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Distribution characteristics and driving factors of antibiotic resistance genes in the Yuan River//Lou Qian'*” | Han
Liu"?, He Tao"?, Liu Mengting"”, Zheng Yong'?, Zhang Jingwen"?, Ding Huijun**®( 1. Jiangxi Key Laboratory of
Watershed Soil and Water Conservation, Jiangxi Academy of Water Science and Engineering; 2. Jiangxi Provincial
Technology Innovation Center for Ecological Water Engineering in Poyang Lake Basin, Jiangxi Academy of Water Science and
Engineering; 3. College of Land Resources and Environment, Jiangxi Agricultural University; 4. Key Laboratory of Poyang
Lake Environment and Resource Utilization, Ministry of Education, Nanchang University; 5. Engineering Research Center of
Watershed Carbon Neutralization, Ministry of Education, Nanchang University; 6. School of Resources & Environment,
Nanchang University )

Abstract: High-throughput sequencing was applied to analyze correlations among environmental factors, antibiotic
resistance genes ( ARGs) , mobile genetic elements( MGEs) and microbial communities in the Yuan River, so as to explore
distribution patterns, primary driving factors and potential host characteristics of ARGs in the river. The results showed that
sulfamethoxazole and roxithromycin were dominant antibiotic contaminants in the Yuan River. A total of 159 ARG subtypes
belonging to 14 classes were detected across all water samples , among which aminoglycoside and multidrug resistance genes
possessed higher average relative abundances, and multidrug efflux pump gene mdiG exhibited the highest average relative
abundance of 0. 455 (normalized to 16S rRNA gene). Both total antibiotic concentrations and total relative abundances of
ARGs were higher in downstream reaches than upstream reaches. Mantel test revealed no significant direct correlations
between ARGs and most environmental factors, nor between MGEs and environmental parameters. Significant positive
correlations were observed among environmental factors, ARGs and most dominant microbial taxa, implying that
environmental factors (including residual antibiotics) indirectly regulate distribution of ARGs by altering composition of
dominant microbiota. Two taxa, unclassified _f_Bacteroidetes _vadinHA17 and unclassified _o _Vicinamibacterales, were
predominant in the Yuan River and served as primary potential hosts of detected ARGs throughout the watershed.

Key words: antibiotic resistance genes; microbial community; environmental parameters; driving factors; the Yuan River
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Table 1 Sampling sites information
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Table 2 Information of 15 target antibiotics

PR HbrpiE R i feaga
fisk i ML BE ( sulfapyridine ) S C; H;;N;0,S
itk fiie 1% W ( sulfadiazine ) SO C,oH\(N,O,S

B BT EEIE (sulfamethoxazole)  SMX CjoH, N3 058
A (SAs) Rk H B MEE (sulfamerazine ) SM  C;;H;;N,0,S
fisifile — B JLMENE (sulfamethazine) SMZ  C,H|,N,0,S
itk e Xt 20 IE (sulfameter)  SMD € H;N, 0,8
e st Wi b 2 (norfloxacin ) NFC C,¢H;sFN;0,4
Lﬁwg&lﬁ?@? JEEVD I (enrofloxacin) EFC  CioHyFN;05
e AP B (ofloxacin) OFC  CgHyFN;0,
+ 8% (oxytetracycline) OTC  Cy,HyuN,0,
PUBR 2541 48 & (chlotetracycline) CTC  C,HypIN, 04
AER(TCs)  WmATFE( doxytetracycline ) DC CyHyy N, Og
PUFRZ ( tetracycline) TC CyHyy N, Og
KIFHEESHT  Z08EF (erythromycin) ETM  C;HgNOj,
A3 (MLs) B 21 %5 & ( roxithromycin ) RTM  C,H;xN, 05

1.4 DNA $2EUK ARGs ME

FERER KR SRS FEW 1~2 L,k H
0.2 pm iR £F 4 8 B (72 [F Sartorius 23 A, 11407-
47-ACN) 308 , B & S A TR W 0 D8 T JC T
DA 20°C R AE A TSR 22 DNA $230, R
FastDNA® SPIN Kit for Soil i %] & ( 35 B MP
Biomedicals 7 ] ) BEHUE M5 1 A9 DNA ) FH
6T (€ E Thermo Fisher Scientific 23 &,
Nanodrop 2000) #5 illl DNA #Y & & fiali g, & F
SmartChip 32} PCR R4 ( 32 [ Wafergen Biosystems
val) st HT-qPCR J7 6 R AE 5 i ARG, fiff
FH 384 41519, £145 309 4~ ARGs .57 > MGEs 10 4
4 )& YU 2 A (heavy metal resistance genes,
HMRGs) F1 8 1~ % ARG [W4HE (% 1 4~ 16S rRNA
L) M4 Wafergen Biosystems 23 Bl $2 {1 FR 17
FHAT RIS FIORAIE, B qPCR R X E 3 4>
HORELE R 52 R (C) 31,3 MARER
F 2 ALY G A AR, HT-qPCR X
SR VR A X = BB A S 5 SCEk [34 ], /D
ARGs By AHHXT 4 B2 4 ARGs 9 3L R #5 D140 168
rRNA L5 DU L
1.5 #E 16S rRNA EEMEIEE lumina N F

I FH v lumina 077 X6 7K AARE A o 119 40 18]
BE V& 45 M ik 47 E ME, M 51 % SISF
( GTGCCAGCMGCCGCGG ) Fil 907R ( CCGTCAATT-
CMTTTRAGTTT) ¥ ¥4 414 16S rRNA FEH ) V4~ V5
X3, PCR Z&0FUNF :95°C #7281 3 min, 2R J5 #E4T
30 > PCR PH#£:959C 305 ,55°C30s F1 72°C45 s, i)
72°C ZEfH 10min, PCR KN AR R {U$E 4 pLFastpfu
G 10 ng AR DNA . IIAGE & TR H,0,
LB RN 20w, fHH DNA BB BULH &
(EH AxyPrep Biosciences INTD) M 2% B R AR I
HR Y 8 7R alifk, 4 by PCR 7= 945 FE bR 1fE
PRYAE Mlumina MiSeq V-5 _EiEA 00T , I 56 B Fh
1.6 JKBEREFIEN

FIHBL DO #3k (ORP 3k . pH 3k LI K EC
PRk B (e 485 OB 18 22 2 BOK B 5 B A (1 iG Ay
2wl HQ40 d) , 3137 EL 200 2 R SE K FER T pH
ORP DO Fl EC %41, M, pH #3J R 3 45
WEUE (RCUER pH M 4. 01+0.02.7.00£0. 02.,10. 01+
0.02) ;DO #3k 2R 25 AL UE Ty 1 A7 B 1fE 5 ORP
PR A EC #3643 51 >R FH HEL A 220 mV | L 36
1000 s/ cm( NaCl) FA) b5 0 i W AT 1 o, 1S HE 58
BRI RS AK TR EEA T RO AR AR (KA
JE K M A i ) ) I R AR A L (TP ) | IE B R

- 229 -



R (PO -P) /TN NH;-N i A% (NO3-N) Fl 5 4 iz
HAEE(CODy, ) SFFAFFRIR
1.7 St

SKAEA 5 A ] AreGIS10. 0 il Photoshop9. 2
BRPE2 5 FAt B 20 A PR CNSknowall (£ 4
B2 E R o i AT AL 255 2% I 55 ) (https://
ensknowall. com) , i R 4K {41 OriginPro8. 5 4 A,
FIFH R(R-4.4.0) "' corrplot #47 Spearman AH &M
9T s vegan WH T HUEY B 21 (Bray-Curtis” s
abundance-based dissimilarities ) 11 54 ; & T Bray-
Curtis P B A7 3500 A= W0 BE V& 08 AR R 43 BT ( analysis
of similarities, ANOSIM ) ; & H] Scheffe’ s £ & LAk
Frefm 2E 5o

2 HBRE5HMH

2.1 MEEMHEERSHBIFE

K AR PRI 4 2 13 AP EHbRPTAE R
t SD . SMX ,OFC ,OTC ,CTC .DC .RTM #} 100% ¥5;
o MR BTV B R, R KR AR R BT
W BRI R R K ( YHT ) YH2 YH3) KT FiFEIX
BR(YH4 YHS YH6) , 53R e 45 R 55—
2, IHTE YH2 S5 3 IEEAE (87. 20 ng/L) (181 2) , Horpr,
SMX (¥ {H & 12. 14 ng/L) F1 RTM ( ¥ {H A
11.93 ng/L) WK H1 MR BE S5 &7, 7E 10 A BR VLT, SMX
(18.39 ng/L) Hl RTM(13. 77 ng/L) JFi i i i ¥4 85 T
HALEHFRTAER,

YH3

YH4

_ ERIM
60 80 100
I/ (ng/L)

B2 RABHERRERRERESS

Fig.2 Distribution of mass concentrations of 13 target

antibiotics in the Yuan River
T KA A A 2] 199 AL R (YHI
FEIUP) DNA ¥ B RARARAGI ) | (245 14 2K 159 Fb
ARGs WA (% 7 A HMRGs) 35 Fh MGEs (fu45% 5 #
AFER 3 RS 1AL (8 Bk e LA 6 Aot
- 230 -

BN 13 FhH A 2E MGEs) 4 A& ARGs # 25 DL &
16S rRNA J:[K . YH2~ YH6 RAE 5 ARGs W1
K B Rl 65,93 ,30,38 .63, Horb, YH3 s
s T AR AE AL (p<0.05), YH2 Al
YH6 (ks H 8 B 2% = T YH4 A YHS (p<0. 05)
(18 3, )22 57 R Scheffe’ s Z & L, AFRI/INE
FRERIR KA JA 22 57 8. 3 p<0. 05, T [A)) , YH3 4
XTI ARGs £ H 0 T B -5 3T A2 3l % 1)
FHOG; YH2 F1 YHO AT & R B, (H I 1 Jigbfh i A
THACA T R HAZ R F 34 AR ARGs 5200
EALMATA AT = BN

MLSBZE LM = iR
PURESE wEHEHERL w ESLEE
s FfRE RS whRdE m AR
= k2 = HAb
1007 a

g 80F b

3 T b

& 60

'fi 40f i £

é 201

< 0 ML'L hﬂﬁu IL.IIﬁ.n, Lﬂ'Lm Lﬂfk

YH2 YH3  YH4 YHS YH6

3 Jimk{kth ARGs TR HEE
Fig.3 Number of ARG subtypes detected in the
Yuan River

MK HS F2 B2 SR AN AR A S ARGs VA 2
JEVEHI A 0. 07 ~2.20( LA 16S tRNA EH NS M) |
Hor  YH2 K5 A9 ARGs AR 3 5 o 2 s T
i X4 ( YH3 . YH4 'YH5) (p<0.05) (E 4), 5¥i4:
R E bR — 3 (K 2) ;4% ARGs LAY
FEXTFEBE Y Bl R 6. 861077 ~ 4. 55%x 107 (LA 16S
rRNA JEH B I (mdiG) , mdiG J& 2 T it 2525 4h
HEZE 3L ], Zhang 25706 H R 43 o T 26 8 KUK
ARGs, A] BB FEON T AZAgFE T 7E AU o AN (]
AR AL H ARGs ZEHUA AN a], 4 YH2 Fl YH4 1

AR w RS = BN

MLSBZ ZHEMZHE = S
PURRZEZ e EEEE w Rk
w ffERE RIS whEIK = AR
= ik = HiAh2

10 s o _be

YH2 YH3 YH4 YHS  YH6
RAER

4 FAKMEHR ARGs BT EE
Fig.4 Relative abundance of ARGs in the Yuan River



DLZHEBE 2 MLSB 28 (K FR A B -kl Tt i 2
HEPHEZ B 25) M, YHS F YH6 NIJH DL St
KHMEHEM RN E(E 4), NRhBiEEFE,
AAC(3)-Via (B R L aadA2 (B IEMEH L) |
sull (TG | cacA (L T 2528 ) 55 07U ) K 4
Hlr (>80%) , TE R MUK AR b iz A HE, Ik
Hh,ARGs 5 MGEs £ i £ AHXS F 2 1] X 2
WEMLMEA R (ES) , W & Z A%
PIBER 5 Zheng 508 ff e 48 —5K,
2.2 RAKEMBEEZENSLZAN

TET K I 3] M /K Hhodf 6 =2 8 b
e 1 4 AN T 15390 8 28 TE 1 ( Proteobacteria, 1
(22 +7)%) . #) ¥F & ( Bacteroidota, /5 kb (17 +
7)%) 525 ( Chloroflexi, (5 i (11£2) %) FIRAT
i ( Acidobacteria, (5. (11£8) %) , F X £ E K
T 1909 F BT 5 00 H0RAE " X =K
BRI EVE BT 45 AR, 7R & 4y 20K L F 3440
XFRRERT 5 AL E E AR EE R
HET& B KT W AE TR 3 22 R IE S W ) A TR R

©YH2 eYH3 eYH4

— R PEEIHIA (1=0.244 3x-1.389 8)

o ARGs AR BT ©
202+F MGEs w@ﬁf“ﬁi
(r=0.963 3,

25.0

i
&
z,z 154+ p<0.000 1)
&=
= 106}
172}
o
O 58
>
1.0 . . . L )
19 35 51 67 83 99
ARGs 24 H B0

(a ) MGEs 5 ARGs il JEUAG: H B0 SR AH E K AR

HANPE /3 KA FEift— P IRR . ARRERAE SR
T o LU BIAEAE 25 5 AR 4E B ZAEPERZE 0 (K 6)
W6 ASRAE ST 3 28, 55 —285h YHI, F 2 i 1
B, LARRAT A1 E 2GR % T A
RIS ZRENE FEA R A 75 22 55 1) #5 58 RS BE 77 98 1 4
AT BEME RS2 TS A S A M R 1Y) SR A A
AR R T YHS, EEAEAE TR T B
DVSTE T 1o FZ PR, 2T W T T 5K
RY T AEAE, IR ARGs I e 11,
55 =2K°N YH2 YH4 YHS5 #l YH6, EEAF/E T 2 K
T BT 3R WA (K PR ), T0A: W i 28 1A fRUPE
15, FELHA R TE R IR R ], &R
IKIRBE B A L R A — 2 B B FR Ak
P T o PURF B T ] A B R 2K
g R LS 2R ARGs (N2 T 2526 | 4 Jm
EEREERTE S QI
2.3 RIAKEIREREFS ARCs MGEs FIX &
Mantel 65 562 — it FH A5 56 19 /4 6 o =2 ] D Bk

BEMAES STk, & TAEM ] LLFR R A
YH5 eYH6
— 2R PR T4E (9=0.139 0x-0.4116)

[ ARGsHHXTFEBEXT L MGEs X = i

(r=0.646 3, p<0.009 2)

N
=)

461

321

1.81

MGEsHIX = i

0.4

oL . ..

0246 8101214 16182022
ARGsHIXF £

(b ) MGEs 5 ARGsHIX} £ LR A R

5 RiAKEEH ARGs 5 MGEs & HEBE 5EX FELMEEXKR

Fig.5 Linear correlation between number and relative abundance of detected ARGs and MGEs in water samples

collected from the Yuan River

PLREMERK

WY SIS

YHI

YH3
YH4

YHSRTOA

'YH2

H6

A
I
I

[ Proteobacteria

[l Bacteroidota

B Acidobacteriota
Chloroflexi

B unclassified_k_Bacteria

I Planctomycetota
Nitrospirota
Myxococcota

B Desulfobacterota

[l Cyanobacteria

[ Verrucomicrobiota

[l Methylomirabilota

[ Latescibacterota

B Actinobacteriota

B Patescibacteria

B others

lin NN S
25 50 75

AR = BE2H 1%

100

6 FMKGHEERE B SHEMREDN(ITKTE)

Fig. 6 Custer analysis of B-diversity of bacterial communities in the Yuan River ( phylum level)

- 231 -



2 /B AR R A B 4 | 0 D i a0 ) 2 Y
A R i B G 58 (permutation
test) AR PN FE 256 PR 22 (] ) B AR AR DG 1 . Mantel
K ge RARE & 2748 & AR IES 0 AR 4R | fre]
WAEZE O AE O iUt SR H Mantel K 30 2548 5% =
KR BB 15 ARGs \MGEs 2 [a] i AH 54 1,
W 7 JE 7 (e OAE 5GP PR R 7 B | Bt
(SN AT YN AL EPS e GUE DR N N
{3 p<0.05, " R Fp< 0.01, ™ 1L Fp< 0.001, JC
BSAREp>0. 05, A M 19 45 8] v i 2k 1 96 B R
FASPELE XHE (Mantel” s r) B R/ LB RIS p
{E (Mantel’ s p) BT FRl, 2R A (LR Bl 2 £k ) RnAH
RPN IE B LR 7 AH X PE 26 H (Mantel” s
) KT 0.4 BEL)
d <0.01 —r <0.4

— 0.01~<0.05 — 04~<0.8 - PR 05

THe ARGs --0.5
DO+l e. -1.0
pHE ®
EC| [® ®

ORP B °
TN[ [m ° \

LB
1.0

°
<
()
o
w

w2

=]
O W B

[]
OECO0 O

[ [

LI
SMZ ERN [w[=] [=Nle
]
[]
°

Q
=
0

N T EOOEO | O° Qg

SD || +
SMX
NFC
EFC
OFC
OTC
CTC

DC

TC
ETM
RTM @

E7 =AKEHREREFS ARGs MGEs
#J Mantel #3853 47

Fig.7 Mantel test between environmental factors,
ARGs and MGE:s in the Yuan River

A UL AN [ 7K AR B AR A8 A =2 0] A7 A S 3 T AH G
KF U pH 5 DC Z [A] &3 A (p<0. 05) , X 1]
RS fEse i pH 45 FHLA M & 7 5 U3
Cis S far ) = A R HE R AR (R 5 Tl 3
R I A T TN NOS-N & #3515 TP,
PO} -P . 1IEHI5E (p<0. 05), TN NO;-N PO -P
FR¥E OTC B EAHX (p<0.05) , PO -P & &
A5 TC RTM 3 I H1E (p<0. 05) ; R Hik %
(4n SAs(SP 5 SMX Z[a]) \TCs(OTC 5 TC Z[a]) |
FQs(NFC 5 EFC Z[a]) MLs( ETM 5 RTM Z[&]))
K ARa 26404 2 (1 TCs (TC,0TC) 5 MLs (ETM |
RTM) Z [i]) . IEAH I (p<0.05) , oM, UL BLE
WK ARGs 5 IEEH - (4 NFC) 2 (Bl £7-4E

. 232 -

BEIEAS (p<0.05,r=0.83) , MGEs 5 £ ¥ 4% [H]
T2 AR A B F AN (p>0.05) .

2.4 FIAKEMHEHESIHMEEE,ARGs MGEs
Z E KR

N BARFEIE R T 5 AN R (1K) |
HHERETE (11KF) 5 ARGs S0 2 [ 40 14 7 7%
(I'17KF) 5 MGEs 2R 2Z [8] 19 56 5, 43 51 %A X F
JETT 15 A7 TR 115 5 Tl b 3Rk th BRAL AR A5 ( &L
A ) FIARRS 4= BERT 30 £ ARGs \MEGs A1 5
AT, AN 8 B (SR Spearman AH 56 P43
BT, TS ) 28 22 8] A AH G F 50, AR 7 A G R AL

| r1>0.8 H p<0.05 #7285 miFoRm B, AR
W RN 340 SR/ R ARG B
TR 4 BB, 5 HAE IO 22 5 AR 25 LA
FRFAR G B2 X 1 RIS, B 2% 8O, AR DG 1
HR) .

AL B A 5 2 B A e = (A 2
AR DEEFR (p<0.05) (1 8(a) ) . Hrf1,T.DO 431
5 unclassified_k_Bacteria , Cyanobacteria ( # 4l ] )
B3 IEA S ; pH 5 Nitrospirota ( ASLIRHERE 1)) W %
1E A &, H 5 Bacteroidota ( 4 T B 7).
Verrucomicrobiota CUERLF []) 8.3 f A2, TP | 5
Actinobacteriota( FUZEH [ ]) 2 B ERAM KR, T,
DO .pH B EFRARGEL (TN TP ) %5 B35 A 7 Rtk 35 5%
i B A ) 25 A KR Dl (23, 8 =
1.8)C AbF 22~ 25C i FI N, A F T K ZE M E
FEFE YA, FL7E 8 BT L PN K IR 5 00 3 400 e 1) 1
AR IEAHE KR Cyanobacteria J&7E 4T I BT HH
WA EOCEAE I — 2RI A, KRR 1 B iR
P %% & B}, Cyanobacteria F) 7= 514 & F H AT g
KPR DO AT I AR BT T4 pH A o R
4 FiASTA], Nitrospirota (F AL IR EHG 1)) HoAA 2 M4t
BT RE (AL AL Y B AL S IR h A A ) L TE
KR BT RIE I b &8 T HEAEM, LR
a2 R 2 B ,pH FEAK 2 S 8L Nitrospirota [ #H
D O NI 1 (A W SR A (S RIS RN S NS
pH 5 Nitrospirota . 3% 1E A 3¢ 19 FL At M 755
Bacteroidota , Verrucomicrobiota (CJEfL I []) J& A Fl sl
VIl iE A A LR A T R A B
Yyr= U /R | TR R A5 S B AR D R T TR I R B
5 pH ZIE A CE £, A, Bacteroidota Fit
KL N RESI R HAE B R T RE e
I7i) Jeg B A () s ) ik 285 B [ (AN tetQ L ermB ) B 7K P 5%
B0, A it 245 2 R #6747 2ED7) 5 Actinobacteriota
SEIR KIS Y s b ) BB E Y 2 Y e
PR G TS KAE B R GE b 5 TP 2 BR R 8.35 1R AH



®, Z @)
L 2 E g
)’\0 , (] ] ° QC‘
.O& ] [ ,‘C ﬁgﬁ
(] . O Hil']
D0g ot ® SR T
Te ¥ L;;.,/ _@R™ R
e A+
PSS X e 10
Ac\dObaCtenmao & 1S L OUHCIasqiﬁed k ® 15
5 ‘ o ~*Bacteri, @ 2.0
oo o O gy, ® 25
\e@@ o acteh ®30
o & @) @y, -
A R TN HELE
9 S § 5 & % % % — IEMR
& g S 5 ) % — A
F § 5 & B % ULEES
X 2 8 g
F F &8 3
- z - (a) HEHFS5HERTE (TTKF) z N
R o A 9 L I} ) S
% L § F & % e & &
<9, = Z 0 3% ~ o i )
A&( ) Q S ?SJ B % ® 3
] Q | X o,
% P & vl o o gl
%ay SRS oMl | Ol
\ o OARGs T # MAyg (st P ¢ @ MGEs /%l
aadA20 \ \ |
\ KO g A7 ERE
APH(6)-1do —> \ :“.:;':.\ e 1.00 tnpA-1® ) YR - o |
\Y BaCterol'd ta ® 275 A—RA Toflex; @ 2
w SRy ®4.50 0 ) 3 o3
,‘Qlo ® ,‘A Cb/ol.o . 6.25 \(\Qb ‘37,@&‘. o4
NS Q, v @800 9 o, @5
S % 3 ;
Q@ S b X ez;% @@@ Q % {,% 2
L - o %, & $ 2 %,
N Y & .5 % 2, (S Rl & < %,
& F 5 2 2 %, & z %
v £ 7 A % & 2 o
Q O,
< S
(b) HMEHEYE (IKFE) 5ARGs WA (c) dpREE (1'1KF) 5MGEsIEAR!

8 FIMIKARSCEK M 45 [

Fig.8 Correlation network diagram of water samples from the Yuan River

KT KA T Y L R,

BALHBET TG AF R R R Z H] 2R EEAH
XX R (p<0.05),
Latescibacterota 5 SMX, Bacteroidota 5 NFC , EFC,
Nitrospirota 5 DC , Desulfobacterota ( B B FT 5 1]) 5
CTC, Myxococcota ( % B []) 5 TC. RTM,
Acidobacteriota( BRFT I ]) 5 ETM (& 8(a) ),
XSEAR G I AR AE R 2 R R s . (A5
EERE, FEHE RS ARGs \MGEs Z [H] JRff
M EMELER (p<0.05) (K 8(b) (¢)),
Planctomycetota ( 7% H§ B ] ). Bacteroidota #l
Desulfobacterota X} F 3 [ KRBT A Ptk r= A 2= ¢
HEE, HH, Planctomycetota 5 ARGs \MGEs 2 [H] Y
AR R, RIK 5T 2 (aadA L aadA2
AAC(3)-IV APH(6)-1c AAC(6)-1la) . Z HEif 2§25
(copA) \AFFE R K (emly) WU R ZE (1e1d) 55 Z Fl
ARGs WAL Z [8] L S 55 inpA-4 (§5 8 F) Lirb-C (&
Fi) indd 1 (AT ) % MGEs Z 1] 14 fik 2 1F #5656
% ; Bacteroidota 5 B-WNEEREZS ( VEB beta-lac) & F&
Wi 25 (aadA7 ,APH (6)-1d APH (4)-1b  AAC (6)-

Methylomirabilota |

16) . EreA (MLSB 2§) . 1S6100 (4 A J¥ %1 ) | ISPps1-
pseud (Tl AT ) Z [8] ¥ g 3% 1F 40 5 ; Desulfobacterota
SZFEM 25 (aadA2 (AAC (3)-1IV APH (6)-Ic) .
mpA-4 irb-C intT1 534 5 2 TEAHE (p<0.05) .

R HIEELR 45 53 B #8791 50 7 ARGs 7 AL AN
Hil 50 iz OTUs Z [A] (LA (&1 9, IR 45 s R
ARGs W5 OTUs, 17 5 KRR 5 1 5 2K
ER L T A B A IELE R IR Spearman FHOC R 71>
0.7 H.£: Benjamini-Hochberg #:1EJ5 p<0. 05) , i#—
R ZHEZ MR R,

AL UL TS S 65 4, 2k 105 A4S (P IE
FISCHY 98 A)  SLIL M 45 B BAL AR £ 0. 813, 3%
BIGERES ARGs )4t & AR U B b B B 4
Hﬁgﬂﬂﬁ%ﬁﬁj@fﬁi A4 ARGs S fE e 1E
FEL S FHANE S 14 A ARGs W ) 4775 S
A7k :% , W OTU46 ( unclassified _f _ Bacteroidetes
vadinHA17 | $0 FF 5§ 7)) . OTU12 ( unclassified _
Vicinamibacterales ,J& ¥T 1 1) 5 AAC (6)-1la ., aadA
(ZIBETR) tetA (U RE) emb (ATRE)
sull (BEMZE) LoleC (MLSB 2£) . OXY-1-1( B-P Mt i

- 233 .

o _



® Proteobacteria @ ZFILWELH O Bk
® Bacteroidota @ FMLEEY @ —EEMEER
@ Acidobacteriota @ ZHE[Z52E @ L
@® Chloroflexi PUFRERE _ IFAE
@ Nitrospirota MLSB%  _ fiffix
® Desulfobacterota @ B- P ik fig 2
@ Myxococcota RERLE
0TU 2 OTU._I 13

o1 110 oru_siOTV-1

copA” OTU 139

catB3
aadA 1y o1y 5

OTy. 43 em(0)

OTU_ 2001y _62
<l
OTU 51
o

aadAl7
1 O oleC 7k o

aadA2 o1y 46 O APH(@-Ia QepA_1_2
Ry ) sl -
OTU 3 mphA > N Y
- TU 12 9 %
InuF OTU_101 AAC(G)-lla  mdiG
o
AACQ)IV OTU_31

¢ ' OTU 1
OTU_123 *OTU. 104

teER

oty 61 ‘%
0TU 29

*OTU_18 .
_ APHO) I o

OTU_11 ErmFCphA beta-lac OTU 32 OTU 156 °

a1 A A1 ANT(
OTU_65 2adA16 AACG)Via T
A?H(4)-Ib qacH_351

O VEB beta-lac
APH(6)-1d

9 AU 50 i ARGs TFEVFIHET 50 if OTUs z & gy I
[ £& 53 T

Fig.9 Co-occurrence network analysis between top 50
ARGs subtypes and top 50 OTUs

25 ) s FUIE M 5 (p<0. 05) ; OTUS1 (unclassified_g_
Geothermobacter ,JiBFF B 1) 55 aadA2 AAC (3)-1V
(EIEBEAFZE) InuF (MLSB 28) $4 35 F1E A % (p<
0.05) ;0TU61 (unclassified_g_Anaeromyxobacter , %
1) 5 teeR (WU EI) sugk ( ZHEHM225) ¥5m 5l
1EAHF(p<0. 05) ; OTU101 ( Anaerolineae _bacterium _
UTCFX1 285 1) W 53515 copA (Z EM252) |
ErmF(MLSB 28) 32 24 IEAHSC (p<0. 05) , 1EI% 5 Bl
M T, unclassified _f _ Bacteroidetes _vadinHA17 F
unclassified_o_Vicinamibacterales 7t 3= 1] 7K 74 o AH Xf
FERER SR A A I B 1Y) ARGs e H B Y TS AR
fmE, H , unclassified _f _ Bacteroidetes _vadinHA17
e — M R W Jm 5K SR AR A e S AR A
K Wei A5 RFSE R, IS K EE T EE &R
(Zn, Cu) H:[R] F1 28 LHL M J1 T, unclassified _f _
Bacteroidetes_vadinHA17 RetE i 22 it 2525 ( copA ,
HMRGs) B (sul2) (DRI (tetM) \MLSB 2
(czeD) S5 ZFPUIE B 1) 2 AE 1 2 —, 5
HF IS B, unclassified _o _Vicinamibacterales
JER TR DA AE W, T g A T R BT 4 A
R B b HRG A WL 5 ARGs Z 1R 1Y
KERMTE BT A BIFFE 3 B H X T 8 4 8 5 i 52
P W X R 15 Y IR BEIE L B 750
<234 .

3 i

FMKAR T B Z SMX Fl RTM 75 YL 52, H:
H SMX 2 7EABRHE 1000 4k 2 7K Wil s b iy
SR P A R AR AR S0 SMX 1 i A 4 2R A
G HH T S AR AT I g 4t A — B, R
JE CPEH6 R B R B 12, 14 ng/L) X5 [RIAEHR VL5
BT SE 5 (12, 58 ng/L) P2 8 Ry AH I, KB
SMIX. 2 7 V0] 3L 358 1 22 /K P A A A 1 B R TR
R, SMX FEHTHEFHE, s KK E
PE R Gy K St sl A P g, T 2 A7 T K 8
il 5T (163, 15 ng/L, 3 K #9157 v
(84.90ng/L) " BT (65. 03 ng/L) ™ ARIEIT
(B M BE) (3. 60 ng/L)™ KT (R B
(3.17ng/L) " RV (1. 22 ng/L) 7 2 K 4K
L, 2T SMX AL T &5 0w T ZKF- 5 1 RTM A
SRR (11,93 ng/L) W5 [R)4F E #5 fIF5E
453 (33.92ng/L) 4b T [F]— & 9%, 5 [A) B S04 VT 3k
ol A ARG M TR B B AT (10, 83 g/ L) P

RTM & — 28 A\ 55 36 HT 9 K B8 N iR 28 it 2
R AR T L G BAPE R R AR R AR S
JEAAR, )z IR NE WEIGE | PR IE R SR
g, HaT B ae ik ek 22 W
Vo K AL BT K RS s, R VR R R
R R S T KA T SMX R RTM 322237
A TG TG KR & SR AL R IR 2, Bk R i
PR S A M X 4 S R AR R
PIFHOG, W S8V 8T — S0, & T
M FRAV B I 0 Ml DX B AR AT, DR R A bk
EMRGURE AT HAG AR, BeAh, B2 ok
HZF5 IR TS A B R 28k, A
PR Z ] TR 2 5 BT AR SR KA
P A 25 TR B R ARGs SR X = B A R 9
T IX R T X, 5T (BB B o A A
A H KA AR B R AT BE A TS YR R
TR ARGs =F B Ul R B, s T3 T T Ui
B 2 kem P AY YH3 ;%5 21 A9 U5 AN S BE S 3 5 i)
ARGs BhA"T i Xu 417 A b 538k 1l T 3 A0 F
S RIS IR RERICIE ARGs 43 A7 v i 3 5 B4 11
RAFE A YH2 (WS IN 25 Al 32 B T2k A ST ARGs
AT R,

T KR ARGs 7 RUAG H 40 (159 F) 6T
BT (277 )2 KT (235 A0 P RS T RO
(BRI R REE) (129 Fil) 1500 L (146 F) 1P EE K
SRR, B A b T S5 KOF . (B3 B RS, AAC
(3)-Via (RIEBF ) L aadA2 (FIEMEH2E) sull



(B (czeA( ZHETM 2525 HMRGs ) % ARGs WA
TER KA T 2 A R S RS
PUA R S SOCHE . Horhr sull J7EZ A8 T
Wi EARFREE R AAC (3)-Via B aadA2 53 BN R
SEMETT 2R QLR RS B ALY IR e M B R I, ml e i
N-LBEALEL O- 1 AL 1 Sl 1 21k & ) 4
E LR A T A Bl A B S T PR 3R
BB A 2 T 24 5 v R A KA T 5 caed
VN & m AR pTIESE N B T 5 & i Pk Boks
(pMOL30) |- i Jit F S [ 32 % 2 (19 A% 0 e 3]
Cd* (Co™ \Zn™ 55 B 1% ia R 730 38 M 1 JH T
pMOL30 AL ] i i 2 5 Bt Ak 2R W AR, T 7 A=
U RPUES

W ARGs WWRAF 5L 7% 2 UM 2
PR35 R 2R (R AH B FH A 2565 5 e o) o 2158 ()
REAINAFNAE N E I 272 | 5 ARGs WIRAF 51%
FEAEAERRIK R . B0 Chen %™ A5 KM, K
{LIT D ARGs (923 [ 22465 T pH KAL“2T5 51
(PR ERRRREYS) BIEHCKR R, A3
A R S ARE BTG Y 3 A , S5 A
(40 SMX  NFC EFC . TC ,RTM ) 5 Z ¥ { # i 7
) AN 8 25 IEAH GO 2R, R SR B K A b &
BES Qe SHUE RIS QAR & R X 5 AR L [F] TS
PR A, IR BEFEHE TN AR KA b dp A
FRVR B R AR B R BRASBIREE I F4h,
F I ARGs 1 MGEs 52 K 2 K 5E [N 1 19 B AE
FHAR X SIRA Y R g I, HARSC
F5E B0, B R F (4 7.DO  pH TP ,SMX | NFC
EFC .DC,CTC . TC .RTM .ETM 4§ ) A i 3 52 Mg 41, #
P45 A4 (8] #5252 1 ARGs 194317 , Planctomycetota
Bacteroidota Fl Desulfobacterota %5 £ 1= ¥ 7 B 1] 38
AR T UKL, RS T AT (I AT A AF
MGEs Fi-5 14 18 #F 6] K 756 U 7% s 7K AH 2R 58
H ARGs WERE ., M FR K- B F , unclassified _f
Bacteroidetes _ vadinHA17  Fl
Vicinamibacterales 2= 7F % 0] 3t A I 2] () ARGs fit
HE AR E A, I RE 10k , &) P E 2 E
PE, &SRR,

4 % iF

AR SCHFSE 1 36 00 O dek ) 2 K BRAR M B BT
R APPSR R IE R85 T 7 BB R
PitESLH (ARGs) | Al B sl A% s (MGEs ) Al A:
YIREVE (17, OUT 7K ) Z [l i A 5 56 2, 2 B T
KR 3 % SMX |, RTM il £ 5 i 25 28 bt 1 3 A
(mdiG) 759 ,AAC(3) -Via (R IEMEH ) L aadA2 (&

unclassified _ o _

FEREH2E) sull (WMD) | cacA (ZH M 25 28) 75
ARGs TEZ M i WOK AR b "z A2 1, AR &R S i
W FEFN ARGs S A X = BE7E T il b X v T 1 37
DX AR X IR TR 1] Y 3 A0 A7 A 22 5, TR I 1
(4n T.DO ., pH, TP, SMX NFC, EFC,DC,CTC,TC,
RTM ETM 45 ) ] 38 o 5 Wi {)0 34 B #1235 4 ] 2 52 i
ARGs 1 75 1, {8 15 1 & 1 &, unclassified _f _
Bacteroidetes _ vadinHA17  Fl _
Vicinamibacterales J2 3% 1] i {1 5 Z F ARGs % V)
FASC R TENE R,

AU A 32 BRI | B — A i (L3R IK ) SRAE
JRi bR, B 7R KA K BT P R L ARGs 15 G4 RAAIE |
Tl A= W v 2 0 B G 5 5 2R T RE A 7 1 S8
22 TEJR S o 24K 290 BURFE S L
HEBR B BL R 22, i — 20 2 G2 A 2= 7 v 7 Al X
ARGs &850 UL K AE 224 BL A BT %) ARGs 1H
AL

S Xk

unclassified _ o

[ 1] Pruden A,Pei R,Storteboom H,et al. Antibiotic resistance
genes as emerging contaminants; studies in northern
Colorado[ J ]. Environmental Science & Technology 2006,
40(23) :7445-7450.

[2]D’Costa V M, King C E, Kalan L, et al. Antibiotic
resistance is ancient[ J ]. Nature,2011,477 (7365) :457-
461.

[ 3] Allen H K, Moe L. A, Rodbumrer J, et al. Functional
metagenomics reveals diversebeta-lactamases in a remote
Alaskan soil[ J]. ISME Journal ,2009,3.243-251.

[ 4 ] Zhang Jingjing,Chen Juan, Wang Chao, et al. Distribution
characteristics and controlling factors of typical antibiotics
and antibiotic resistance genes in river networks in western
area of Wangyu River, China [ J]. Water Science and
Engineering, 2022,15(4),318-327.

[ 5] JRatam, B S0, AR K E . FMEPT A FR Ptk 5L D F 50
JE[T]. AW £ ke, 2013, 21 (4): 481-487. (Su
Jianqiang, Huang Fuyi, Zhu Yongguan. Antibiotic
resistance genes in the environment [ J ]. Biodiversity
Science,2013,21(4) :481-487. (in Chinese) )

[ 6 ] Cheng Dongle,Ngo H H,Guo Wenshan, et al. Contribution
of antibiotics to the fate of antibiotic resistance genes in
anaerobic treatment processes of swine wastewater: a
review[ J |. Bioresource Technology,2020,299;122654.

[ 7 ] Vats P,Kaur U J,Rishi P. Heavy metal-induced selection
and proliferation of antibiotic resistance: a review [ J ].
Journal of Applied Microbiology, 2022, 132 ( 6) ; 4058-
4076.

[ 8 ] Gao Fangzhou, Hu Lixin, Liu Yousheng, et al. Unveiling

the prevalence of metal resistance genes and their

- 235 -



[9

[10

[11

[12

[13

[14

[15

[16

[17

[18

[19

associations with antibiotic resistance genes in heavy
metal-contaminated rivers [ J ]. Water Research, 2025,
281:123699.

] Lu Xiaoming, Lu Pengzhen. Seasonal variations in
antibiotic resistance genes in estuarine sediments and the
driving mechanisms [ J ]. Journal of Hazardous Materials,
2020,383:121164.

] B, KA ER, TR, 5. 3 Rl A 5 A P o AN e
PUERPIER [ ], AR, 2015,36(7) :2525-
2531. (Lyu Lu, Zhang Menglu, Wang Chunming, et al.
Effect of three typical disinfection byproducts on bacterial
antibiotic resistance[ J ]. Environmental Science,?2015,36
(7) :2525-2531. (in Chinese) )

] Wright G D. Antibiotic resistance in the environment: a

link to the clinic? [ J]. Current Opinion in Microbiology,

2010,13(5) :589-594.

ot RNEEAR R IE [, 45 PR ) T R X 75 7K

TR R RE R B 25 BRASCR [ 1] K BEIRLR, 2023,

39(2) :244-251. (Hou Jun, Liu Jialin, Pan Zhengguo, et

(A

al. Removal effect of modified plant tannin flocculant on
antibiotic resistance genes in sewage[ J]. Water Resources
Protection,2023,39(2) :244-251. (in Chinese) )

] Alonso A, Sanchez P, Martinez J L. Environmental
selection of antibiotic resistance genes[ J|. Environmental
Microbiology,2001,3(1) :1-9.

] Shao Sicheng, Hu Yongyou, Cheng Jianhua,et al. Research
progress on distribution, migration, transformation of
antibiotics and antibiotic resistance genes ( ARGs) in

[J].

Biotechnology,2018,38(8) . 1195-1208.

fRT3HE. 32 B VLR ST A R TR Ak DR A 7 A 5 I A% £

PLHIERTE (D] B3 : PUAR IR, 2020.

] Zhao Chen, Li Chenyu, Wang Xiaoming, et al. Monitoring

aquatic  environment Critical ~ Reviews in

[

and evaluation of antibiotic resistance genes in three rivers

in northeast China [ J ]. Environmental Science and
Pollution Research International, 2022, 29 (29 ) . 44148-
44161.

] Jiang Lei, Hu Xialin, Xu Ting, et al. Prevalence of
antibiotic resistance genes and their relationship with
antibiotics in the Huangpu River and the drinking water
sources, Shanghai, China [ J ]. Science of the Total
Environment,2013,458-460.267-272.

] ZERIAR, BRBE, B2, 5 KV BUBOK IR A 52k R
Rt RS PR 5 A S KU T [ 1], SRBERL
2023, 44 (4) :2032-2039. ( Li Bolin, Zhang He, Wang
Jun, et al. Pollution characteristics and risk assessment of
antibiotics and resistance genes in different water sources
in the Wuhan Section of the Yangtze River [ J ].
Enironmental Science, 2023, 44 ( 4) . 2032-2039. (in
Chinese) )

] Su Sicong, Li Chenyu, Yang Jiping, et al. Distribution of

- 236 -

[20]

[21]

(22]

(23]

(24]

(25]

[26]

(27]

[28]

antibiotic resistance genes in three different natural water
bodies:a lake, river and sea[ J ]. International Journal of
Environmental Research and Public Health,2020,17(2) .
552.

X 5. 780 FH 0 SR 3 AR AT AR SR Bk PR 5 4 T R A
KM B TEAE E40HT [ D] BB AR TR 2023,
Stoll C,Sidhu J P, Tiehm A, et al. Prevalence of clinically
relevant antibiotic resistance genes in surface water
samples collected from Germany and Australia [ J ].
Environmental Science & Technology, 2012, 46 (17)
9716-9726.

Zhu Congmin, Wu Linwei, Ning Daliang, et al. Global
diversity and distribution of antibiotic resistance genes in
systems [ J ]. Nature
Communications ,2025,16( 1) :4006.

Liang Hebin, Huang Jin, Tao Yi, et al. Investigating the

human wastewater treatment

antibiotic resistance genes and their potential risks in the
megacity water environment:a case study of Shenzhen Bay
Basin, China[ J ]. Journal of Hazardous Materials, 2024,
465.133536.

A W I AF. RNV R RV S G TS e T
JEBUMAE VIR SHUAE R YU R SBR[ T] .
MRS 4 (H AR , 2022,50(6) £ 75-84. (Li
Yi,Hu Tong, Wang Lingiong, et al. Interaction relationship
between microbial communities and antibiotic resistance
genes under ciprofloxacin and copper co-contamination in
river sediments[ J |. Journal of Hohai University ( Natural
Sciences) ,2022,50(6) :75-84. (in Chinese) )

Wang Fenghua, Qiao Min, Su Jiangiang, et al. High
throughput profiling of antibiotic resistance genes in urban
park soils with reclaimed water irrigation [ J ].
Environmental Science & Technology, 2014, 48 (16) ;
9079-9085.

B AT, M, ARE I, A5 IR AR Oy O]
TR R BRI [ )], FREERL A 5T, 2021, 34
(9) :2132-2142. (Huang Yiping, Wang Peng,Xu Qiyu, et
al. Influence of land use on carbon, nitrogen and
phosphorus in water of Yuan River Basin[ J]. Research of
Environmental Sciences, 2021, 34 (9) . 2132-2142. (in
Chinese) )

AR, B, R A B BH AR R K AR B g
R RE R A SR TEAN [ T]. AR S w B0,
2022,17(4) :563-574. (Li Jiale, Wang Yao,Dong Yihui,
et al. Distribution characteristics and ecological risk
assessment of typical antibiotics in Yuanhe River of
Poyang Lake Basin[ J]. Asian Journal of Ecotoxicology,
2022,17(4) :563-574. (in Chinese) )

L EG RIS SC WRA AT, A5 ST el 1 K A S R AR
RAs BI85 [ 1], f B TR B4, 2024, 43 (6) -
18-26. ( Lou Wei, Zheng Fangwen, Chen Jiaqi, et al.

Characteristics of nitrogen and phosphorus in river and



[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

lake along Yuanhe River Basin and identification of their
pollution sources [ J ]. Journal of Nanchang Institute of
Technology,2024,43(6) :18-26. (iin Chinese) )

8 BH W S K A AR AR A 5 A AR
RFAT [ D]. BB AR TR %, 2023.

D5 R AR e A AT A R T PR 3 S A
AWIREEAFIEDIFE [ D], B & R AR TR, 2020.
TLPE/K SCR. TEPEK R [ M. s AT ikt , 2006.
BEAE M, Ao 3 , 55, 2RI BFI0 D R VL0 AR 3R A
R IRAFRFAE (N2 3 A ORI BT [ )] A S
4% ,2025,20(3) :233-252. ( Lou Qian,Han Liu, He Tao,
et al. Antibiotics and antibiotic resistance genes in Jinjiang
River of Poyang Lake Basin: occurrence, spatio-temporal
distribution and source analysis [ J]. Asian Journal of
Ecotoxicology,2025,20(3) :233-252. (in Chinese) )
RIS, W PR, TR, 4. SPE-UPLC-MS/MS [R] i 5
IKEREEH 4 K& 15 Pt AR R[], ks =, 2022,
41(1) :50-54. (Song Huanjie, Xie Weimin, Wang Jun, et
al. Simultaneous determination of 15 antibiotics in 4
categories in water environment by SPE-UPLC-MS/MS
[J]. Chinese Journal of Analysis Laboratory, 2022, 41
(1) :50-54. (in Chinese) )
Qiao  Min,

Characterization of antibiotic

Ding Huijun, Zhong Jiayou, et al.

resistance  genes and
bacterial community in selected municipal and industrial
sewage treatment plants beside Poyang Lake [ J]. Water
Research,2020,174:115603.

| GBI (A R 7K R 7K W I A 7k g 2 2. K
R KW A3 BT 7 i [ M]. 4 B b b R B Rl 2
At 2002.

Zhang Anni,Gaston ] M, Dai Chengzhen, et al. An omics-
health risk of

[T 1]

based framework for assessing the

antimicrobial ~ resistance  genes Nature
Communications ,2021,12( 1) :4765.

Zheng Ji, Zhou Zhenchao, Wei Yuanyuan, et al. High-
throughput profiling of seasonal variations of antibiotic
resistance gene transport in a peri-urban river [ J ].
Environmental International ,2018,5.87-94.

Wang Sai, Nie Wenhan, Gu Qing, et al. Spread of
antibiotic resistance genes in drinking water reservoirs:
insights from a deep metagenomic study using a curated
database[ J |. Water Research,2024,256.121572.

XIBCER RN, 2 I, 5. =K g T AR
PR I 25 A AR D] WA REAE, 2025,37(5)
1733-1743. ( Liu Shuhan, Song Linxu, Luo Lina, et al.
Spatial and temporal distribution of sediment microbial
communities in Xiangxi River of Three Gorges Reservoir
[J]. Journal of Lake Sciences,2025,37 (5) :1733-1743.
(in Chinese) )

Kristensen J M, Singleton C, Clegg L A, et al. High
potential  of undescribed

diversity and functional

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

“Acidobacteriota” in Danish wastewater treatment plants
[J]. Frontiers in Microbiology,2021,12:643950.
Mecreynolds E, Elshahed M S, Youssef N H. An ecological -
evolutionary perspective on the genomic diversity and
habitat preferences of the Acidobacteriota [ J]. Microbial
Genomics,2025,11(1) :001344.

Dong Qian, Sun Bo, Liu Yanchen, et al. Sewerage
surveillance tracking characteristics of human antibiotic
resistance genes in sewer system [ J |. Science of Total
Environment , 2024 ,952 . 175850.

IMVERER , SR, NI, 45, LR ZKIR IR HUAE Bt
PESE DN 5 R W REE o AR T . PR 2025, 46
(9) :5650-5658. (Sun Yuyu, Wu Haixin, Liu Guijian, et
al. Distribution characteristics of antibiotic resistance
genes and microbial communities in the surface water
environment of Chaohu Lake[ ] ]. Environmental Science,
2025,46(9) :5650-5658. (in Chinese) )

Bondarczuk K, Piotrowska-Seget Z. Microbial diversity and
antibiotic resistance in a final effluent-receiving lake[ J].
Science of the Total Environment,2019,650.:2951-2961.
Yanez-Montalvo A, Aguila B, Gémez-Acata E S, et al.
Shifts in water column microbial composition associated to
lakes with different trophic conditions; “ Lagunas de
Montebello” National Park, Chiapas, México [ J ]. Peer]J,
2022,10:€13999.

TRH, SR IR, #0455 HE T Mantel K30 (10 K358 45
T 25340 S FT LA 20 [0 ], o B BAR T 245
2025,42 (15):2690-2697. ( Xu Ao, Zhang Yuxi, Dong
Jie,et al. Visual analysis of correlation between bacterial
resistance rate of Escherichia Coli based on Mantel test
[J]. Chinese Journal of Modern Applied Pharmacy,2025,
42(15) :2690-2697. (in Chinese) )
JREAR AT, X BT, A M 2T AE A T
JKEREE i) 3 E FR BSOS CH: SRS R R[] PR
B2 2022,43(9) . 4543-4555. (Ju Zejia, Fu Yu, Zhao
Xinyu, et al. Distribution coefficient of QNs in urban
typical water and its main environmental influencing
factors [ J |. Environmental Science, 2022,43 (9) : 4543-
4555. (in Chinese) )

Zhang Zheyun, Sun Ke, Gao Bo, et al. Adsorption of
tetracycline on soil and sediment; effects of pH and the
presence of Cu( Il ) [ J]. Journal of Hazardous Materials,
2011,190( 1-3) :856-862.

AL V) BB S5 MBI AR TP AN TR] 23 6] 2 A
A RS SR 0BT [0 ] A IR R 272441, 2013, 32
(4).764-770. (Li Yuhua, Xu Qigong, Zhao Yue, et al.
Bacterial community structure in different spatial
distribution of Songhua Lake [ J]. Journal of Agro-
Environment Science, 2013, 32 (4 ). 764-770. ( in
Chinese) )

Feng Jie,Zhou Letian, Zhao Xiaochao, et al. Evaluation of

- 237 -



[51

[52

[53

[54

[55

[56

[57

[58

[59

environmental factors and microbial community structure
in an important drinking-water reservoir across seasons
[J]. Frontiers in Microbiology,2023,14.:1091818.

] Lu Cheng, Wang Yong, Zhou Shengnan, et al. Nitrogen
reducing mechanism by microporous aeration based on
microbial population characteristics: water temperature
factor [ J |. Environmental Technology, 2024, 46 ( 11) .
1828-1841.

]S A A SR AR W T 24 KOK AR pH O AR )
o U R G A E AU DR R S5l s [ ]
IK7 4R 2022, 46 (9) : 1656-1668. ( Jiang Haofei, Li
Kang,Shi Wenzhi, et al. Effects of common fishery drugs
and water pH on nitrification performance and microbial
community structure of biochar filler system[ J]. Journal of
Fisheries of China, 2022, 46 (9):. 1656-1668. ( in
Chinese) )

] Wexler A G, Goodman A L. An insider’ s perspective:
Bacteroides as a window into the microbiome[ J ]. Nature
Microbiology,2017,2:17026.

] BRSPS TR AR OCHE SRR AR BN A HLER AR

Sl YR AR e T (], 2 B fe e, 2022, 50

(8) :1260-1268. ( Zhang Danzhi,Yin Qiang,Xu Wenjing,

et al. Relationship between organic acid metabolites and

microbial communities during anaerobic digestion of pig
manure [ J ]. Chinese Journal of Analytical Chemistry,

2022,50(8) :1260-1268. (in Chinese) )

WRAUHT . S REPE A 55 HE A IR 22 L il v e S AR

B RAHICHTSE D], 25 < 93 M R 2% 2022,

] Shoemaker N B, Vlamakis H,Hayes K, et al. Evidence for

extensive resistance gene transfer among Bacteroides spp.

—

and among Bacteroides and other genera in the human
colon[ J]. Applied and Environmental Microbiology,2001 ,
67(2) :561-568.
] Salyers A A, Gupta A, Wang Yanping. Human intestinal
bacteria as reservoirs for antibiotic resistance genes|[J].
Trends in Microbiology,2004,12(9) .412-416.
TR RT3 B A SOWE. N T H0R XS & 78 57 A i 38 1
RCR BOR R A R E e [J ] AR AR A E,
2023,42(10) ;2410-2418. ( Xu Panpan, He Peiming, He
Wenhui. Effects of constructed submerged plant bed on

[

purification effect of eutrophic river and microbial
community in water body[ J]. Chinese Journal of Ecology,
2023,42(10) :2410-2418. (in Chinese) )

Tl X, SR, S B RV AE Y A S T AR E
75 K A RCR S A IR R [T ] 3558 TR
#2,2025,19(3) :578-585. ( Xu Chao, Liu Yungen, Yang

Silin, et al. Performance of new bio-ecological coupling

[

process on domestic sewage purification and its microbial

community characteristics [ J ]. Chinese Journal of

Environmental Engineering, 2025, 19 (3) : 578-585. (in
Chinese) )

- 238 -

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

WA AR KA A G IER KR AR R Pt R
SRATRE B SRS L [ 0], BREER} 2, 2025, 46 (11)
6906-6916. ( Huang Wei, Zhu Chao, Yang Yongjie, et al.
Distribution characteristics and driving mechanism of
antibiotic resistance genes in a water source in Hefei,
China[ J]. Environmental Science, 2025,46 (11) : 6906-
6916. (in Chinese) )

Meng Daizong, Jin Wei, Chen Keli, et al. Cohesive strength
changes of sewer sediments during and after ultrasonic
treatment : the significance of bound extracellular polymeric
substance and microbial community [ J]. Science of the
Total Environment,2020,723;138029.

Wei Haodong, Wu Xin, Chen Aoxi, et al. Reserve and
proliferation characteristics of antibiotic resistance genes
and heavy metal resistance genes in the sewage pipe
biofilm under the stress of Cu and Zn [ J]. Journal of
Environmental Chemical Engineering,2025,13.:116162.
3852 WRRF, BB A, &5 1 BORS IX ST R4S 40 5 4R
SIREDTFE LT ], TR I R 27 4 ( A AR RRR)
2024,54 (3).139-150. ( Tian Yingying, Guo Qi, Chen
Xingru, et al. Soil microbial community structure and eco-
function in the rice zone along Yellow River[ J]. Journal of

Henan Normal University ( Natural Science Edition ),
2024,54(3) :139-150. (in Chinese) )

BT, B, 2 RS, VE LW OTR U YR 4
FARRAE B i R 3R [0 ] 2 5 A B, 2024, 20
(3) :58-64. (Huang Xinyang, Mao Lingchen, Li Feipeng.
Microbial ~community  structure  characteristics  and
influencing factors in sediments of Dianshan Lake [ J].
Wetland Science & Management,2024,20(3) :58-64. (in
Chinese) )

Chun S J, Kim Y J, Cui Yingchun, et al. Ecological
network analysis reveals distinctive microbial modules
associated with heavy metal contamination of abandoned
mine soils in Korea[ J ]. Environmental Pollution, 2021,
289.117851.

Wilkinson J L, Boxall A B A, Kolpin D W, et al.
Pharmaceutical pollution of the world’ s rivers [ J ].
Proceedings of the National Academy of Sciences of the
United States of America,2022,119(8) :e2113947119.
Dong Jianwei, Yan Dandan, Mo Kangle, et al. Antibiotics
along an alpine river and in the receiving lake with a
catchment dominated by grazing husbandry[ J]. Journal of
Environmental Sciences (China) ,2022,115.:374-382.
e, EF5 I, BB, A 50 B VLR O T (4R BB ) 3%
JEAR LA RN 25 3 A1 R DA AT B 2R 25 XU DAl
[J]. 3R TR R 24,2025, 15(5) 1 1542-1555. ( Jiao
Long, Wang Xiuli, He Ying, et al. Spatial and temporal
distribution, source apportionment and ecological risk
assessment of antibiotics in surface water of Fujiang River

( Mianyang Section) in Jialing River Basin[ J]. Journal of



[69]

[70]

[71]

(72]

[73]

[74]

[75]

Environmental Engineering Technology, 2025, 15 (5):
1542-1555. (in Chinese) )

TRERE M EL TR, S5 10T B 3R K SR g A
RGP IR SRS R PEAl [ ] BREERE2, 2017, 38
(11) ;4553-4561. ( Zhang Xiaojiao, Bai Yangwei, Zhang
Yuan, et al. Occurrence, distribution , and ecological risk of
antibiotics in surface water in the Liache River Basin,
China[ J]. Environmental Science,2017,38 (11) :4553-
4561. (in Chinese) )

HOPH, R, B AR VLR R A SRS G I S
AL R 22 TR AR S R AR [ )] BREERL27, 2026, 47
(3):1675-1687. ( Huang Danyu, Wang Sheng, Cheng
Long, et al. Spatiotemporal variation of antibiotic pollution
and multi-level ecological risk assessment in Nandu River
Basin[ J |. Environmental Science, 2026, 47 (3): 1675-
1687. (in Chinese) )

WRBAT, sk S0 F A, 45 ERIEVL I B K vh
HEAVAA 2R 3 AR RRAE B AR S KU AN [ 1], E B
Bl2#, 2024, 44 (6) : 3247-3258. ( Ye Xuhong, Zhang
Baofeng,Zhou Meng, et al. Distribution characteristics and
ecological risk evaluation of typical antibiotics in surface
water of Hangzhou Section of the Qiantang River Basin
[J]. China Environmental Science,2024,44 (6) :3247-
3258. (in Chinese) )

T TR, . RS LR ek v 23 R
RIS 28 AR S A 25 KUK PPAG [ 0] . PR45 TR, 2023,
41 (349)2) .6-11. ( Ding Ming, Liu Liping, Meng Jinliu.
Distribution characteristics and ecological risk assessment
of selected antiobiotics in Dasongjiang River, Ningbo[ J].
Environmental Engineering, 2023, 41 (S2): 6-11. (in
Chinese) )

FRERS 20, A I A St s A A R
A3 ARREAE ], BT M2, 2018, 37 (9) : 2039-2048.
(Wang Ya’ nan, Peng Jie, Huang Hetian, et al.
Distribution characteristics of typical antibiotics in urban
rivers of Guiyang City [ J ]. Environmental Chemistry,
2018,37(9) :2039-2048. (in Chinese) )

Yan Shiwei, Ding Ning, Yao Xiunan, et al. Effects of

erythromycin and roxithromycin on river periphyton:

structure, functions and metabolic pathways [ J .
Chemosphere ,2023,316.137793.
FROCAE, e, Ak, 5. TR A HGC A e ORR -

E IR B 7 [R) R 52 PR 35E K A T 10 bR 38 N R 2Rt
ERE TR )] AR 8-t E S, 2025, 61(5)
577-586. ( Guo Wenjian, Cao Yanyan, Li Lin, et al.
Simultaneous determination of 10 macrolide antibiotics in
environmental water bodies by ultra-high performance
liquid chromatography-tandem mass spectrometry with
solid phase extraction[ J]. Physical Testing and Chemical
Analysis; Part B; Chemical Analysis, 2025,61(5).577-
586. (in Chinese) )

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Hu Jingrun, Li Si, Zhang Wei, et al. Animal production
predominantly contributes to antibiotic profiles in the
Yangtze River[ J]. Water Research,2023,242.120214.

A, et al

resistome: the

Lee Jangwoo, Feng Ju, Maile-Moskowitz
Unraveling the riverine antibiotic
downstream fate of anthropogenic inputs [ J |. Water
Research,2021,197.117050.

Xu Yan, Guo Changsheng, Luo Yi, et al. Occurrence and
distribution of antibiotics, antibiotic resistance genes in the
urban rivers in Beijing, China [ J ]. Environmental
Pollution,2016,213:833-840.

Zhang Yongpeng, Shen Genxiang, Hu Shuangging, et al.
Deciphering of antibiotic resistance genes ( ARGs) and
potential abiotic indicators for the emergence of ARGs in
an interconnected lake-river-reservoir system[ J ]. Journal
of Hazardous Materials,2021,410.124552.

SKPHPE FRF ARLL RS R BOL R R
PERED 70 A A [ ], BR5E R}, 2018, 39 (6) : 2600-
2606. ( Zhang Dandan, Guo Yaping, Ren Hongyun, et al.
Characteristics of antibiotic  resistance  genes in
downstream areas of Aojiang River, Fujian Province[ J].
Environmental Science, 2018, 39 (6 ) : 2600-2606. ( in
Chinese) )

Chaturvedi P,Singh A, Chowdhary P, et al. Occurrence of
( sull sul2 )

associated with mobile integrons-integrase ( intI1 and

emerging sulfonamide resistance and
int]2) in riverine systems [ J |. Science of the Total
Environment,2021,751:142217.

VPR, FEA T, Y00 IE. ZHEME Y 2P0 E R o0 itk g
(3], B W2 2% 3k, 2019, 28 (115) : 1828-1835. ( Xu
Huan,Tang Chunlei, Fan Weizheng. Research progress in
aminoglycoside antibiotics [ J]. Chinese Journal of New
Drugs,2019,28(15) :1828-1835. (iin Chinese) )

iz . 4 TR B R A AR R AR 1 % B R TR
CzeA BISEREFRIE[ D], ¥ PUILRMBHE R, 2015.
Manasi, Rajesh V, Kumar A S K, et al. Biosorption of
cadmium using a novel bacterium isolated from an
electronic industry effluent [ J ].
Journal ,2014,235:176-185.

Volesky B. Detoxification of metal-bearing effluents .

Chemical Engineering

biosorption for the next century [ J]. Hydrometallurgy,
2001,59.203-216.

Sun Jiali, Wang Xiaoqi, He Yuanjie, et al. Environmental
fate of antibiotic resistance genes in livestock farming[ J].
Archives of Microbiology,2025,207(5) :120.

XNSTT R bede it AE 55, VLIR U IRBE o X R i 57
RS A R PUMERE PR 75 G R b L S PRI R A O
PELI ] A5 R EE240, 2025, 41 (12) : 1633-
1642. (Liu Chongwan, Zhu Xiaohua, Yang Hongsheng, et
al. Pollution characteristics of antibiotic resistance genes
and their correlation with environmental factors in coastal

+ 239 -



channel catfish ([/ctalurus punctatus) aquaculture areas of
Jiangsu Province [ J ]. Journal of Ecology and Rural

Environment ,2025,41(12) :1633-1642. (in Chinese) )

[88] Chen Yuru, Guo Xingpan, Niu Zuoshun, et al. Antibiotic

( ARGs ) and
environmental factors in the Yangtze Estuary, China: from
inlet to outlet[ J |. Marine Pollution Bulletin, 2020, 158
111360.

resistance  genes their  associated

[89]

TRA k3 Rt 2. UL RS T AR B TTE SR D A
FRIE BN N (1], T E IR, 2023,43(6)
3077-3086. ( Xing Yue, Zhang Wen, Cheng Yan, et al.
Distribution characteristics and influencing factors of
antibiotic resistance genes in inland rivers of northwest
China[ J ]. China Environmental Science,2023,43(6) .
3077-3086. (in Chinese) )

(VR HH.2025-06-27 Skl ST

(E#E% 197 R)
[ 8] BIFHUR, iU, SEMERS | 45 P BRI K TR ] P -HK

[13] Zhong Huayu, Liao Tao, Fang Guohua, et al. Exploring

optimal joint operating rules for large-scale inter-basin

ARSI VH B[ T]. /KPR P, 2024, 40 (6) .
188-197. ( Jia Danni, Wu Lianzhou, Su Xiaoling, et al.
Joint optimization and allocation model of “ user-hub”
group in inter-basin water transfer project [ J]. Water
Resources Protection, 2024, 40 ( 6 ). 188-197. ( in
Chinese) )

[ 9] XJ7Hr,XEE, Tre. mAKICIE 42K IX 2001—2023

AR IR R 5 KRR e [ 0] T R4l ( A
SRBE ), 2025, 53 (5): 18-25. ( Liu Wanxin, Liu
Yang, Wang Yao. Analysis on changes of water resources
quantity and water consumption in water-receiving areas of
Middle Route of South-to-North Water Diversion Project
from 2001 to 2023 [ J]. Journal of Hohai University
('Natural Sciences) ,53(5) :18-25. (in Chinese) )

[10] XN, R, /7 R0, A5 B S P RIKAL AR L T

2 FBKIFR K A U B3l B PEXT SR [ T ] K BE IR AR
P1,2025,41(2) :165-172. ( Liu Weifeng, Li Yunling, Lu
Qingwen, et al. Runoff evolution of the main water sources
and adaptive measures for Eastern Route of South-to-North
Water Diversion Project under new situation [ J |. Water
Resources Protection, 2025, 41 (2). 165-172. (in
Chinese) )

(1] K= BRI 2. m KL AR R CRR AL R B[],

JKBFHEE 1995,6(3) :198-204. ( Zhang Jianyun , Chen
Jieyun. Research on optimal operation of Eastern Route of
South-to-North Water Diversion Project[ J]. Advances in
Water Science,1995,6(3) :198-204. (in Chinese) )

[12] Liu Yueyi, Zheng Hang, Wan Wenhua, et al. Optimal

operation toward energy efficiency of the long-distance
water transfer project [ J ]. Journal of Hydrology, 2023,
618:129152.

- 240 -

[14]

[15]

[16]

[17]

water transfer projects with multiple water sources,
diversion routes, and water demand areas[ J ]. Journal of
Hydrology-Regional Studies,2023,49.101504.
FEIA, R, 7 EAE S KGR TR LR B
KA EEWFTE [ )] BEKAL I 5K AR 2015, 13
(3): 422-426. ( Wang Wenjie, Wu Xuewen, Fang
Guohua, et al. Optimal water operation in Jiangsu Section
of the South-to-North Water Diversion Project[ J]. South-
to-North  Water Transfers and Water Science &
Technology,2015,13(3) ;422-426. (in Chinese) )
Cao Minglin, Liu Weifen, Xu Bin, et al. Multi-scenario
optimization model for operation of inter-basin water
transfer-supply ~ systems  considering  cost-benefit
relationships[ J ]. Journal of Water and Climate Change,
2023,14(8) :2872-2884.
TR ARG &, B, 45 ST BAK TRKEEE 5
WEERRA T aE [ 1], AKFK B HE AR, 2018,49( 1) .
16-22. ( You Jinjun, Lin Pengfei, Wang Jing, et al. Study
on method for coupling water allocation with project
operation for inter-basin water transfer project[ J]. Water
Resources and Hydropower Engineering,2018,49( 1) ; 16-
22. (in Chinese) )
P EL Ty A P S EPEI RS DAL KA 4
X R K AL P AR ARV Lo BoK =R BE R 2 [ 1. 7K
TP, 2026, 42 (1) ; 49-58. ( Zhong Huayu, Fang
Guohua, Wen Xin, et al. Influence of water level control for
north water transfer in Hongze Lake and Luoma Lake on
water regulation of Jiangsu Section of Eastern Route of
[J]. Water
Resources Protection,2026,42(1) :49-58. (in Chinese) )
(ki B 912025 -08 - 08 Zd . WIHTT°)

South-to-North  Water Diversion Project



