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Abstract: Amidst the escalating issues of water eutrophication and water resource scarcity, the
development of high-efficiency wastewater treatment technologies has become increasingly
imperative. Traditional nitrogen and phosphorus removal processes face challenges in achieving
efficient simultaneous elimination of nitrogen and phosphorus due to the disparities in sludge age
and the competition for carbon sources among microorganisms. Denitrifying phosphorus-
accumulating organisms (DPAQOs) possess the capability to remove both nitrogen and phosphorus,
demonstrating significant potential in wastewater treatment. However, population-level studies
often overlook cellular heterogeneity, leading to an inadequate understanding of the nitrogen and
phosphorus removal mechanisms of DPAOs. Moreover, the “traditional culture-first, screen-
second” method yields a limited number of efficient DPAO strains, the stability and adaptability
of which face challenges in actual wastewater treatment environments. Single-cell analysis
technologies provide new perspectives for a deeper understanding of microbial ecological niches
and metabolic mechanisms. Coupling non-destructive single-cell phenotypic identification
technologies, such as single-cell Raman spectroscopy (SCRS), with the culture method paves new
avenues for the exploration of DPAO strains. This review summarizes the research status and
progress in the exploration of DPAO strain resources and their metabolic mechanisms, focusing on
the potential of single-cell technologies in revealing the mechanisms of nitrogen and phosphorus
removal by DPAOs and in the exploration of DPAO resources. The aim is to provide a new
theoretical foundation and technical support for the research and application of DPAOs, thereby
promoting the development of efficient wastewater treatment technologies.

Keywords: single-cell technology; denitrifying phosphorus-accumulating organisms; Raman
spectrum; microbial resource mining; metabolic mechanism
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Figure 1 Enzymatic processes of denitrification and phosphorus removal by DPAOs.
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Xuan 25 2] FH R 49 K JI0RE 0 6 P et SE B 2
W R A T PR R I RE AN I, T 455 TR WO A Y
AN S B T, RSB T LN R D e A
B RN SISO, SRR
BORBEAE YA Z 18 13 25t 22 B D RE T Ak o
SR TARIC A J7 2 B v R S 1 Rl g
3, ABAT AT RE XS A M S s . AR n] LA R
AR A0 i N AR R PE R AT 2008, AN RE s f 200 i
W0, b BN BT bR i BT A T AR
Ao MBS D AR R SMER B, FE 4
JH e TR R Oz, X E R OIS
N DU AN E QAR A M 28 5 T REAR 45 5
SR, EA WIS IR B &5 5 RO AL Th fig
ZIAN Y IG R, BT 20 R 28 0 1B ) RE T ik 4
HET R, JTAESE, SCRS [ B AL T
— MR R AE . TohRC B e, T BRI
HMNTESE B . SCRS FETH S HUNZY, BE
TR AE DA i o 4R 3l SRt Ew ny4n ik
SRR BB 1000 AN A X N AN [] ) 8 Ak
G, MEAR . IR JREARR KIS,
T B R Y 2 4 SO BECY B, Jing FERY
F L2 3 36 40 B 43 BE (Raman-activated cell
sorting, RACS)Fi KM & i 85 7%, WINSCE T
JE A i T ) B A MR ) . i RIS 3R, R
TIZBORTE R R BT IR P R BRI .
Wang S5 EHAFE M RACS SRR
& A, W& T i 2 & 43 1 4 (flow-mode
raman-activated cell sorter, FlowRACS), i —#
P 1 LA M43 R i G B AR, AR AT
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JOT A Ty REARIN AN G IR 2 B B AL T 5 T A T
ANV B AR I LR L3R 2.
3.2 HYHEAHI 2 7E DPAOs RIFEIZHE+
BN AR =

SCRS 7EHL4H AL F R 53 B R 55 vh B W 4
R, ARG TG IR BN L, Hii
£ DPAOs W IR Y42 th At e . BFFE R,
DPR 1 2 1 i G G = 1 45 2R 59 Poly-P .
PHB . B LA B F 22 & NO; Fl NO, 17081 5
SEA Q= )3 B R E B HL S REIE N

Poly-P JEH ¥ T2 L B AR ARG
M AEY Ko+, ReWSfE B & Ruke 1
M KRR, HAE A i ] ik E PAOs 41 i
() 4-10 15 . Poly-P {7 & F51F W £0 55 P-O-P
P& 30 9% B 690 - 700 ecm™ F1 PO, fii 4 % Bt
1168-1 177 cm ™™, U, Poly-P 197 2 FRE

x2 AR TIERARRILE

Table 2 Comparison of different cell sorting techniques

W AT R PPAk SR RE 1 A= s i g

PHB J& DPAOs 7EJRE A<M N R —Fh N
eI, RE BRI PO $RALRE R, XE AR
i fad B2 A L AT, WS R I, PHB A9k
/oS R RE R UIAH G, M4y PHB
TRPEINE 5% LU, RS S B E T
B, FLZ AT kP Ding UV AR5 R W,
PHB Al 4 5 S il A B b SCH i Nar . Nir. Nor
1 Nos [)ik, MR ASLACR, [FAf3Z PHB
PEE ) T EEREIE HA R R fkRe 1. PRI,
FIFH PHB U3 P U6 S A A i) T — oA A5 g
PHB (RRAE I B 40k 434, 839 F1 1723 em™',
Gelder Z5U25@ 5 46 00 PHB 7F 1 730 em™! i Fi7 2
FRIEIGE, SCELT X AN A PHB 75 a1 Pk
HICAWEm

NO; 1 NO, ¥/ DPR i & il B T2 44,

Technology  Signal type Sorting Advantages Disadvantages References
speed
(events/s)*
FACS Intrinsic >10000  Rapid cell sorting technology that ~ Relatively few cells exhibit natural [60-61]
fluorescence can process large sample volumes  incidental fluorescence, and external
and external fluorescent labeling may influence
labeling cellular metabolic activity
MACS Magnetic 2-10, Facilitates the enrichment of target Insufficient capacity for accurate [60,62]
response >2 000 cells single-cell sorting, only highly
enriched, external magnetic labelling
may impair cell activity, small range
of applications
RACS Cellular 2-5 Directly sorts individual cells from Raman signal is susceptible to [58,66]
components/ environmental samples without fluorescence interference, low
isotopic labeling or disruption, making it throughput, high instrument cost
labelling ideal for precise single-cell sorting
FlowRACS  Cellular >600 Utilizing RACS in conjunction Raman signal is susceptible to [65-66]
components/ with microfluidics enables high- fluorescence interference, high
isotopic throughput sorting of instrument cost
labelling environmental flora

: The unit of measurement here refers to the rate, indicating the number of cells that can be sorted per second. The sorting speed

data in the table is based on general performance indicators, and actual speeds may vary based on factors such as equipment model,

sample characteristics, and experimental conditions.
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J&IX /> DPAOs 5 PAOs By E ARk . EA189%:
SRR AT 1 048 cm™ FI 1358 em™, H
B 5 AR NOs 1 NO, M B LIE He P 4R
M, NO; Ml NOy &t ki i 5 & LA N, B
R, TR AN AR P A R B R T
Rltt, BMEAEAER SRR, 205 & NOs™
I NO, 7E 21 M P A

Ak, BF5E B DPAOs 41 45 5 HTh
AE 2 A1 AE7E 6 . Yun 250414 BF 53 38 3 78 IR
AR RR A/ AR SBR Th ML E 4 PAOs 5
DPAOs, & IRLTS U6 T I% i T A R & 19 1
%), DPAOs EZHFPIRFMAEWAL L, 1 PAOs
W RSB AE Y 35 AT AR B 752
(0, NO; 5k NO, ) A BEAR (i i A= W0 IE B R e
B . Carvalho ZEPMBESE K, TRV SR
i SBR HERIE R & S, 1M AN IR A Ak
JRAY SBR HATAREE 5 %5 MATIAK, ANFEHE
TR 5 I S A W T A2 AR R A, AT S
AN A Y 22 ), SR BT A5 2 24 S T ik
BT 240 L PR S A Ak A G B0 A AR s R
(22 U0 PR, 2 B 2SR A Ak T B
— P TER T

ZE LRTR, RBEDIRE AT LR L Poly-P WL
SRR IEIE TR, T B i AL D R U T L2
FIFI NO;™. NO,™. PHB 7 S FRAF s al 4 i
BTG B R R T —Fh <5
G SR ETRNG, AR T DPAOs DiRgiN
SR HER M, TR B/ X A0 i Y A R,k
G e 0 Ty 3 0T A0 X A 1) B R PR G . A
T SCRS 124 M R DI RER, X s BAT o
U IE N, AT LA S 4 S R R SE S i
T B 25 5 S B A 0 o e 3 o i = hr = 43
WAL FlowRACS figtg it — L4 & o ikl i,
SR ZIRRRE AR RO SY , A B Tk
REENRmARE. R, 255 AL m A

PR AR, TR HELLRE FE A9 DPAOSs W Bk EFT
B2 BRSO A R R AT REIE R A3 BT . 3X
S A0l 5 241 DPAOs %8R 194248 5 D REbF
5%, HWFSE N BRI IR AT AR SUAE Y
AR R RN R B AE NP, AN AR £k 75 K Ab PR
T2

3.3 BB AREREREIR SIS
s Y Rz

YL 240 LB AR A SR B2 AR A At K -
TEE AR, (EWF5E & BEAS T BRI
NHB T iR TR DN AN ) 40 M 1 S R, AR T
LM ARHPIRAS M RE A o AEMEIR I i A
WA, T HE SCRS, fEMS TCIH MR 51 AN
SyHTARNEL, C A % 4 3 AR R PR R A DG B T
H, IF7EIREEHE WAL A B 7 b R
E X1,

oA b Bl B AT 2 6 BB % FEAE 41 i
(TR 25 B L N EBAR I o 38 2k L% 40 i 7 o o
B} 2 FIT 33k W SR RUERAE , W98 A\ R eSSl
I 20 P A 3 A A B R o B g o S ML S 45
un, Fu U758 i 62 W Sh A B U E TS
VeIE AR S R R i i B, He o T H e %
Jo 3k A B A A DR 4 J TR AT Anammox JE A1)
FEMALE] . SCRS Kl T LUK seAn i a4 i “Fs
SUETE”, FLEZ 1000 SRAFAFIE , B ARARAE G
XoF R R E AL SR AR S, a5 2R R
I U P16 50 P22 %o L, T 98 3 1T AR ) B
BREy . Liu Z578H] ] SCRS I sc 8l T HE 1%
HEYIRPUEYETE , HERTRIAE] 95%.

SCRS 5 FISH £ AREKH], AlRHRRE A
S0y 5 4 N AR AT oG, & TR A D fig
SS9 . FISH B AR 8 i 5 114
SEPERER X AR EAT 4258, BRAS A B 1A IR
AR A BfJE, Bk H A4 i i $i
SOk o M = AR AE R4 . Wang S i oy
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SCRS-FISH £ A R F T I Az i /K o AR 85 75 7 48
BBESE, 3878 T 40 2 6] A IR A fe
225

SCRS 5 & #& [l fii Z& & Wl (stable isotope
probing, SIP) AREE, AT LT 400 T fif 41 g
AR S Thag, W A MR PN P
A 2HE, Cui FPYE G PN B S ARG E ¢
P2 mts, AT 2 HIRE P A X N, [#
SER TR Jing SR PC A RIS N R
P2 mEs, AIIFE B T K H E E CO,
MDA, Xu 55T SCRS 454 H, 78
AR KOE ERRSE T RIS R AR A, AT
& F SCRS 7E 2 070-2 300 cm™" Y15 [ PN 7715 175 i
HRZI C-D Hah, X AL AR P ik Al
FAAVRIERE AL T i fc s

SCRS By AR IR B0 i 22 70 53 M BE W (R 5
ARG, AT DL, a3 T
B IR E AL A5 L . e dR
S SCRS W Ty 3R A3 T i A AR 3R
Anammox B ZEE MR, F7E SR A0 LK P L fgAT
T Anammox B Y RERI 21, FEAY T HAR I
Zhang 25 YR 5 1 B4R I R
HRMAEYIG, B T 58 R 55 R —3
MITETE AN AR Ak DRk, e i 1 i 2L 1
Hrpr, 27.5% WEERTEYIFROCE Fawiny, &MU
B R Y T LA R R 2 S PR A A i s A i B PR
HS PR TS A o SR, FR T R0 i 2 A
2 11 o B P N 26 R PR, VR 220 DL AR T RE B
B, PRI, R B v LA O Y . A
IT, — el AT A R epicPCR LN 7E
HAAROE ERLG TR S R A B A,
IFRENE— VX ECE T A A I, B
R S T R R A Weei AFONE i BT RR
SPEBI YL IE PCR A SR MGHE T A, i
RE % W ofE 0 b PR Al S bk o 2 3
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(antibiotic resistance gene, ARG)#l1 16S rRNA &
K Beh i ARG 741, W T ARG 15 £
2T 0 B 4 S B B B ARG FE 5 K AL BR ) H g £%
FEHLAITIE

g Bk, Ot WA B2 0T DL AN
JROAR FE ) v o B, SRR SR N L A BOWL T
A= AN 25 S N o AR 28 A . SCRS $i
B 5 18 SRS D A0 A 5 BEE T S,
i) IF FISH 452 A 32 A7 6 2R 9 40 B & 1y i35,
SCRS-FISH kI A & LB I T I L 3R 45 v
R AP . SIP HORRETE 4B R 40
JL P AR B R ACE AR A, A B TR AR AT AR
it Re . SCRS AYARRIIR AR o fdi 238 J 1) 40
REAS TCEE XS 4 P IF I P R, R B 5 B Y
Z A B SRR TS T A S R . AN, AR
oK e T8 P LI o R 1) R A RO T
i DR 21 7 46 7~ 20 L PR 2 S o O TR 2
X6 22 R AR B A0 B AR A R TR A
PO FE AR, 38y BB A ) i A AL
AR TR A AR
3.4 BRI ARTE DPAOs X #l &I
HIR B T

FA B EARAE A AT A o LA, IR
A T A M AR LR R T2 . A8 O L
£z i 11T DPAOs 1Y A AL AF 5%, {H M AE
PAOs Fl DB #IF5E LN IR, S+
ARAEFRZ DPAOs (1 2R Wi Fi1 S i A Dy E D7 1f J B
T ARSI T

SCRS REMS B2 A5 48 i N SC 58 2R 5 W i 78
b, DT AT HARE B 2 o AR e i R pIL
FEIETXF Ca. Accumulibacter FIIF5Y . #R1M,
Hi 7 R SE Al 5%, MR N RS Wzl )
% UREE R AH DR 1 AR AR TR e T
2T, SCRS i ik 470 41 i N &8 19 73 74
3, AR AR TR SR,
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3 M7 B AR G AR Ak, AT AA 50 S B 4
P A P A BRI, i, Majed %)
T UCK SCRS T PFAf EBPR i # 1Y PAOs
R sl Ji2, R TIRA ST PAOs il
Poly-P [ 15 #E M 4 R 5% 1 F ik 2 it /. )
Bt , % F Ca. Accumulibacter #E 37 [t 58 #5115}
PR B AR I3 AR E TG PAOs. Fernando 410!
F] H1 FISH-SCRS £ AR Xt ¥5 /K 4b 3 |~ v 1y
Tetrasphaera J& PAOs AT A 8l J1 #0058, ik
BH Tetrasphaera B4 5¢ 4N [A] 1) SR AR AL =
HASHUE PHB, XTIk T 1% 58 Rus i HLH
FIEA WA, B, RAIFREEF R PAOs AT fiE A
A ZHALR R, T SCRS HIRARE
R AL A I T H,

SCRS A 1] { >k FfE EBPR 14 i (1) ¥ 7F 45
bro BRET, BT I T2 44358 4
ML A9 PHB . HEJEURT Poly-P (K1) 5 /2 i
A RPFAE TR0 EBPR P RE SR T A £
REREIR PAOs I GAOs Fi A XF 4= BE 1y 4,
JERTEE R PO HE L 5 BN 5 95 bR BIRT
AIA] Poly-P & i i F B iR AL R, 3
it SCRS ¥l ELA Poly-P % B4 it F B2 () 28 4k,
A LS A S Y5 7K R EBPR PEREIRZS, MM
& SRR T 2R S Ak

FISH-SCRS 4 AR BB A7 8 PEAl 15 K A T
HUAR[A] PAOs X L BRI TTMR . FH T i5KAb 3
MK T A B2, £ PR
PAOs W24 T AR . IR AIA LA # PAOs IR
MRS HAR AL, LAAH R P8 T2 S50 i
HE4E, MM Fi5/K 0 EBPR PEfE. PAOs Xf
SR 2 R 1 T TR R R 40 50 R A0 i P B R
Hu A Poly-P & &8, FISH-SCRS % A fEfs K41
JEL B 073 55 ML PN SR ) L IR A B, DT M
PEALANTE] PAOs HYBEZBR DTk 140, Petriglieri
PN FE ALK |, Ca. Accumulibacter

1Y KA A Poly-P & &L T Dechloromonas #1
Tetrasphaera, 9K, Fernando 29%} 8 4~i57K
ALFET ) PAOs #EATF9E KPR, Tetrasphaera
FE 6 A5 K ALEE A ) S L BR ok T Ca.
Accumulibacter, X 7] §8H K F Tetrasphaera i
if R AR ICRE B RFIRAE ST, N AR TS K e
T SE S g, Bk, FISH-SCRS Hi A4 BhF
WEFEN A L A3 PAOs 263E, A 51X
MR 2 1T 28, N2 5 75 7K EBPR Y F2t
ETE

D,0-SCRS A A] FH T S i Akt B rp i)
WL R b . S AF AL 48 7 R T E I TE AR O
fE I MEALVERTS , dlad ETC K wlhs i bR
HL R 2 i 2 321K NOs 5 NO, LA A fig
O, AL B AR E R R AR AR H
Y T L 2 7% T A P HL e = S A A T T Bt
BT 7 B AL = A 08 I B I A ok,
D,0-SCRS FA g 5248 i J2= i P9 00 o e fe 42
HETIRAT . AEMEIR M H SR a9 7k . Liu 4§
FIZEBAR KB, KT Bk S dd 2k 1 hn 40
MR ¢ & ek e gt Fin e R, ISy
DB WM FERLN 3 73ab, KRB Uk B s i
AL DB RS, $E5 T ATP 7F i fk
iR AT, RO AERCR ik 99.8%04
TEREE ST, ARSI RS T BE I A W5 15
FA A, e E AT REA SR B 5 v i A
it — LA T DB ARG M5 I ARCR Z (Al
FERFI A, JB/R T D,0-SCRS HATEH R H
TR AL S AR5 B il A 803 56 & iy i
w1,

gr L RriA, FRAE R R B I TR AR T X R
Wl AN A AR A I ATL T 0 B o B 0 )2 1
O ES OV 5= S VNN AW/ B U S N RS it
RS ZRerE, DTTPRER 1 2 THEAKE By HE T,
FRPEAE TR . ER AN A R, R
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B Y ET AT 3 A v T R S A A A AL
AR AT, {H SCRS AYRLII N FHEERA, Ao n]
DA DPAOs 75 S W A1 A A AL 77 1 9
CEARM., A 2 g, AW E
7 DPAOs 7EJF A #1358 Fh A A HIL T

4 RHEH5EZ

DPAOs 1 k1 58 % [R] it 25 B R85 0 1o A= 40
BEUR, ARG AR K AR T B IR A B N X 7K B I
JrmREBL E RS 1. #24 DPAOs AR H45Y
HACHHLE],  DABR i AR AN R AR S R B T 19 4R
WA, R TR I A A A5 AR R v AN
FREMRECEZ, HTIASUR, AXR%5
BT DPAOs TR A% 55 U542 40 S A HL ] ) A 52 2R
MR, IR TR B R AR # 7R DPAOs i AR
WML S LG AZ 8 s gy, BEE R
(1) 38 & SCRS £l it N 2R & ¥ Poly-P &5l
DPAOs RWETIRE M) A RO, RETfg
(R AE TR 5 5 T R 5 G R D N TR
T HEfR PHA, DL & S AR R0 AR A
(2) FISH-SCRS ¢ A B B H214 20 i B 0 5 e 9 2R
B YIS, AT AR E AR Al i) 5 L
HEF 5 (3) DyO-SCRS A BEMS S AG I 52 A 1k
TR, A B TR RO i
Ji ik A 5 A0 B A TG P =2 1) AL s (4) R
20 0] e T R e 2 35 DR A 8 7S 41 R TR 4 S
T A

RUE RN R R B KR, B
DPAOs 58 A5k TP Be, iR 2 i — 2 5
EHA R . Ak, A R AR E BE R T
BB AR Bz R . FRATTH R R Sk 1 A T
REEREAR T IAS , JF 5 A 412 | AR~
FaAE S, RGNV DPAOs BB IRz Y8 S
PRI, R T LA ¥ K A B8 v ) 97 FH AT
AR HERIS 5 HEAR S HE
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NI« 253 1 IRk SRR R i R
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