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Research progress in the removal of antibiotics in water
environment by microalgae-bacteria systems
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Abstract: Antibiotics in water environments, one of the major global environmental problems,
pose serious ecological and health risks, necessitating efficient removal strategies. Microalgae-
bacteria systems have recently emerged as a promising approach for antibiotic removal due to their
high efficiency, strong removal capacity, simple design, easy operation, and low costs. This review
systematically summarizes recent advances in the removal of antibiotics by microalgae-bacteria
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systems. First, it introduces the current status of antibiotic pollution and its effects on the
environment. Second, it elaborates on the interaction mechanisms between microalgae and bacteria,
which include nutrient exchange, signal transduction, and gene transfer. Then, it analyzes the
application of microalgae-bacteria systems in the degradation of antibiotics, involving the
degradation effects and pathways for different types of antibiotics. Finally, this paper discusses the
responses of bacteria and microalgae under antibiotic stress, including the changes in short-term
and long-term physiological metabolic adaptation, and analyzes the key factors influencing the

antibiotic removal performance of microalgae-bacteria systems.
Keywords: antibiotic pollution; microalgae-bacteria systems; interaction; antibiotic stress
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Table 1 The types of organisms involved in microalgal-bacteria system and the removal effect of antibiotics
Biological type Antibiotic type Remove efficiency/%
Chlorella-activated sludge Penicillin 89.001%

Oxytetracycline 93,0018
Doxycycline 95.00[]
Marbofloxacin 71.00148!
Enrofloxacin 82.004%
Danofloxacin 48.0014%!
Sulfadiazine 44.001%
Chlorella activated sludge Clarithromycin 100.00M

Chlorella-bacteria-fungi

Oxytetracycline hydrochloride

Tetracycline hydrochloride

96.001.405%
91.10+7.905%

Ciprofloxacin 48.70+5.108%
Norfloxacin 34.60+2.900%
Sulfadiazine 61.00+5.500%

Sulfadimidine

63.70+5.601°%

Sulfamethoxazole 54.30+4.90
Haematococcus pluvialis-activated sludge Sulfamethoxazole 94.42-97.085"
Tetracycline 69.75-89.7305!
Erythromycin 94.41-98.155"
Microbial and algal granular sludge Chloramphenicol 74.008%
Scenedesmus obliquus-activated sludge Sulfadiazine 5.85+0.8105%
Sulfamethoxazole 40.846.001
Microalgae bacterial particles Tetracycline 98.0004
Chlorella vulgaris-anaerobic digestion concentrate Sulfamethoxazole 95.00

Chlorella vulgaris-degrading bacteria

Ciprofloxacin hydrochloride

94.6+0.6 (10 mg/L)P%
69.6+4.5 (20 mg/L)>"!
60.40.8 (40 mg/L)>"!
68.2:£1.7 (80 mg/L)>®!
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AbHE CIP K BYRCR, B MBS fEWI UG CIP #
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Figure 3 Antibiotic resistance mechanism'™.

P4 actamicro@im.ac.cn, & 010-64807516

Efflux pumps

~ @bi.odeg.radqtion A

giaEE, MmEpil R L. MRJRE
TR T AR 2 B AR T A B TR s AR K
s YL ) L BRACR, IR - A T RS
Bl it YT

BREEISSE A TR AN, ARGs F ¥ 7w 2 i
Be-2H R R GEAEPUAE R a5 — BURL A
I o ARGs RJZEFE H (1 240 7 2 (0] AN [ PR R A
[ ARG, IEAETE RN AW E H], il
E D AU R EE ), A SEPUE
RITRRAEE R, HEZHLHanEl 3 R,
4T (DMKEE AR AR RE 1 B2 2 A4 (2)
W SRS AR R HE L AR AR SN s (3) AR
Wit A RGO, BT R A4 Tk
AAEA (@B TR R TR, il
i L% B i AL VR T2 i B R,
CE B B-INBERE B AL AR T B- N B AE R

‘O\?“ Antibiotics
@

-

OJ’E W2,
%1/‘0};‘:};) Enzymes
8O D

Structure

dHaCtIVatIOIl

Inactivated enzyme



ARFIZR AF | AR, 2026, 66(10)

4801

i E R s,

T 7KAEBR T Ok R I i ILEY ARGs
Fe =z —U7, da Silva Rodrigues 257817 F1] FH ik
-2 T R GRS KAL) K g SMX B
KB, BT d IR N (sud 1) U
M 1.00x10° copiesiul 34 Jiil & 3.91x10° copies/iL.
AR, 70T - 20 T 2R Ge kb BRI K SR B % 7K
ek Jlie PR A A5, SR 2H ARG &CE X i
1 6.9 1 KidFE 20 d JE i e 2L 25 Witk L 1A
FEBIE i 11.9%, S52RFEW], SMX A e it
TR B T A W e S 2y it 2 MUY A AR
50 pg/L KA 20 FHLLEE ZO0 e - B R 2R 152
Wi S b, BE R A B- PN IR BT 24 20 T S
B 1Y) EG A9 AT T (2 9%) 70 (EAR TR RS2
IR RS MG TR kA L, fGE-
A A G0 H K ARGs ARV 35 B 38 5 IR .
TG S JURL TS )6 R 3 TR ORI R A A R 2R
P mRATEERNS RS, SiFER T
TS FE S A LE 3 B Uk AR R AR A P R 25K
ARG £ B F T RERA R0 T -4 R 5
TEHI IR R 58 ARGs . FH W7 H AL 46 J7 i B A AR
w1,

EPUERMGA T, GO -A0w R 40 A
P e )37 5 4 A O e g B R AE I, R peE T
PR LR MmN, G5 EPS 1Y
LR | ROS M5 M ht S AL B 1 L H, AMUZE
fie TEALINE , B4ERE T OGE 1R AL
P KM R, A ERER S S . g E
J ARGs FFE ALY T Ise- 40 i M E R 45
25 T DOC FIHRCR bl Z RGeS, X s
Jofr 38 e AN IR G AR AL, XA R A
brEA EHAZ/ER . EPS &£ THpu A R I
GrhEETE, A RGEWEE; ROS SHA LA
A OR R ACTE R AR AR U R A C I
2% ; ARGs JH¥E RIS 25 A & S AERHA R . X
SEHLEI P RIE R, AR R RAAET
FEIH B L BRACR AN R AR 32 Pk, A H e —
B A R R R R ZF LR, A

R P DAy A 2R B AR B RE R, T S0 e v R
I ARGs JAFE M PR UL AR R AFE: L BRAETT . %
IX 2 MR N 4 5 R M A Bl T PR - 4 R
R GACGUER M0 T 0w R ALR, IF o T
FEN AR BEHNE S

5 BB E-AERAAETRNA
AR ARBER

TEBE-AE R G, PR ERIFIESR
— IR, MR R A MR T S EPS b A i B
%4 WMEEAMN S £S5 ARG L
FOGCIR S Hh Rl e AL S 2 IR A 2 . ARTF]
(B AT A5 1AL ) B — T A ARG o, 18
A I R 9 B O 2 IR B A e . AR SR R
FEVE SE MR, MR AR B A R i 2B AR &
ARGs fE#EXE . I, FEEHFRERTSS
PR EAENLE Sebi A R A B E T R G0 o

TEIA I, WosE-20 RGP i
EBREEE TR 5: — AL EM
PR RF A ST, 53— 28 Ay T [ S s 2 K Ak 2
() T AR FH o i AR /K = N T B /K
FWFFE XS, AR FRER He Bl (C/N/
P). RIS ST R e BRI S Xt
AR BRI BRI 5 S5 W LLSEBR TS K (An 37
B K . AR T K SR 25 8 K) A X 5,
BAT A2 KK . IK 1 550 I R Gekae vk
LEHERL, EWSEMTAR. FHik, KR
WF5E S5 T R fose- 4N R g bt & LBrtfe
(1) 5 2 S AR ML RIAA e B 22 57, A A
BT T
5.1 JeEREH

SR AR E KSR R,
TR PR AR A S b A R AL AR i
DT o TEETRCRAIET, o
A VEFIRR O, Ml DOC, 43 3WE R T2k
HACHE Y, PG E A XA R B A Y
fift R ILAR I, X —ad R R AL T AR

http://journals.im.ac.cn/actamicrocn



4802

ZOU Xiangcheng et al. | Acta Microbiologica Sinica, 2026, 66(10)

R ikAE . AR R N AR, A IR A%
I ACRR AR 213K R RO B AR Y R, AR
PEA ALK RN SR 388, DT A a2 248 R A
R SMX R TETPY, R, Ol BRI n] i Sk
A —E KR ROS, S 5414 R tikex
A R, SCEAEY Ok R R BR . SR,
RS T8 ROS i E R, 51 A AN
PR, PR REETE M, IF T REAE Ui
ZWEAE, I m iR R R e iR Lk
RIS A, B I R e fl e e A A
R, AN EPE B A SR AR R, AT
(1) 422 5% i B 45 4 S5 AR R 25 18152 R, ok
MTE IR R T 3 FEH 3 2 k4 fit ik
J ROS fFa, J& DX T B — 2 i sl e R 40
%) L s PR
52 pH 5&MS

TERE- AN R G, pH AR AU SR
PrAERMEERE BUKMESBEENE, 2w
HAEA A SKA Z E 431 . R RS e At
B, o HEWMEOCEEN . MR
o A TS P, T RS TR A A Bk SRS AR AL
R SE T pH AR B SO A ERIRCR, 1
5 SR DOC HERT , A 20 TR 4 3L 5 22 AR e
Y, PRHEHUE R BIERE; pH B 25 R D0 R (i
FRMARK) , 25 BTG e O 5 503 R A4 TR I e il
Y N (1] 5 e - 7y & S

% i 48 (dissolved oxygen, DO)7E B Fa ik & h
BA G Zenyiai= s, XJ&H T DO Zif4A 40
WA T A TG 2R, AMUGEm T 5
IS R AT DG I AR S iy A AR R, bR
M) 1 FCHE G B AR I ASOR R SR B A, A
M b R SR . TERERT (5
DO), GUSERDGAVEH A R, iR Rk
B, RRX AR SR BTG e ) i R A 2
BRACR W TIRE S, 3l DO &R
IR EBRACR M E TS TR -4 &R
i, BCEEE OB A VE RS UL A R R IE AL
TR B A B R s S R BE 2 A, DT S B

P4 actamicro@im.ac.cn, 7 010-64807516

U AR R A 5 SRR N Y 25 AR G, X PP S AN
3R T HUAER M EBRECR, ] Resm btk
FH M LRI,
5.3 KAI=EERTE)/E{FEERT(E)

7K 7145 88 i [8] (hydraulic retention time, HRT)
HRE T3y 5 AR YR R 0 it 18], SE
HRT 7] 34 4T A 25 5 T80 - 40 TR 2R 498 1 42 il s
i), (GGG VE ™ B R A<M DOC B 5843
ML 25 G S AR TR, DT 2 S 200 T A o A
B Free it fr . SR, X arasitatae, X
DIV PTAE R, AUHO HRT 48 m i £
BRoR, FEAS R DA fb-5 XU A1

PR 45% B3 15t 7] (solids retention time, SRT) %k
FE T ZR G0 HAg TR AR e A KR I T
FE TR B30 T A2 1k e R R R e KA AE . 1
1 SRT iR URE Ak 25 44 LABE & A 3005 88 5 42
Yy AERE, 38 E AR T 0 R B A
FERA SRT 4514 T, 15 4¥ AT 84K Y ]
FRaehied, PRUEEBE MR 780 23, =TT
THRRMEK A BEEE S . 7E Scenedesmus
obliquus FACHB-12 A& 4L E R R P i fbiz 1745
TR B4R T CIP 1 R BRReR™, 7F 40 mg/L
CIP 1T, HAMKRX CIP By £ BR & ik
(96.120.07)%*, &k R A2 e v b o e f B 3
WY, [, SRT 4% ARGs KUK 1) 5
B, oMM SRT Al B4 BB 4l p btV
Jemi ke, it K B9 SRT W ] e 4L F i 2 B Sz
ARGs FERGE IR, HIt, 7fERBILEARR
Hh s 2 i LAk SRT 52 BE « iy 2% W i -1 ARG
US> 2 [B] 8) ~A o
54 EFH

B R R S C/N/P L AP 7E S 55 =5 A 53 v 8
VBB LR SR, 38 VA S T 2 R) 4 B o
Lt XA R LR A R, fE
WOsE-E R G, MESE AR A P
B, AR TR AT VR B CCHLA . B, S
B SR EAMILE . PUAE R LB SRR



ARFIZR AF | AR, 2026, 66(10)

4803

B AR RBPIRE EOIM 5 . 7R PLAR B IR A
RIS, A A ) R, 4
1] TR T AR 2 A DA B e D A 7 SEA Ao
MnisE AL TR R B BRi AR & B3 IR Hb T RE
RETHORAE Yy i S e e Ak, sl S
DOC Bl s FRIM, i 18 SR ER o il A >
KESRERT R BRI S B s R SR, [
300 U G Ay, O T BE AR 2E TR 52 B R AR
MM TEE 20 ARGs 44 . il i ik s 786 %
., B NORLTS U R GAL B K Rl B R
ZBRAIEF] 74%, [ EPS F BN, AR
SEPE AP KL, IR R - T R
Ge b B AR BAEACHKF, i i 5
BARACH . REvR AT LU R A R A AR 2 (8]
WA R, M RGEMERE LG

SR, AESEBR{S KA A Gt oAy 2805 SR 4
A B R LR EEA HARTS YY), HOK W
M BEACOK R E , AR A IR . i,
SR S AR, TR S SGTE Y R AR
WERE B IR R 0T 264 T, W - A B 28 e AT i
AR A L A AR S SR Ry R SRR
SEVESCIPUA RS W RS R R R LB .
HOE SRR T RE T B I B s R S A
T SR AN A2 U AT E R 2 P A TG A, AT
SMRPUA R RCR . G, R RN e
PN (L R S SPUE L S R NN E -
HARRR ML, mAE R i A R %
5k s ) B

6 REERYE

ARSCEE X AT DT AR RIS Y R N k-0
RGP E RWT TSR IEAT T R G458k .
TR 0 240 T =2 ] 79 TE ) 3G 2R G AR RE RS R T
VAR BEMRACR, Mos e &1 i dta
PUBRIR 5 I A0 S, O A0 o 2R I S R Qa4
PR Y5 e SCRE 5 206 W)l ) P ol Rk 14
A2 5PUE RN ED AL S et iR .
[l i, 34 TR AR G T RE T 3 AL IR R PRI

Ha o E AR AR I OB R R IR R P m P
A FR RS e A 38, DT T 3k R 3 e o
o SR, HETRAE AN AEAE—E SR R (1)
AN RIS T A B A 2 RIS - 20 TR R 8 A AR
e tE— 205 s () TBE- 20 TR R GE i A= iy
R B ILEIE T ZERAL T#; 3)
SR I A T B TR - A T R S AR e
FEREEIE I 1 46 [ R

ARMFFETT NUATF 7 EFF . (1) HEEA[H]
TR T - A TR 2 5 %) 45 R S R A 2R Y B i e
ik B SRR R RE I AR AL S Q%A
TR estd] . RIS 2 2 T B
(DEVINZEE Y N TS S YT  1 N N A
WA SRR, R - a4 R Gt
PG IR s 3)ETHEIT R L RIAEL XA T N
HEsE, RS IEA: RETEA RN 5T
AR E PERIRE R ROCR s (D ZE BE I w5 A
W ERR, R A R B R ) 1 TR
ARG, APiA R TS YR R A 0
k.

& STk = FR

ARMIZR . ATTHUE e SCOCHRIANT, WA AT S M
SCHIC M E], LR LRI IR 24k
ST 1 =3 EA MG AR BB fMTTESC
4—6 WA A WA it RAH L
FINEREZ A BOKEE: GBRSCRRER, Ef.
PR, SCRTRRmE2E

e PR A FF AR

VR PRI AEATAT ] BE 22 RN AS SR 4 i T A
BRI A 2 AR

B35 3k

[1] Jackson C, Hsia Y, Bielicki JA, Ellis S, Stephens P, Wong
ICK, Sharland M. Estimating global trends in total and
childhood antibiotic consumption, 2011-2015[J]. BMJ
Global Health, 2019, 4(1): e001241.

[2] Wu MH, Que CJ, Xu G, Sun YF, Ma J, Xu H, Sun R,
Tang L. Occurrence, fate and interrelation of selected
antibiotics in sewage treatment plants and their receiving

http://journals.im.ac.cn/actamicrocn



4804

ZOU Xiangcheng et al. | Acta Microbiologica Sinica, 2026, 66(10)

surface water[J]. Ecotoxicology and Environmental
Safety, 2016, 132: 132-139.

[3] Li X, Cheng ZW, Dang CY, Zhang M, Zheng Y, Xia Y.
Metagenomic and viromic data mining reveals viral
threats in biologically treated domestic wastewater[J].
Environmental Science and Ecotechnology, 2021, 7:
100105.

[4] Fiorentino A, Esteban B, Garrido-Cardenas JA, Kowalska
K, Rizzo L, Aguera A, Pérez JAS. Effect of solar photo-
fenton process in raceway pond reactors at neutral pH on
antibiotic resistance determinants in secondary treated
urban wastewater[J]. Journal of Hazardous Materials,
2019, 378: 120737.

[5] Wang XD, Yin RL, Zeng LX, Zhu MS. A review of
graphene-based nanomaterials for removal of antibiotics
from aqueous environments[J]. Environmental Pollution,
2019, 253: 100-110.

[6] Lee KM, Lai CW, Ngai KS, Juan JC. Recent
developments of zinc oxide based photocatalyst in water
treatment technology: a review[J]. Water Research, 2016,
88:428-448.

[7] Rambabu K, Banat F, Pham QM, Ho SH, Ren NQ, Show
PL. Biological remediation of acid mine drainage: review
of past trends and current outlook[J]. Environmental
Science and Ecotechnology, 2020, 2: 100024.

[8] Xiao ZH, Meng H, Li SN, Ning WH, Song YL, Han JL,
Chang JS, Wang Y, Ho SH. Insights into the removal of
antibiotics from livestock and aquaculture wastewater by
algae-bacteria symbiosis systems[J]. Environmental
Research, 2024, 257: 119326.

[9] Fayaz T, Renuka N, Ratha SK. Antibiotic occurrence,
environmental risks, and their removal from aquatic
environments using microalgae: advances and future
perspectives[J]. Chemosphere, 2024, 349: 140822.

[10] McCorquodale-Bauer K, Flores Orozco D, Grosshans R,
Zvomuya F, Cicek N. Reduction of antimicrobial resistance
genes in wastewater through phytoremediation[J].
Frontiers in Synthetic Biology, 2025, 2: 1513580.

[11] Guo GJ, Wang ZF, Lu C, Xu WY, Lu B, Zhao YJ.
Removal of antibiotics by four microalgae-based systems
for swine wastewater treatment under different
phytohormone treatment[J]. Bioresource Technology,
2024, 400: 130668.

[12] Eguchi K, Nagase H, Ozawa M, Endoh YS, Goto K,
Hirata K, Miyamoto K, Yoshimura H. Evaluation of
antimicrobial agents for veterinary use in the ecotoxicity
test using microalgae[J]. Chemosphere, 2004, 57(11):
1733-1738.

[13] Du J, Zhao HX, Liu SS, Xie HJ, Wang Y, Chen JW.
Antibiotics in the coastal water of the South Yellow Sea
in China: occurrence, distribution and ecological risks[J].
Science of the Total Environment, 2017, 595: 521-527.

[14] Kiimmerer K. Antibiotics in the aquatic environment: a
review, part I[J]. Chemosphere, 2009, 75(4): 417-434.

[15] Zhang RJ, Tang JH, Li J, Cheng ZN, Chaemfa C, Liu DY,
Zheng Q, Song MK, Luo CL, Zhang G. Occurrence and
risks of antibiotics in the coastal aquatic environment of
the Yellow Sea, North China[J]. Science of the Total
Environment, 2013, 450/451: 197-204.

P4 actamicro@im.ac.cn, 7 010-64807516

[16] FFArEE, R, FheoR, XISC, iR, B4 PUERE

TRAL B AR SR B Rk e [J]. R 4K T, 2021, 50(9):
2587-2593, 2597.
Qi YB, Zhang SJ, Meng XR, Liu W, Yang QC, Cao L.
The present situation and research progress of antibiotic
wastewater treatment technology[J]. Applied Chemical
Industry, 2021, 50(9): 2587-2593, 2597 (in Chinese).

[17] Zheng DS, Yin GY, Liu M, Chen C, Jiang YH, Hou LJ,
Zheng YL. A systematic review of antibiotics and
antibiotic resistance genes in estuarine and coastal
environments[J]. Science of the Total Environment, 2021,
777: 146009

[18] Xu WH, Zhang G, Zou SC, Li XD, Liu YC.
Determination of selected antibiotics in the Victoria
Harbour and the Pearl River, South China using high-
performance liquid chromatography-electrospray
ionization tandem mass spectrometry[J]. Environmental
Pollution, 2007, 145(3): 672-679.

[19] Yang JF, Ying GG, Zhao JL, Tao R, Su HC, Liu YS.
Spatial and seasonal distribution of selected antibiotics in
surface waters of the Pearl Rivers, China[J]. Journal of
Environmental Science and Health, Part B, 2011, 46(3):
272-280.

[20] Kim SC, Carlson K. Temporal and spatial trends in the
occurrence of human and veterinary antibiotics in
aqueous and river sediment matrices[J]. Environmental
Science & Technology, 2007, 41(1): 50-57.

[21] Zhang C, Chen YY, Chen SL, Guan XC, Zhong Y, Yang
QY. Occurrence, risk assessment, and in vitro and in vivo
toxicity of antibiotics in surface water in China[J].
Ecotoxicology and Environmental Safety, 2023, 255:
114817.

[22] Tian L, Xu XF, Zhang ZL, Ding YZ, Zhang KQ, Zhi SL.
A comprehensive contamination investigation of Bohai
Bay seawater: antibiotics occurrence, distribution,
ecological risks and their interactive factors[J].
International Journal of Environmental Research and
Public Health, 2023, 20(2): 1599.

[23] Xu WH, Yan W, Li XD, Zou YD, Chen XX, Huang WX,
Miao L, Zhang RJ, Zhang G, Zou SC. Antibiotics in
riverine runoff of the Pearl River Delta and Pearl River
Estuary, China: concentrations, mass loading and
ecological risks[J]. Environmental Pollution, 2013, 182:
402-407.

[24] Zheng SL, Qiu XY, Chen B, Yu XG, Liu ZH, Zhong GP,
Li HY, Chen M, Sun GD, Huang H, Yu WW, Freestone
D. Antibiotics pollution in Jiulong River Estuary: source,
distribution and bacterial resistance[J]. Chemosphere,
2011, 84(11): 1677-1685.

[25] Liu D, Xu YY, Junaid M, Zhu YG, Wang J. Distribution,
transfer, ecological and human health risks of antibiotics
in bay ecosystems[J]. Environment International, 2022,

158: 106949
[26] Kouzuma A, Watanabe K. Exploring the potential of
algae/bacteria  interactions[J]. Current Opinion in

Biotechnology, 2015, 33: 125-129.

[27] You XQ, Chen Q, Kong LR, Feng YM, Hu JR, Liu ST,
Sun  WL. Antibiotic stress-induced hormesis in
phytoplankton and bacteria through their mutual



ARFIZR AF | AR, 2026, 66(10)

4805

cooperation[J]. Science Advances, 2025, 11: 7921.

[28] Zhao K, Si TT, Liu SH, Liu GL, Li DH, Li FX. Co-

[29]

metabolism of microorganisms: a study revealing the
mechanism of antibiotic removal, progress of
biodegradation transformation pathways[J]. Science of
the Total Environment, 2024, 954: 176561.

Satiro J, Dos Santos Neto AG, Marinho T, Marihno T,
Sales M, Marinho I, Kato MT, Simoes R, Albuquerque A,
Florencio. The role of the microalgae-bacteria consortium
in biomass formation and its application in wastewater
treatment systems: a comprehensive review[J]. Applied
Sciences, 2024, 14(14): 6083.

[30] Vo TP, Danaee S, Chaiwong C, Pham BT, Poddar N, Kim

(31]

M, Kuzhiumparambil U, Songsomboon C, Pernice M,
Ngo HH, Ralph PJ, Vo PHN. Microalgae-bacteria
consortia for organic pollutants remediation from

wastewater: a  critical  review[J].  Journal of
Environmental Chemical Engineering, 2024, 12(6):
114213.

Wyatt KH, Seballos RC, Shoemaker MN, Brown, SP,
Chandra S, Kuehn KA, Rober AR, Sadro S. Resource
constraints highlight complex microbial
interactionsduring lake biofilm development[J]. Journal
of Ecology, 2019, 107(6): 2737-2746.

[32] Awdhesh Kumar Mishra R, Kodiveri Muthukaliannan G.

[33]

Role of microalgal metabolites in controlling quorum-
sensing-regulated biofilm[J]. Archives of Microbiology,
2022,204(3): 163.

Ogwuche AA, Jabbi ES, Bangura SK, Eheneden I, Bako
M. Omics amplification of microalgae-bacteria
consortium wonders in nutrients and antibiotics removal
from wastewater[J]. European Journal of Ecology,
Biology and Agriculture, 2026, 3(2): 53-75.

[34] Villa JA, Ray EE, Barney BM. Azotobacter vinelandii

[35]

[36]

[37]

[38]

[39]

siderophore can provide nitrogen to support the culture of
the green algae Neochloris oleoabundans and
Scenedesmus sp. BA032[J]. FEMS Microbiology Letters,
2014, 351(1): 70-77.

Zhou YY, Zhou YH, Chen SQ, Guo NN, Xiang P, Lin ST,
Bai Y, Hu XL, Zhang Z. Evaluating the role of algae in
algal-bacterial ~ granular sludge: nutrient removal,
microbial community and granular characteristics[J].
Bioresource Technology, 2022, 365: 128165.

Perera 1A, Abinandan S, Subashchandrabose SR,
Venkateswarlu K, Cole N, Naidu R, Megharaj M.
Extracellular polymeric substances drive symbiotic
interactions  in  bacterial-microalgal  consortia[J].
Microbial Ecology, 2022, 83(3): 596-607.

Guckes KR, Yount TA, Steingard CH, Miyashiro TI.
Quorum sensing inhibits interference competition among
bacterial symbionts within a host[J]. Current Biology,
2023, 33(19): 4244-4251.

Zhou J, Lyu YH, Richlen ML, Anderson DM, Cai ZH.
Quorum sensing is a language of chemical signals and
plays an ecological role in algal-bacterial interactions[J].
Critical Reviews in Plant Sciences, 2016, 35(2): 8-35.
Zhang B, Sun WX, Su YR, Ren Q, Ji ZJ, Zhang AL.
Utilization of N-acyl homoserine lactone-secreting
bacteria in algal environment to increase biomass

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

accumulation of Chlorella[J]. BioEnergy Research, 2022,
15(4): 2111-2121.

Paul C, Pohnert G. Interactions of the algicidal bacterium
Kordia algicida with diatoms: regulated protease
excretion for specific algal lysis[J]. PLoS One, 2011,
6(6): €21032.

Deng YQ, Ma J, Xu LJ, Li YX, Zhao H, Han JF, Tao J, Li
XF, Zhu SY, Qin ED, Qin CF. Generation and
characterization of a protective mouse monoclonal
antibody against human enterovirus 71[J]. Applied

Microbiology and Biotechnology, 2015, 99(18):
7663-7671.
Zhang CF, Li QC, Fu L, Zhou DD, Crittenden JC.

Quorum sensing molecules in activated sludge could
trigger microalgae lipid synthesis[J]. Bioresource
Technology, 2018, 263: 576-582.

Twigg MS, Tait K, Williams P, Atkinson S, Camara M.
Interference with the germination and growth of Ulva
zoospores by quorum-sensing molecules from Ulva-
associated  epiphytic  bacteria[J]. Environmental
Microbiology, 2014, 16(2): 445-453.

Keeling PJ. Functional and ecological impacts of
horizontal gene transfer in eukaryotes[J]. Current
Opinion in Genetics & Development, 2009, 19(6):
613-619.

Schonknecht G, Chen WH, Ternes CM, Barbier GG,
Shrestha RP, Stanke M, Brautigam A, Baker BJ, Banfield
JF, Garavito RM, Carr K, Wilkerson C, Rensing SA,
Gagneul D, Dickenson NE, Oesterhelt C, Lercher MJ,
Weber APM. Gene transfer from bacteria and Archaea
facilitated evolution of an extremophilic eukaryote[J].
Science, 2013, 339(6124): 1207-1210.

Allen AE, Dupont CL, Obornik M, Horak A, Nunes-Nesi
A, McCrow JP, Zheng H, Johnson DA, Hu HH, Fernie
AR, Bowler C. Evolution and metabolic significance of
the urea cycle in photosynthetic diatoms[J]. Nature, 2011,
473(7346): 203-207.

You ZQ, Wang C, Yang XB, Liu ZK, Guan YQ, Mu D,
Shi HJ, Zhao Z. Effects of eutrophication on the
horizontal transfer of antibiotic resistance genes in
microalgal-bacterial symbiotic systems[J]. Environmental
Research, 2024, 251: 118692.

Loépez-Serna R, Garcia D, Bolado S, Jiménez JJ, Lai FY,
Golovko O, Gago-Ferrero P, Ahrens L, Wiberg K, Mufioz
R. Photobioreactors based on microalgae-bacteria and
purple phototrophic bacteria consortia: a promising
technology to reduce the load of veterinary drugs from
piggery wastewater[J]. Science of the Total Environment,
2019, 692: 259-266.

Prosenc F, Piechocka J, Skufca D, Heath E, Griessler
Bulc T, Isteni¢ D, Buttiglieri G. Microalgae-based
removal of contaminants of emerging concern:
mechanisms in Chlorella vulgaris and mixed algal-
bacterial cultures[J]. Journal of Hazardous Materials,
2021, 418: 126284.

Liu J, Wang ZF, Zhao CZ, Lu B, Zhao YJ. Phytohormone
gibberellins treatment enhances multiple antibiotics
removal efficiency of different bacteria-microalgae-fungi
symbionts[J]. Bioresource Technology, 2024, 394:

http://journals.im.ac.cn/actamicrocn



4806 ZOU Xiangcheng et al. | Acta Microbiologica Sinica, 2026, 66(10)
130182. mitigation and biomass processing efficiency[J]. Heliyon,
[51] Aydin S, Unlii iD, Arabact DN, Duru OA. Evaluating the 2024, 10(17): e36503.
effect of microalga  Haematococcus — pluvialis [62] Ma YF, Lin SP, Guo T, Guo CC, Li YT, Hou YH, Gao

[55]

[56]

[57]

[60]

[61]

bioaugmentation on aerobic membrane bioreactor in
terms of performance, membrane fouling and microbial
community  structure[J]. Science of the Total
Environment, 2022, 807: 149908.

W, EJR T, B BB e Xt R K
I b R HLBRBF 5T [7]. 7K AL B4 R, 2023, 49(7):
45-49.

Xu C, Wang QZ, Wang ZP. Using algae-bacteria granular
sludge to effectively treat chloramphenicol wastewater:
performance and mechanism[J]. Technology of Water
Treatment, 2023, 49(7): 45-49 (in Chinese).

Wang YQ, Chen PP, Yu XF, Zhang JY. Algae-bacteria
symbiotic constructed wetlands for antibiotic wastewater
purification and biological response[J]. Frontiers in
Microbiology, 2022, 13: 1044009.

Wang SL, Ji B, Zhang M, Ma YQ, Gu J, Liu Y. Defensive
responses of microalgal-bacterial granules to tetracycline
in municipal wastewater treatment[J]. Bioresource
Technology, 2020, 312: 123605.

Xie BH, Tang XB, Ng HY, Deng SH, Shi XQ, Song WL,
Huang SJ, Li GB, Liang H. Biological sulfamethoxazole
degradation along with anaerobically digested centrate
treatment by  immobilized  microalgal-bacterial
consortium: performance, mechanism and shifts in
bacterial and microalgal communities[J]. Chemical
Engineering Journal, 2020, 388: 124217.

Pi YR, Li Y, Jia WP, Tang YZ. Enhancing removal
performance of ciprofloxacin hydrochloride by Chlorella
vulgaris-bacteria consortium: insights of microbial
responses and stoichiometry[J]. Journal of Hazardous
Materials, 2025, 494: 138780.

Wang Y, Li JH, Lei Y, Li XQ, Nagarajan D, Lee DIJ,
Chang JS. Bioremediation of sulfonamides by a
microalgae-bacteria consortium—analysis of pollutants
removal efficiency, cellular composition, and bacterial
community[J]. Bioresource Technology, 2022, 351:
126964.

Wang Y, Li JH, Lei Y, Cui R, Liang AP, Li XQ, Kit Leong
Y, Chang JS. Enhanced sulfonamides removal via
microalgae-bacteria ~ consortium  via  co-substrate
supplementation[J]. Bioresource Technology, 2022, 358:
127431.

Han XM, Wang ZW, Chen M, Zhang XR, Tang CY, Wu
ZC. Acute responses of microorganisms from membrane
bioreactors in the presence of NaOCl: protective
mechanisms of extracellular polymeric substances[J].
Environmental Science & Technology, 2017, 51(6):
3233-3241.

Li SN, Li X, Chang HX, Zhong NB, Ren NQ, Ho SH.
Comprehensive insights into antibiotic resistance gene
migration in microalgal-bacterial consortia: mechanisms,
factors, and perspectives[J]. Science of the Total
Environment, 2023, 901: 166029.

Abate R, Oon YL, Oon YS, Bi YH, Mi WJ, Song GF,
Gao YH. Diverse interactions between bacteria and
microalgae: a review for enhancing harmful algal bloom

P4 actamicro@im.ac.cn, 7 010-64807516

YC, Dong RJ, Liu S. Exploring the influence of
sulfadiazine-induced stress on antibiotic removal and
transformation pathway using microalgae Chlorella sp.[J].
Environmental Research, 2024, 256: 119225.

[63] Zhang CJ, Zhang QF, Dong SS, Zhou DD. Could co-

substrate sodium acetate simultaneously promote
Chlorella  to  degrade amoxicillin and produce
bioresources [J]. Journal of Hazardous Materials, 2021,
417: 126147.

[64] Guan T, Wu JZ, Tang GX, Wu FF, Gao W, Ren SH, Li W.

Insights into the interactions of microalgae and combined
macrolide antibiotics: removal efficiency, physiological-
biochemical responses and transcriptomic analysis[J].
Plants, 2026, 15(7): 1128.

[65] Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA,

Collins JJ. A common mechanism of cellular death
induced by bactericidal antibiotics[J]. Cell, 2007, 130(5):
797-810.

[66] Mao YF, Yu Y, Ma ZX, Li H, Yu WW, Cao L, He Q.

Azithromycin induces dual effects on microalgae: roles
of photosynthetic damage and oxidative stress[J].
Ecotoxicology and Environmental Safety, 2021, 222:
112496.

[67] Maiques E, Ubeda C, Campoy S, Salvador N, Lasa I,

Novick RP, Barbé J, Penadés JR. P -lactam antibiotics
induce the SOS response and horizontal transfer of
virulence factors in Staphylococcus aureus[J]. Journal of
Bacteriology, 2006, 188(7): 2726-2729.

[68] Cirz RT, Jones MB, Gingles NA, Minogue TD, Jarrahi B,

Peterson SN, Romesberg FE. Complete and SOS-
mediated response of Staphylococcus aureus to the
antibiotic ciprofloxacin[J]. Journal of Bacteriology, 2007,
189(2): 531-539.

[69] Cirz RT, Chin JK, Andes DR, de Crécy-Lagard V, Craig

WA, Romesberg FE. Inhibition of mutation and
combating the evolution of antibiotic resistance[J]. PLoS
Biology, 2005, 3(6): e176.

[70] Lewin CS, Amyes SGB. The role of the SOS response in

bacteria exposed to zidovudine or trimethoprim[J].
Journal of Medical Microbiology, 1991, 34(6): 329-332.

[71] Yan RF, Wang YB, Li JH, Wang XH, Wang YK.

Determination of the lower limits of antibiotic
biodegradation and the fate of antibiotic resistant genes in
activated  sludge: both nitrifying Dbacteria and
heterotrophic bacteria matter[J]. Journal of Hazardous
Materials, 2022, 425: 127764.

[72] Gong WIJ, Guo L, Huang CX, Xie BH, Jiang MM, Zhao

YZ, Zhang HT, Wu YX, Liang H. A systematic review of
antibiotics and antibiotic resistance genes (ARGs) in
mariculture ~ wastewater:  antibiotics removal by
microalgal-bacterial symbiotic system (MBSS), ARGs
characterization on the metagenomic[J]. Science of the
Total Environment, 2024, 930: 172601.

[73] HMu RM, Jia YT, Ma GX, Liu LR, Hao KX, Qi F, Shao

YY. Advances in the use of microalgal-bacterial consortia
for wastewater treatment: Community structures,



ARFIZR AF | AR, 2026, 66(10)

4807

interactions, economic resource reclamation, and study
techniques[J]. Water environment research, 2021, 93(8):
1217-1230.

[74] Lin SP, Pan MM, Ma YF, Chen ZH, Lyu T, Dong RJ,
Ruan R, Liu S. Microalgae-mediated shaping of bacterial
communities enhances antibiotic removal and antibiotic
resistance control[J]. Bioresource Technology, 2026, 441:
133577.

[75] Mandsberg LF, Ciofu O, Kirkby N, Christiansen LE,
Poulsen HE, Heiby N. Antibiotic resistance in
Pseudomonas aeruginosa strains with increased mutation
frequency due to inactivation of the DNA oxidative repair
system[J]. Antimicrobial Agents and Chemotherapy,
2009, 53(6): 2483-2491.

[76] Allen HK, Donato J, Wang HH, Cloud-Hansen KA,
Davies J, Handelsman J. Call of the wild: antibiotic
resistance genes in natural environments[J]. Nature
Reviews Microbiology, 2010, 8(4): 251-259.

[77] Karkman A, Do TT, Walsh F, Virta MPJ. Antibiotic-
resistance genes in waste water[J]. Trends in
Microbiology, 2018, 26(3): 220-228.

[78] Da Silva Rodrigues DA, da Cunha CCRE, Freitas MG, de
Barros ALC, e Castro PBN, Pereira AR, de Queiroz Silva
S, da Fonseca Santiago A, de Cassia Franco Afonso RJ.
Biodegradation of sulfamethoxazole by microalgae-
bacteria consortium in wastewater treatment plant
effluents[J]. Science of the Total Environment, 2020,
749: 141441.

[79] Da Silva Rodrigues DA, da Cunha CCRF, do Espirito
Santo DR, de Barros ALC, Pereira AR, de Queiroz Silva
S, da Fonseca Santiago A, de Cassia Franco Afonso RJ.
Removal of cephalexin and erythromycin antibiotics, and
their resistance genes, by microalgae-bacteria consortium
from wastewater treatment plant secondary effluents[J].

Environmental Science and Pollution Research, 2021,
28(47): 67822-67832.

[80] Liu L, Yu X, Wu DZ, Su JQ. Antibiotic resistance gene
profile in aerobic granular reactor under antibiotic stress:
can eukaryotic microalgae act as inhibiting factor [J].
Environmental Pollution, 2022, 304: 119221.

[81] Leng LJ, Wei L, Xiong Q, Xu SY, Li WT, Lv S, Lu Q,
Wan LP, Wen ZY, Zhou WG. Use of microalgae based
technology for the removal of antibiotics from
wastewater: a review[J]. Chemosphere, 2020, 238:
124680.

[82] Eheneden I, Wang RC, Zhao JF. Antibiotic removal by
microalgae-bacteria consortium: metabolic pathways and
microbial responses[J]. Science of the Total Environment,
2023, 891: 164489.

[83] Wang Y, Ning WB, Han MN, Gao CF, Guo WQ, Chang
JS, Ho SH. Algae-mediated Dbioremediation of
ciprofloxacin through a symbiotic microalgae-bacteria
consortium[J]. Algal Research, 2023, 71: 103062.

[84] Zhang B, Li W, Guo Y, Zhang ZQ, Shi WX, Cui FY, Lens
PNL, Tay JH. Microalgal-bacterial consortia: from
interspecies interactions to biotechnological applications[J].
Renewable and Sustainable Energy Reviews, 2020, 118:
109563.

[85] Xiong Q, Hu LX, Liu YS, Zhao JL, He LY, Ying GG.
Microalgae-based technology for antibiotics removal:
from mechanisms to application of innovational hybrid
systems[J]. Environment International, 2021, 155:
106594.

[86] Li N, Zhao EY, Zhang ZG, Yin W, Wang BT, Xiao XL.
De-clustered nonbonding oxygen state inhibits oxygen
dimerization for highly activated and stable anionic redox
in  sodium-based layered cathodes[J]. Chemical
Engineering Journal, 2023, 466: 143145.

http://journals.im.ac.cn/actamicrocn



