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Abstract: Antibiotic resistance genes (ARGs) pose a serious threat to public health. Wastewater
treatment plants (WWTPs) are hotspots for ARGs, and their operational conditions significantly
influence the removal of ARGs from wastewater. However, research on the effects of hydraulic
retention time (HRT) in different wastewater treatment units on ARGs remains limited. In this study,

two pilot-scale AAO (Anaerobic-Anoxic-Oxic) systems with advanced treatment and disinfection
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processes were designed with different HRTs to investigate the concentrations and distributions of
ARGs at various treatment stages. The correlations among ARGs, water quality parameters, and
microbial communities were also analyzed. The results showed that in the long-HRT group, the ARG
concentrations in the secondary sedimentation tank effluent were lower than those in the short-HRT
group. Regarding the concentrations of ARGs in the activated sludge, the retention of ARGs by sludge
was found to be similar in both groups. This suggests that the sludge in the long-HRT group had a
longer contact time with the ARGs, potentially promoting their biological degradation. The
concentrations of ARGs in the sand filtration effluent of both groups showed no significant decrease
compared to those in the secondary sedimentation tank effluent. After disinfection, the concentrations of
blarpy, sull, tetX, ermB, intll, and 16S rDNA in the long-HRT group decreased to 4.26><103, 2.31><105,
7.15%10°, 7.29x10°, 4.64x10°, and 3.61x10’ copies/mL, respectively, all of which were lower than those
in the short-HRT group. Overall, the removal rates of blargy, sull, tetX, ermB, intll, and 16S rDNA in
the long-HRT group reached 2.55, 2.60, 3.23, 2.99, 2.77, and 2.97 log, respectively, indicating that the
long-HRT group exhibited higher removal efficiencies of ARGs than the short-HRT group. However, it
is worth noting that the ARGs/16S rDNA ratio after disinfection in the long-HRT group was
significantly higher than that in the filtration effluent. This indicates that although prolonged
disinfection reduces ARG concentration in the effluent, it also significantly increases the ARGs/16S
rDNA ratio. This phenomenon may be attributed to horizontal gene transfer of ARGs, as excessive
disinfectant dosage damages bacterial cells, increasing the frequency of ARG transfer to non-resistant
bacteria. Such changes may impact the microbial community in the receiving water body. In addition,
both the biological and disinfection stages reduced the abundance of pathogenic genera such as
Aeromonas, Desulfovibrio, and Pseudomonas. However, in both the long- and short-HRT groups, the
relative abundance of these genera was higher in the disinfection effluent than in the filtration effluent.
Redundancy analysis revealed that genera such as Nitrospira, Dechloromonas, and Ferruginibacter
were highly correlated with ARGs, and both 16S rDNA and suspended solids (SS) were highly
correlated with ARGs. This study provides theoretical support for better controlling the risks associated
with the release of ARGs from WWTPs.

Keywords: Antibiotic resistance genes; Wastewater treatment plant; Hydraulic retention time;

Biological treatment; Disinfection
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W
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1.1 KWEE

AHFRWET 2EMFE RS FI17E178
AAOHR AL FHE TR Ik S i e o 2B Bt
PRARCIX, i A DXORI B 40 DX, AT a8 2 R LG 61 R
1.0 2 1.2 0 3.3, By =X 00t /K AR B b R
5o TR EE A P B A 45 VR BE . R T TE AR 8 T
Zoo WV UEAE H UK #EAT I 7 AL B, NaClO #k B N
5mg/L. AW BAEAG IR N T BUG K AL EE IR
Wy e, HEK N SEPRII T EG K o 2 2HER 4% 41
[ LA 100%, PN IRL LA 400%, 1581 R 20 d.

i R K S AE Y B HRT 430528 38.4 h
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Table 1 Operating parameters of experimental

wastewater treatment reactors

S8 KHRTAH  HHRTH
A Y BEHRT/h 38.4 22.0
UK SIS (m m P h 031 0.55
AMRULHE F K S 68/ (m m h ) 2.9 5.0
BYUERE I/ (mh ) 23 4.0
NaCIO{H #: 1 [8]/min 55.0 30.0

1.2 Wik A*E
1.2.1 ARGs MiX 7 &
IKFERAE G H ] 0.45 um FLASIERS 1k . Ok
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KA i FEE e U0, et PR ) 5 i BB % T
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Fari - B A BE RV B, R K AT S SR YA
HFIRES% . 248 PCR = ¥4ifb)s, R Hlumina
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e I P 2
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Table 2 Conventional water quality concentrations at different stages
415 TR COD/(mg'L™) TN/(mg'L ™) NH;-N/(mg-L ") TP/(mg-L™) SS/(mg-L™") HEE/NTU
HEIK — 351 27.3 20.12 521 143 87.02
ZPiH ik 21 13.9 0.31 1.41 9 2.08
KHRTA kK 10 13.1 0.19 0.06 5 1.97
THEEHK 8 12.9 0.15 0.05 5 1.95
TPt ik 22 10.3 0.18 2.62 8 1.95
JHHRTH Uk ik 10 9.2 0.16 0.11 6 1.23
HBE K 8 9.0 0.13 0.10 6 1.20
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Fig.1 ARG concentrations in influent, secondary settling
tank effluent, sand filtration effluent,

and disinfection effluent
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Table 3 ARGs/16S rDNA ratios at different stages %

ARGs/16S rDNA [ {3
25 TZE

blawgy,  sull tetX ermB  intll
Bl — 045 2708 356 210 8.03
I 4Tl 033 2420 0.82 0.60 529
ZUlME K 041 2527 070 117 4.74

KHRT#41
g K 025 3237 059 029 598
TR K 118 6391 198 198 12.84
W5 036 2493 1.15 057 7.04
ZUtibik 045 2380 1.09 1.14 635

SIHRTZH
fibuE K 023 2145 216 111 652
THEEH K 033 1621 088 049 7.01

149 200 TR AR XIS P 1Y 55 A b A T 4 et Ay, PRI
ermB/16S tDNA Ll AR ™. (E 5 i, K
HRT 443 H K T E ARGs/16S rDNA K iF
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Fig. 4 Genus-level relative abundance of bacteria in different stages of the long- and short-HRT groups
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Table 4 Relative abundance of certain pathogenic bacterial genera at different stages %
) 505 T PR A X S
215 TZEB
Aeromonas Desulfovibrio Acinetobacter Pseudomonas
BEK — 1.408 0.404 0.611 0.364
45 0.347 0.173 0.139 0.175
Ui K 0.689 0.329 0.147 0.208
KHRT#
g K 0.170 0.059 0.075 0.059
THEE K 0.508 0.211 0.287 0.290
W45 0.402 0.192 0.088 0.123
B ZhtH K 0.912 0.108 0.095 0.083
SHRTZH
g K 0.178 0.434 0.207 0.246
THRE K 1.250 0.512 0.495 0.303
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T]Hl Nitrospira. Denitratisoma. Dechloromonas .
Ferruginibacter Fl Haliangium 7 J& %5 5 ARGs #H
KRR o SCHRITSE [ AR B, 15 K Ab BT REAS

3F

39
Bdellovibrio

Sulfurospirillum

RDA?2 (12.4%)

Nitrospira

Denitratisoma

Dechloromonas

Ferruginibacter Candidatus_Competibacter
Haliangium

RDAI (78.4%)

BEl5 ARGs SERKFHEHBXIESH
Fig.5 Correlation analysis between ARGs and bacterial

communities at the genus level

28] Nitrospira B ARGSDO], Dechloromonas
T JB 1 Ferruginibacter 1 J& & 2 7 ARGs 7 1£
TE"H‘EBHH, Haliangium BB NTE X5 ARGs 234
AR IATY, X Rme T KB B 5 ARGs
Z AR SRR oM
232 ARGs 53R ETa948 %M

AL HE%ET COD, SS. TN, TP, 4%
K BT 45 b5 Hl 16S tDNA 5 ARGs ARG . &l 6
Hadh 1 F0%H 2 X ARGs B AL B AR REEE BT 96.5%
16S rDNA X ARGs i fift BEJE 2l 68.6%, Wi H AT
EE, X5 AT — 25, RO T ARGs #JE
S AR B LA K R RS R A R B . A, TR
FLK SR A8 bR SS X ARGs [ fif 8 3 45 iy, 4 1l
ARGs "] BE 5 W AR5 K ORI, PRIk 55 FRE )
AAOCPERL s o

3 & i

TE AAO+ZR JIE Ab B+ B 1) 75 7K Ak B bk 52
B i, K HRT 41 i3t i /K ARGs #é K
FJ5 HRT 41, IREETTIE MEDUE L & B TR AL B T
X ARGs T Wl I L BR, 16 B 5 &K HRT 41 4 K
ARGs W EASRAR T HRT 4Lik)JE . Al WAt KA
Y B u% & T4 B HRT 0l DU & ARGs % BR 3%
K K HRT 41 F1 % HRT 20 /9 A= By B R0 3 45 %t



<114 - (LR N T T

39 E5H 6 M

sull

RDAZ2 (24.9%)

15 erb
-5 15
RDAL1 (71.6%)

B 6 ARGs 5/KFEREFHEXMEDT

Fig. 6 Correlation analysis between ARGs and water

quality environmental factors

Aeromonas.. Desulfovibrio. Pseudomonas 5 U 7
J& o A HI AR T o SR, HE K I #E I ] 23 5 3L
ARGs/16S rDNA L SR BT, I B 7 0L % 21
TR EOR T JE AR X T B T, 3K AT BB 4 5
NIRRT A I T RESS G o DR IR ke 7 o A5 OGTE
THTE T 220 ARGs FEU b s 19 52 M, Jd 3 Ak
J52 N ik ] 8 2 i B 77 28 Y S, AR OR K
TR W FE bRIk bR B HT 32 T BER ARGs FIEUE &
B, 38t TUAY T & BR, Nitrospira. Dechloro-
monas . Ferruginibacter 1 J& %5 5 ARGs K P45
/55, 16S tDNA FlI SS 5 ARGs BAT 8 = MG

S Z 3k ( References ) :

[1]  HAO Rongzhang, ZHAO Rongtao, QIU Shaofu, et al.
Antibiotics crisis in China[J]. Science, 2015, 348(6239) :
1100-1101.

21  fITFRE, 23GH, ZET, % OKMEPIUE RGN

W e (7). fL THEE, 2024, 43(S1): 533-544.
HE Zihan, LI Wenxuan, LI Yanyu, et al. Progress in the
study of antibiotic resistance genes in the aquatic environ-
ment[J]. Chemical Industry and Engineering Progress,
2024, 43(S1): 533-544.

[3] MACHADO E C, FREITAS D L, LEAL C D, et al
Antibiotic resistance profile of wastewater treatment plants in
Brazil reveals different patterns of resistance and multi resis-
tant bacteria in final effluents[J]. Science of the Total Envi-
ronment, 2023, 857: 159376.

[4] KARKMAN A, DO T T, WALSH F, et al. Antibiotic-
resistance genes in waste water[J]. Trends in Microbiology,
2018, 26(3): 220-228.

[5]  SAMEXL WARiETs KA B ) IR ARGs. MGEs BRAF L
TR EPIRETEMISEPERFE [D]. Jo8: YIRS, 2023: 66.

[10]

(1]

[12]

[13]

[14]

HU Jianshuang. Occurrence characteristics of ARGs and
MGE:s in high standard sewage treatment plants and correla-
tion to microbial community[D]. Wuxi: Jiangnan Univer-
sity, 2023: 66.

BT, Wefr, STRHMA, 4. $8ohn Hms Toll b X5 7k
ARERTTRRE K ARGs HYSZMA [J]. PR T AR, 2024, 42(9):
124-131.

DAN Aojiang, YAO Junqin, JIA Yangyang, et al. Effect
of adding methanol on microbial communities and ARGs in a
wastewater treatment plant of an industrial park[J]. Environ-
mental Engineering, 2024, 42(9): 124-131.

Kih, Mok, MER, 5 HRSIRRIREGNERT
PERENREIR (7). BRBER s, 2024, 44(5): 48-56.
SONG Lei, HE Yuntian, LIU Yanjun, et al. Effect of
aluminum species on removal of antibiotic resistance genes
by aluminum-based coagulants[J]. Acta Scientiae Circumstan-
tiae, 2024, 44(5): 48-56.

HSIAO S S, HSU CY, ANANTHAKRISHNAN B, et al.
Ozone micron bubble pretreatment for antibiotic resistance
genes reduction in hospital wastewater treatment[J]. Sustain-
able Environment Research, 2023, 33(1): 40.

WANG Yaxin, LIU Xiuhong, HUANG Chenduo, et al.
Antibiotic resistance genes and virulence factors in the plasti-
sphere in wastewater treatment plant effluent: Health risk
quantification and driving mechanism interpretation[J]. Water
Research, 2025, 271: 122896.

WANG Qiang, WANG Min, YANG Qingxiang, et al. The
role of bacteriophages in facilitating the horizontal transfer of
antibiotic resistance genes in municipal wastewater treatment
plants[J]. Water Research, 2025, 268: 122776.

R, NG, SRR, S ETS KA H A Rt
B ARG PR 05 AL B & A2 5 L (0], 45 K K, 2024,
60(5): 153-160.

LI Junyi, SUN Zhe, QIANG Zhimin, et al. Dissemination
pathways and mechanisms of antibiotic resistance genes from
municipal wastewater treatment plants to the environment[J].
Water & Wastewater Engineering, 2024, 60(5): 153-160.
F5, BB, 440, . ELmiTs KB iR
TARB 7 RS RO )], BB TR AR, 2021,
15(10): 3410-3417.

WANG Yong, OUYANG Bing, XU Junli, et al. Design
scheme and implementation effect of upgrading project for
Yan'an sewage treatment plant[J]. Chinese Journal of Envi-
ronmental Engineering, 2021, 15(10): 3410-3417.
JIANG Luman, ZHANG Zhenjian, LI Yunhui, et al
Under-loaded operation of an anaerobic-anoxic-aerobic
system in dry and wet weather dynamics to prevent overflow
pollution: Impacts on process performance and microbial
community[J].
128837.
/NG KA TEW PR RTE AAO S % A W BE iy Bk
KOS e B R [J]. K HR L 2021, 40(82) -
84-88+93.

HAN Xiaomeng. Removal and horizontal transfer of ARGs in

Bioresource Technology, 2023, 376:


https://doi.org/10.1016/j.scitotenv.2022.159376
https://doi.org/10.1016/j.scitotenv.2022.159376
https://doi.org/10.1016/j.scitotenv.2022.159376
https://doi.org/10.1016/j.tim.2017.09.005
https://doi.org/10.1186/s42834-023-00203-9
https://doi.org/10.1186/s42834-023-00203-9
https://doi.org/10.1016/j.watres.2024.122896
https://doi.org/10.1016/j.watres.2024.122896
https://doi.org/10.1016/j.watres.2024.122776
https://doi.org/10.1016/j.biortech.2023.128837

5 i

AT A5 B R[] R 35 7K A PR T R T P P 23 A

- 115 -

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

biological treatment unit of AAO reactor in autumn and
winter[J]. Water Purification Technology, 2021, 40(S2):
84-88+93.

FEI PR DR AP SR AR 7K W 43 A7 5 i (M. 4 B
e HEBRSERRE AR, 2002

The State Environmental Protection Administration. Water
and wastewater monitoring analysis method [M]. 4th Edition.
Beijing: China Environmental Science Press, 2002.
R, FEH, B, 5§ B R Ak g
BIRESEHE K BURHIE SR IR Z [5G &R 434 (0], BREEFt
%, 2021, 42(9): 4358-4365.

WU Caiyun, LI Huili, QIN Caixia, et al. Mutual influence
between microbial community, wastewater characteristics,
and antibiotic resistance genes during spiramycin production
wastewater treatment[J]. Environmental Science, 2021,
42(9): 4358-4365.

WUEH, Sbet, FIEAE, 45 IEdiluK Bil R AbiE
F P FE R Y 4 A REE [7]. R EERLE, 2021, 42(1):
315-322.

XIE Yawei, YU Chisheng, LI Feifei, et al. Distribution
characteristics of antibiotics and antibiotic resistance genes in
wastewater treatment plants[J]. Environmental Science,
2021, 42(1): 315-322.

NNADOZIE C F, KUMARI S, BUX F. Status of
pathogens, antibiotic resistance genes and antibiotic residues
in wastewater treatment systems[J]. Reviews in Environmen-
tal Science and Bio/Technology, 2017, 16(3): 491-515.
LIN Xiaojun, RUAN lJingjing, HUANG Lu,

Comparison of the elimination effectiveness of tetracycline

et al.

and AmpC B-lactamase resistance genes in a municipal waste-
water treatment plant using four parallel processes[J]. Ecotox-
icology, 2021, 30(8): 1586—1597.

R, WA, BETIE, SF PR OR PR SEUH
T 28475808 Kbt A R BT HE R (ARGs) ZZ AL B 5T 7]
BB, 2019, 39(7): 2088-2098.

WU Xueshen, HU Yongyou, LIAO Zicong, et al. Effi-
ciency and the change of antibiotic resistance genes during
thermal-alkaline hydrolysis and mesophilic two-phase anaero-
bic digestion of excess sludge[J]. Acta Scientiae Circumstan-
tiae, 2019, 39(7): 2088-2098.

SONG Hailiang, LI Hua, ZHANG Shuai, et al. Fate of
sulfadiazine and its corresponding resistance genes in up-flow
microbial fuel cell coupled constructed wetlands: Effects of
circuit operation mode and hydraulic retention time[J]. Chem-
ical Engineering Journal, 2018, 350: 920-929.

SUN Shaojing, GENG Jialu, LI Bo, et al. Temporal varia-
tions of antibiotic resistance genes in influents and effluents
of a WWTP in cold regions[J]. Journal of Cleaner Produc-
tion, 2021, 328: 129632.

XU lJixiao, FENG Huajun, YE Ling, et al. Performance
and potential mechanisms for reactive electrochemical
ceramic membrane system to inhibit resistance transmission

in antibiotic-resistant contaminated wastewater: From a

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

microbial perspective[J]. Process Safety and Environmental
Protection, 2024, 192: 887-895.
BROWN C, BURGMANN H,

Long-read metagenomic sequencing reveals shifts in associa-

DAI Dongjuan, et al.
tions of antibiotic resistance genes with mobile genetic
elements from sewage to activated sludge[J]. Microbiome,
2022, 10(1): 20.

YANG Lian, WEN Qinxue, CHEN Zhigiang,

Impacts of advanced treatment processes on elimination of

et al.

antibiotic resistance genes in a municipal wastewater treat-
ment plant[J]. Frontiers of Environmental Science & Engi-
neering, 2019, 13(3): 32.

FURUKAWA T, JIKUMARU A, UENO T, et al. Inacti-
vation effect of antibiotic-resistant gene using chlorine disin-
fection[J]. Water, 2017, 9(7): 547.

ZETMR, IRARHE. V5K AL BR T R K HERO 52 40 K i A
FE OGS0 [7]. BT T, 2024, 42(9): 167-179.

LI Yunong, WEN Donghui. Impacts of wastewater treat-
ment plants effluent on microbial community of receiving
bodies[J]. 2024,
42(9): 167-179.

YAO Shijie, YE Jianfeng, YANG Qing, et al. Occurrence

and removal of antibiotics, antibiotic resistance genes, and

water Environmental Engineering,

bacterial communities in hospital wastewater[J]. Environmen-
tal Science and Pollution Research International, 2021,
28(40): 57321-57333.

CASTANO HENAO L, MENDEZ D F G, EGAN S, etal.
Changes in groundwater and surface water bacterial commu-
nities under disinfection processes: Chlorination, ozoniza-
tion, photo-Fenton and ultraviolet radiation[J]. Current
Research in Microbial Sciences, 2024, 7: 100244.

XU Ming, GAO Peng, CHEN Haogiang, et al. Metage-
nomic insight into the prevalence and driving forces of antibi-
otic resistance genes in the whole process of three full-scale
wastewater treatment plants[J]. Journal of Environmental
Management, 2023, 344: 118369.

NOLVAK H, TRUU M, OOPKAUP K, et al. Reduction
of antibiotic resistome and integron-integrase genes in labora-
tory-scale photobioreactors treating municipal wastewater[J].
Water Research, 2018, 142: 363-372.

REN Ze, GAO Hongkai. Antibiotic resistance genes in inte-
grated surface ice, cryoconite, and glacier-fed stream in a
mountain glacier in Central Asia[J]. Environment Interna-
tional, 2024, 184: 108482.

ZHI Qiqi, ZHENG Bufan, TENG Kai, et al. Metage-
nomic approach reveals the role of bioagents in the environ-
mental dissemination risk of rhizosphere soil antibiotic resis-
tance genes pollution[J]. Environmental Research, 2024,
263: 120090.

CHEN Hong, ZHANG Mingmei. Occurrence and removal
of antibiotic resistance genes in municipal wastewater and
rural domestic sewage treatment systems in Eastern China[J].

Environment International, 2013, 55: 9-14.


https://doi.org/10.1007/s11157-017-9438-x
https://doi.org/10.1007/s11157-017-9438-x
https://doi.org/10.1007/s11157-017-9438-x
https://doi.org/10.1007/s10646-020-02306-0
https://doi.org/10.1007/s10646-020-02306-0
https://doi.org/10.1016/j.cej.2018.06.035
https://doi.org/10.1016/j.cej.2018.06.035
https://doi.org/10.1016/j.jclepro.2021.129632
https://doi.org/10.1016/j.jclepro.2021.129632
https://doi.org/10.1016/j.jclepro.2021.129632
https://doi.org/10.1016/j.psep.2024.10.092
https://doi.org/10.1016/j.psep.2024.10.092
https://doi.org/10.1186/s40168-021-01216-5
https://doi.org/10.3390/w9070547
https://doi.org/10.1007/s11356-021-14735-3
https://doi.org/10.1007/s11356-021-14735-3
https://doi.org/10.1016/j.crmicr.2024.100244
https://doi.org/10.1016/j.crmicr.2024.100244
https://doi.org/10.1016/j.jenvman.2023.118369
https://doi.org/10.1016/j.jenvman.2023.118369
https://doi.org/10.1016/j.watres.2018.06.014
https://doi.org/10.1016/j.envint.2024.108482
https://doi.org/10.1016/j.envint.2024.108482
https://doi.org/10.1016/j.envint.2024.108482
https://doi.org/10.1016/j.envres.2024.120090
https://doi.org/10.1016/j.envint.2013.01.019

	0 引　　言
	1 材料与方法
	1.1 实验装置
	1.2 测试方法
	1.2.1 ARGs测试方法
	1.2.2 微生物多样性测试方法
	1.2.3 常规水质测试方法

	1.3 分析方法

	2 结果与讨论
	2.1 各工艺段ARGs浓度
	2.2 各工艺段ARGs去除率及ARGs/16S rDNA比例
	2.2.1 ARGs去除率
	2.2.2 ARGs/16S rDNA比例

	2.3 ARGs与微生物菌群、环境因子的相关性
	2.3.1 ARGs与微生物菌群的相关性
	2.3.2 ARGs与环境因子的相关性


	3 结　　论
	参考文献

