 1 2
WOLIE IS IR T st e H T e il
AR B RE BAcHen A, B vl m PR
It Pl AR R LA T 20 AL B SZ AR At i
v 5 S X $1 A K P 2L A (Antibiotic  resistance
genes, ARGs)IMEHEZ HHTAIMFFE IS 1800
AT 4 e K BT 5 S W BE B R s g Y
qPCR®> 3R 72 5 R 21 24 4505 g 3R 195 K Ak
B A G PR A SE ARGs B E R, Hpisik
BRI R AR ARGs IEEZDRIE, JFH
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W T VK I 4 1Y ARGs  H 48 T8 #8547 1) 5 w328 3
UV, &b, FHR&IGE AL
332 AEFS

1SRG TG T Tk A AR IEY, K
AR AT AT B EAT 3R R AR Z 4% . Bibby 484%
RAEBIS R T IR A F 5005, %8
43 AN EE, A & (Contigs)1y 0.1%, FL
o DNA MR 20N 8E . FLRTNEE . B
B FERIAEESE; RNAEEREAEEIRE R . BN
B SRR RV ROR TS, BT HA TS
IKAEFR R G b R RUA R AT . Miura 2538
T SEG F A W UV A (Membrane bioreactor, MBR)
R, WS URIR SRR TS K A2 B
B SRR GIL AR R BRI E Rt
X I 9 B () R BR AR o F AL PRI B, XK
TS VX RE A R EAT e S

RS AR AR G 5 D R B AR i R T
XU MG R R AL AR, (AR IE T IR
J1 AFAE R JR B (an 4 R 22 B30 7 S L AN 0T
BRI R RIS IR R ) LR ST R
TR 715 B A B e LA 22 B3k 1475 e R 28 RS
PERAS 42 T S AR S AN HER ) 75 BUA AR DG 97 45 21
FAEZ AR E Y. BN, Enault 5\ K 7ESCHT
AN RV B A PR 2 B 52 R ARGs 118 7K SF- 7™
A, I G I BRI A TR R R 51 e (PR IE
16S rRNA JE[H HE BT 0.02%)FIZR F B ARAT () 3
A T B SR W Sk 12 v 5 TR 4L F T 0 R B IR
U, AT LA B AT X6 P S e s A AL BOR 2 1)
WF 5% A AT BEA7AE [RIAE )R, Ak A S i BEA A 43
BT R AR BRI ST ) A
4 Ry

o 30 Y B AR RN 7 4 2 ik R R T A
TG VTS PR A W R 4L A D e R M B AR A
WA L S HER, Re A AL B AR L
MENITEM 27 " XA SRR, H
B, 6 TS Ve i A P A A5 3 5 B A B Ak 1Y)
L2 A3 BT RN X o e e B R A AR e

HINREIE R Y2 L 20 5 2R sk sd O
JUA A TE AR 0, A AR S BUR AR S S
R, DAIR K B % il AR 75 /K Ak 35 ¢
Y [Tk i TR S A AR AL
4.1 FRENHEZSHAENENES

P v Ak B AL 27 43 A 3 %ot S B v E R S A
ESRE S SIS Z B A L B G T, SRR
YA B AR AL AL 2E AT A F e A B B . 4R
P e 5 K A B R G AR P RE TR 1) % 4 24 5 8
T AT RS A 2w, Gk
YUMEEL . FER AL SEAR 4 Xt e G S, MRk
1) 35 DR RV SR AR (1 246 5t 5 A 6 BE AR b e 34 st
HA—FL, ZEB5 AP R GA A S
TP S R i ) A A R A TR R B TR R R 2
S, W LR R A AR T A AR O LS
W E D RE S E D A W fe: . FE DRIV B RN GR TG
Pho R, o X s S PRV Al P 0 4 95 DR A
AR AL R R (A2 4785005 K AL 2850 28 ki)
N7 558 JEE NS e ) A ) 6 i s A B0 0 2 I AR —
Ko BT, TN R A, B A5
FEf PR A CH & B P AFER DNA B
mRNA P45 4 0 v 38 e, 0 B —
B OBEMY . AT R S A W AE 4 E R
PRGN RN G, Ju ST mRNA AR
PIBINAIE 5 PCR AMAT I SE30 T 15 K MG 75
Ve A 0 2H AR 1 IR R i 2 R DR 2 R i 2 e sk e
3T, BT T ARGs TEAE 58 — 5 KB T2 i)
U FERIE TR e BRI K, J8R T AN
AL, . SRR AN B AE W i xis K P&
PR R . Z TR A — R 8 AT SE A
1) 20 35 TR R 2 S A 446 ot 5 0 %o R 1 ) v R A
HIEPROES WL SCER[3146 S1), T2t 4 e
22 114 17 FH S 4910 oF A6 35 5 78 43 & Jee fof LG A R ke
HEAL AL 2E BT B 2R
42 SBEEEFAEF

JRUE PR AR A W 2 v 4 R 22 B AT SR e
IR, AHROF TR AR R 5 345 4l b
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FRih %% SO SREGE kTS TR Ak Y Al s SR Mt
TR BUB RN . T A P A A AR
ORI VR RS . B0 TR B R S TR . B AR R
WA ML IR | O o T2 T R A o W AR v 2 o i
BR) AT AR 75 G (U 24 A LTS Y O e A
AL I A A S, IS Ve R Y
ZURGE R LA K N0 5 2% T 42 2% 1) A A B
KR 3), KRBT REME YLl 24 2 — 5
KETORE MRS . 54505, v o s
Tt A MR L DR AL I 0 A 015 82 e SR 45
A it ] 3 O S Eh RE B W (AN AL BT . SRR | TS
YL R it TR O RF 8 RS TR ANAY B AR IE . X — SR IHs
AR TR LR FAh, I Z R 55
B, ARSI (0 55 R 5 DA B — SRR IR I B
FRRGFRIE, MM B R AR, BT LA N
RS U AT B SR A M A B s R AR A
4 MALDI-TOF JE i #6: ®>al rRNA 3 [H 42 K )
FEPO A= AR FLEY, PacBio WIJF) AT i 42 25 2
206 G 1 B R AN R A A e, PRI HE AR
A Y s IR B M RE SR A AT RE A AT
TEETS U o B A LA K A B HL A R TS e )
R BE S I D RE R
43 BEEEINEEEEAS

% 18 B Y K 22 BRI B AR e LB 3R A B
R, PR A I 5 Bl 2 5 DR 4 0 4 2 N A
G IE R T T B AR BUR 4 85 77 A W 2
R D 2 B0 . AR, BRI R AR B T A i
PTG AR D SE R LM5 L, 758K TE vk T B A
10 BB G A 3 i 7 e A R R R A AR A T RE . —
D7, A ER Y P 3 R e 4 A R 1
o 1 T R L 2t R 5 R AT R S i A A%
G505 BRI UE T R SN e R, XS R EUE g
T 41 [R) PR Bb X R T S5 R Sh e 8 J v BB 45 5
FEA R B I RBETE R E . B— T, HE
F TR T I RE 22 FE N L2 i TS S 98 . A
Ffz 8 A R S L Y ARGs ¥4 NCBI
B S35 4 JRy AL B AR (43 LR 62%

T5% I 59%)7, AT 51 1 7R FE ) YAt S )
R EhRerT a4 BB DR R E . N T
T AR 3K PR A THI AR A [R) R, R R ik 42 s A1
1 552 Ty B Kk DR 2 2% S5 it 7 25 R 4] i AL ) 3 T
SRR SR, DY KRIA SRS E
275 Tp A0 B0 e, 1T v ik DR 2 e ) 7 3
R FNMERAE , BREAREEDR 751 Sh e Tl i) B R
DU o AR, SlOAas e Rl 3D T ENSE T EOARTE
SEIUB LD E AACAS | e 3 e 1 P R L TR 2
“EUGIE 7 TR H R AT Y, AT EIRA
WS DABAS BT 1) 5 2 50
44 BHRFEZFRFTERINIFHA

R RATRBOE M5 Ve A Pl st 8 (5 8 1
e O AR T, HUR KR i i A M B U
S5 k) 5 D RE SCHK Y BE 1 1 1H 32 2 E R . [
R, BATICIEAE R 22 016 M5 Ve U2 E B 22 a) S FL
5 PRI 18] 0 AH B A FH I 4% o g 37 B A AR OC &R
(Kl 3), BXHAEARARFRRE bR T 3 AT 0 A
PR G W) 2 IR H R AT R Ve (15 K Ab R
FEVR EDSCAR 55 I RE J1 o Ju S5 3500 I 2 S IR A
FFME AT T IR R AW -E Y, “RUEY
PRI DL R TR - PR 5 - e =2 ) R R A BLAR
M, AR EMAY) TR R @ AL 5 R
RS T s R R T fln, fEE
WAEY . KBRS . 18T TR SEAE 5 AFEI ] RUEE
R I 48 A A AR s T DL SRS PR Ui
ML (Gordonia) FIHH 73 22 AR (44 Chloroflexi il
TM7 J ) A AERE A TR R A 560 5 DL ARl
fiffk 5 AL A AR A g A A AN 2
H S K 5 e 455 B4 B} [] (Sludge retention time, SRT)F
YRS TS5 PR IR A WK (Mixed liquid suspended
solids, MLSS)AI34hiE G wfEE ZHENE, A
FI TR I T s i A 5 S A T AR Y T ) P PS4
TEAHRETI(E] 4), T E TS YA I X S
ABA TR AT

HASEREN S, R AT =W ae 5L
PRy REBIE IR, AR5 570 F (10 RNA .
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Upper module: Niches favor
foaming-related bacteria with
reduced bacteriome diversity

LLower module: Niches favor
(de) nitrifying bacteria with
increased bacteriome diversity
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Figure 4

foaming-thrived bacteria versus (de)nitrifying bacterial'"

Bacteria-bacteria and bacteria-environment co-occurrence association network reveals distinct niches of

T MERTETES AR B)FIE TR (R 8Gh )15 SARME OTUs (97%ABIE), 2B siRFOKFslis /7 IR S H. M4l

PRI A PIAT AL  BAT SRS (P {H<0.05, Q fE<0.01).
Note: A circle represents a bacterial OTU, and a diamond represents a water quality or an operational parameter. An edge between two nodes
represents a statistically significant and strong correlation between them.
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