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Abstract

Antibiotic resistance genes (ARGs) have been listed as emerging environmental pollutants, and
their transmission and environmental evolution have become important research topics in the field
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of ecological environment. Antibiotics and heavy metals (HMs), as two typical pollutants, commonly
coexist in various environmental media, which can easily lead to compound pollution of antibiotics
and heavy metals, causing pressure on microorganisms and significantly inducing the spread of
ARGs. In recent years, the problem of combined pollution of antibiotics and heavy metals has be-
come increasingly serious, especially in the generation and spread of antibiotic resistance genes
(ARGS), heavy metal resistance genes (MRGs), antibiotic resistant bacteria (ARBs), and antibiotic
heavy metal complexes (AMCs), posing a serious threat to ecosystems and human health. This re-
view provides an in-depth analysis of the main sources, joint exposure mechanisms, environmental
fate, potential risks, and prevention and control strategies of antibiotics and heavy metals in the
environment, aiming to provide theoretical basis and decision-making references for future re-
search.
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1. 51§

RERpUAEREEHKE, bR F ORI, M, R RITNERE. g-Wilt
MR A RIS FAHCHRIE, 2000 4F 4 2015 FE[0], 2ERPUAERHEREM 211 12K F) 348 12, HEIEL
N 65%. #AKECHFEE M AR, T 2030 4, AN DAL E KPR 2T K 200%
[1]o ABRPTAZTH PP, SR 1 A B B AL R 25 1 1) 7 A, BRI HES)) 1 Ak ST 25 21 % (ARB)
AT A F M 2455 KT (ARGs) I H IS5 A8 3, R 1 i 4 3R A 3 AR s T i 1 2 K g 2 —

H5HiERK 0L, EEEEM)E NN B W53y, R ERe e A, oA %
BORIEMEE S WEFR I, KADTRE[1] BEREEIHER 2] PRAKHEBE[3] LA S AR MV BN it (A5 FH [4] 52 SR
4 B A G B PV RN LR @At Rl AL B3, 5EE(Zn). H(Cu) Mk (Hg)MH K1
G R U R AL 5] [6].

PUAE FOM R 48 (HMs) I AN AP AE T35, T2 AR G R U B XA R G5 S
SRR ANER S RS B T = 2 (BB A EAE . N TER U E R S ES RS G5 05, MEyE
o E R T 2R SRR L, BAEILAT (7], A X258 ILIEAT ORI AE IS S [10].
TX L 1T AN 5 1 AR 0TS G 52 1, 3 N T bR R 253 R (ARGs) R A2 /K%
RIFEFHGT) AR . (BT RIR, ShiERB0L, EE )R aeis Rl 6 0 SR N, 32 2RI 94 i
PIETESE(ROS)ITE R 4l SOS SR LU ZH I . DNA B8 (AR A9 4% 11] [12]. Gaidhani 25 A[13]W
BB, PR AT EAE SR SIE AEYIE S, X2 i ERWRKER . ZMER. ZHIE R B,
FUAE TR 2 4@ #h(W1 AgNOs Ml HeClo) [N 251 55 5 3 0k, HL Bl 5 AR DI AE Ko idt— 204 . X S8R
SNEHE— I T BRI 3 ARGs ##, BON/KFHEBHGT) MR R .

A EEJE . PuiE I (ARGs 1 MRGs). P4 Z it 254 (ARB) M A & - HE B R 5YI(AMCs)
TEAFEREA TR Z LR, M T AR - ESEE S RAGNIIETE. X— BT
FEEYI14]. FEPI[1S RS 6]K 5™ B8y, 30 AT eI I A BE AL N SRR = L AR [ 17].

REEIRFR XTI A RS EERMHMs) S &5 J M OB F RN, (5 PR R E S8 e —T5 41
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WEFCAREL, R AHONAIR. JCHESRZ X E R &I R R G VEREE . RN R EH, &
SAEMEE ST A E R ) EEORE ML b, RGEG T —H A AN FR, ASCRERDS
THAERSEREE I RAGH 2 RT5 RDEA FPRES B A5, UL ks & B A2
RS AN N AR B AR . B, ST BUE BT PR R EPR, $RH T OIS AT R R S, B AE U ARSRIR
Birh AR 5 E SRR AT AT TS SR A BB AT 1A

2. FERFEMESHLEF
2.1. EERE

AW TR TG KA PR G & RETIA R MESBERPIEAR, H3Us, SRR
HENIREEHR[18]. /KF=F757 WA ARGs Fl MRGs &, A7 R IVUIAZ KPR tetE S54HIPT
PEHEA] cueR 7 F A —JFiki_[19].

TENIEBNFEM T, FE(E A5 U (0 4t it F DA R B K BEWE R 3 R i A 3L i 25 48 B (ARB)
ARGs [T B YR . KA RIS, W RS BRI DR R 2B N U K LA 3, 7Rt AE 14
HRE R AR T PEIR B [20]0 SRTAT, AE IR K AR 3 A58 4 R BRIX LU 75 4l 15 YR 1E IR K b3
JREDE, RFREPUAER . ARB il ARGs WIHBEAEFEE21], JUT-ArA F B8 HTAE = LU EUE
WREEAFAE, WREEVEHEN ng & mg/kg THE. B, BTG REEISILA P & &8 55.4 pg/kg T
i, PURREEHAE B 5 A 8326 ngkg FHE[22]. HAT, ARGs &M TP A ., Rimss
[23 0 52 % 17 R 5% X N HO R AKHAT A, AT H tetC, tetM, tetO, tetQ, tetW, sull Al sul2 & 7 Ff
VUIR R APPSR L S e 2R o R IR . T BH AR 2K P A I B 2 Fl ARGs, BLHE 7 FRIUIR RIS Hitk
FEDR 3 AU R DR R 2 b T BRSSP R R 241

3RS b 4 R (HMs) Fl 8 42 J@ P PE L (MR Gs) 75 BRI V2, B R AN T K
F BRAKHERE KA DTREAE A R s . JEAoR, it & &8 75 A HLIEARL i e A ZE AR A Ay ek
PR 255 N B B Mt BT 7B, 7F 22 A5 KARER ] 75 de FR A il 21 %2 Fh 4 8 KL, H
TSURHAEAE 42 FhEESE 14 FhE 4B IPTIESE I (MRGs), Hrb 6 Fife st REHEIL 5 R B &AM 11]. 5
PrAERAL, KERAHEIER S SRR ESRBIOER, E—DmENE k.

NFEEFNANASIE . DAV 0 L TR A G R a2 R E & B HMs) R, X E 5 )R
AL KA 38, @ HEBUR T %8 X R i TR E SRR R R —. filln, b
ST P P ) L35 R T (PO) R (Zn) IOV FE DR ZE A HE SO ZF 3G (251, HEdkiE, o E R KRENG G EL
6 NMABIKRAES B, miRR X I3 H 4 (Cu) FI4R (Cd) VR B 235 A+ 1],

2.2. BBARENF

2.2.1. Utk

T WA T A PR i B AR R I LR B E O, E N DR SRR A R 2 Rk
TEMIPUAE B 255 K (ARGs) Qo kLK RAF 724 ARGs, Bl 3 B2 KB (VGT) MK P2 K 5
(HGT)3k453 45 ARGs [26]. £ 4 J& (HMs)i5 4B, HMs (1358 A VAN AE R A P 0 3 ey — Pl 2
PIEREE 7. KR FE T HMs B R APl i il % S 5 48 it 5L R (MR Gs) (177 A R H 2 0
HBA2E, 40 PIPUAE RN 2 RGN E SR 25 240 2GSRI DI RERRE, R0 B4 HMs fif 2514
FIAE Y AT BT AE R P2 A 251 . Gupta 28 AN[2718 81, HMs i 2451 5 504 R il 257 2 [0 4745 5. 35 5%
B(r>0.60,p <0.05), i BH & 1@ AH R EORH CH LI AH FLEE R . Zhou %8 A [28]#6Hi, ARGs fl MRGs 3%
ffih HMs 18 AR M % (p <0.01), KB HMs MUEEEEEHiME, @it g HNLH]E % ARGs.
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KRtz A, LIMA Z5[2010F 78 KB, FEAGFEVD 1] IR (Salmonella Typhi) A 7E SGI11 K 4H 5 _E FRE LA
*% ARGs (blaTEM-1. catAl. strA. strB. sull. sul2. dfrA7)f1 MRGs (merE. merD. merA. merC. merP.
merT. merR).

FAT, SZEYI iR A HMs B3R BRI 25080 w] 20 DU AR SR IR 24 . A2 )i 24, L3 Al
AT BETERM, TR PRSI R LR I AT R 6 HMs MBS 32 i 2 Ve o, X F 2R BUONE
WIS S AL 4N B = AR R AN R A VI FR(EPS), 3458 H AN R AP /1[30]. A i bl ok
&, AR IR ARGs KERIME—IXBIF R o BIMEAESTE R EIREAEAERIE ALY, HMs 125 MRGs
FARGs R EF IEAK, JUHZ KM mIKER HMs 582 B & ARGs 1 MRGs [ £[31]. S5hid:
R AV BRI AR, HMs BRI F A HAE DARRAR IR, R RE X A2 P = A B
S PR S, FRPAE RIN A R TR PR R A G E R E . 45 LR, HMs REBTEPIAER
TP EARERAAFAE RGO T 4ERF AL EAN R B BT AE BRI 251, 230 ARGs V544K T -

2.2.2. FILRIEHLH

AR, WEFLRM ARGs 45 G055 A i I ROUR B 2 TEAH G, S A RO (R 3 TR A 5 1
Pty He B LSS BEAE o ST AE 2R, 4R (HMs) B BE7E 40 M RS A% KT i S 40 1 B U Bi[32] [33].
AU T A2 B U F(MGEs) /& ARGs fil MRGs BT /K FHFE ) R B AR, Refedt LR B4 [34], {2
ff ARGs Al MRGs TEAWTHEA . AP FE TR BER A PUIE35]. 40 I A0 R0 1B A i T
AROMIF=AE, FEHBAAECO) T TEAE(H0:)FREE A HEECOH)HRK[36] [37]. miAKFH
ROS /&t it ARGs &5 & F R E BN K. MR FEY, HMs /ENAETTA R N IEIR, 088 ngnie i ROS 7K
SEHNIE ARG (45 & 87  HLHI M 2 BI[38]-[40], HMs %2 55 A2 A58 (AR AN 52 440 1 7= A A1 AR 2 & ROS,
T RG B B8 B HO A AT FORE & ), B SOS [, FHEXT AR . DNA SRR (1 s i %, T inisE ARGs
TR T 5655

TEAPHIREE ) HMs 5404 ROS (=438 MAHSS, TIRefeit ARGs M4 &, #ifin ARGs
159 KF. Lin FIEBA[41146 1, Pb(II) (0.5 mmol/L). As(V) (0.1 mmol/L)F1 Hg(II) (0.005 mmol/L)J ¥
) VA Bt AT 2 0 SR AR KT B MG 1655 B2 M5 R AR VA 1) ARGs S5 &R . SR, ik
Hg(II) (1.0 mg/L)2> S S & UM ™ E 351475, 0] ARGs (045 &/ [42]. R,  FUA 3 B 40 fo A4
HAFFIT ARGs MG . Lu 43050 KL, AgNPs Fl Ag(1)% 5% Aefi8 175 5 7242 ROS, 18 4 B4
ST JES 534 St S B, AT RP4 SR & AR K P #8 . fF ARGs AP E6REfE, )R ifadt
[Kl(korA . korB I trbA ZEHE[R) 247 57 ORI Fe e « MM E ML, BEm s LRI . Zhang 55([44]
WFFERE, 24 Cul). Ag). Cr(VDF Zn(I)ZREERT, korA. korB Fl trbA JE[KZRiE KT H LA [F REFE 1)
T KM, PuSE4S1HFFE AR, CAIDRFEIIREN 1~100 mg L' B, Rels 2 2 52 =4 i 4 i iz &
PE, MIREN 100 mg- L' I, AT DL 23 52 B T B R arbBp [13RIA /K . DNA #687KF, ik
PE 1 RP4 JFURL IR A Fe RN, (R ORI A 5%

2.2.3. BREB NS

IEAESR, BEFEN GLIZE GEPUA M HMs BCAT5 G AEA R BT B R R08, R I AL A7 % A
MRS KRG BAERNECA M, RICHEQ +1>2) #Hia + 1 <2)8 i + 1= 2)808[38].
XFPECA R S PR M HMs IR G BRERI ARV R 3 UM G, fln, fETI3Essrh,
Jie . PRI T (SMLZ) RS (14 1 [1) % 8 tof - 98 T 7 i 30 238 (PR ) FH 2 S8 1 Fl A A 9 1) 55 i R0 ok 58
FFEI ), R PRI SEEPIRN[46]. BhAh, i — A AR R (SM2) R (R EBG A5 15 Gt 200 1 A1 O 1
FERDUNFEIE, TR b RIS SR 471
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LA F A HMs A FEMEIE IR T BT RIS EA BAE R, s &ER, XA AT N
(48], PUAERIEE A RERTIMAE FEUE R (R EE . BRI, FEEMEIAL), X AU
B THUERMAEMR, &5 5 Ml =MEEHE 7 Cu, Zn?t, FeH R APY) %4, TERARE M
PiAER-EREEY(AMCs) [49]. PUAERMARMEREFIEES1]. &8 8 FHIEA[501LA IS pH A
[S1]EREMT AMCs JERU =AN R 3R, HRAS G RERR T =# NWea1EM . S5hFsdid 5= M HMs
FHEG, AMCs FIPDERAG 2 T R AR 2%, 30T s e LR B AT N A AR A R B AN [52], AT RE S ECE =% 1)
eGy5 e in)

SR, HAT K2 E A BVl 288 T 2B HAFETE, X ] BRIRAGBUS (GG R AR . PRk, gk
— WP RS HMs 8] (G B3 S AR ELAE FIALR, Soh T~ HERA P05 LR B A A2 25 KU IR A 2
J ) e A O EEL R
224. BABMUEESZE

ST AN BR A EIBE S AE . Bliss [S3]7E 1939 4E 1 VKR S W& B MEAE HI R AR 20 AR
. RS SRR, S L HERRE, C8H TS TSR R 2 M BEAER . —8%
ME, XETEmT LA N BURIERIFEEIE . BURIETE Al TR AT Yot s BAT B &) T 2R A 1)
P, B RZHE R & A T VP A B =S SRR, T =R DL ERR & RIS AR A
TRAEREAT 2 M BE VA [54]. T S kM e MRS S 2 IR A AR A, FRE0EE R 8] T K. 1851
R EAASERME AALIR(TU) [55]. HIEEEAD [56]. RAREMIEHIEWMTI) [57]4%, HFRH TU Kk
RAER G IR BRI N FH ) 2 [58]: TU Bkl B VRS WA /EF 5855, Wik &1
TU>1.2, W TU OIS e, JRAYH TU<0.8, W TU EU/N, PrREER B, 1.2>Tu>
0.8 I, WA INAERI[56].

3. MFEIEFEERR
3.1. )

FiE . E4JEHMs) L HFEREE (ARGs A1 MRGs) i 25 41 4 (ARBs) 75 H 485 1 AL 3R A B0 24
A AR AR R B B il — o BRFUR, XSS et N RIS, RIE R, Y. A, KRR AREERR
BiAr AT B AL 3, JEd G B BN BT 5 5 (0 e R A AN N ) e e N R AR . BARTR S, gk N 3%
PR ASPIA R HMs R BLEE WP M. PR (eSS e AR Wit 72 e A2 358 [59] [60].
bR, REMBOPUAERM HMs LA SRRt FE M ARBs 2t — s 13 - MY/204) &
gi[61]. BAh, PER-EEREEAYIAMCS) B2 A4 2 M HMs 2R .

HAEERRE, TP EFMED AL ARGs fll MRGs 1) = ZEHARFEIE L, 1575 4D 47
HMEYD IR A A R FE R B o WIE TR R [62], 3G E MR V& W] REss FAth A= WA R Ak 2 P 20 7 A
O, SR A A Sh RS A B B N A, TE LI - R ARG,
i ARGs Fl MRGs ) ARBs 7] ff{ %5 T- ki b, @ ROJAGURE A E B3 S KA 2 AR, LA
T SAFAE T KA H[63] 0 IXEE ST A I AT AR 7T R 51 A A= 78 KU A0 N A U, 75 7 LA B

BN,
3.2. BEXKE
M7, PUAEREEEEHM)E S5 R RAREN, EXTAEE RGN SEEREE XS H

SRRVE. WHRARW], AR SEERBNE ST 400 LIRS A CE s BAA BN, fln, B
FEER[641E M AT, DUPAZR-Cu R A5 G IR B A FEE R MR V40 £ v T8 —i5 e, TR 403
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T, AW IR I DR B AR B ) SR AR T8 5 gt. AN, EEFOSIIARIL, Cd 5LERES
5 30 B R R A A P R - B FR B T S ARUR B A R B I 0 AR T B35 e, T i v ik BE I
PR 4G 5% . Kong #[66] &, Cu MEBHRE AT REFFC 7 HEBMAEM I DIRE LS FEIE B SI1EM
SRV Z . ESMEYTEIET I, AT R RS R AR LT 5+ . Huang 4867|870 IL,
Cu S¥ N R ET5 G US| 3 B Z T i ey, R T ZE KGRI T Co MEE. £
T T PUER S B R R A5 FO R A 025 1 1 ZER B, B3t 13— 5 44 [68].
BRFELE[OO]MIRIL, PUERS Cu LRI S IX 2 ARSNGB B3 VEBE 45 5 LA 1S I & B Ja T e

BEAh, PUERME SRR G195 0a T el R8s, XA SAE BRI OEU . HMs A2 T
i3 AL X S TR 2k K A e, RV R 2 B i A AR 242 Rl (AR Gs) I S 2 AR B0 1
f, (HEATA] REE I KT 2R A (HGT)# ARGs 15545 \REUR #(HPB) [70]. BELERM, HETGRA
BB T 15 R AT EVERI R 6k, 302 NJR T RS R R

B2, AR SESENE ST REMNAS RGN AR ERMATZMN, BRE#H—DHAE
INEEAT NFRBS RS, DA B R HIBG 15 50 .
3.3. PHiEREE

NI R S EG RN E GT5 G, T RIS M X 25 el . /e LA, HEAE
AR 2 N PR, BA T E AR BRI AT R R [71], R SRS e s ik
R HEJE. PR (ARGs) M S Hi LRI (MRGs) B BIAEH . Cao 55 N[72]45 i, AN AT E
TEANRIFERE LA 7 Db i A e A 2 o B 4 SR B R S IR 838 B T P B K, it
Al oqxB. 7EZEAUAF B ) 5 G R iR R R 77 R, — SR 350 T tH A K

T ELHANES RS RPiE K. HMs. ARGs. MRGs. ARBs fil AMCs, B Hm sh A A o4
2 s 1] A A RIS PP PR e o P 100 s 28R B R [ P R R 0 1. SR A AR R A AR
AAEY Y. BRTH IR R AR LRGN, BalieE. MYBRE. SMBENEMEES. Mk
ZF, BHAMEE R MR WA LB EER, BARAMK. B3 BRI S .
Li 25 N[73100RF LB, BaiEE Xt 38 Cu Ml Zn ML R AR B3R, X tetM A tetW HiPEHRERE Y
LRBRMMT tetC M tetG FEDH, [RIIT 2 EH0H) T HUrEgn s v, APt OTC M i-F3 LB T
Bt SMX 411 .

HYMEEE—FhFIFHEDI R e, RS LIRS IS aBEEEAR, BAAEFHRIRT
B, AT IR B AAL SEAE T R Li 28 N[741 KB, FERR M 3B rhr, S RN T 5 5 3 U
HEMEYT R B A IR REe 1. siEE MRS ) LIEZh W) R H g iE ey, it — &5 RIS
TR ARG R . AEYMEE R AR LR ER N YL ) D RE A VB fif . b An
FRR ISR TR, VIR - AEME S E R ARIZEZ BN EPER-HMs 53 L5,
Duan 55 A [75]3E—30 &I, 2K AR % 5 5 R 2R 1R 1R B FH AU A 1T PR Cu AR IR B,
I HAH T Cu 55 ARGs [W3LiE#E, BEIKT ARGs FFEE, R T EAIE L5 - SEAS RGP EH.

4. fRE

HAT, VMU i, PR S E e mHEM) ERE P E ST RO 2 2 R0E. I
K, BWEFAERIE. EEHU L B A RS A B 5 S g S i AAS 1 e, HERETS
Bt FATI AL TR B AR TR BE— 2 TT J& LU AT AL

(1) WRAWFTEPUER - HEm B B 50 TR 3 10 ARGs 7K TR i FERE i (1 P9 AE A F 20 1 L
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(2) AGWTAFRIAN PP IR S HE RIS FF 0 ARGs £ KT HA2 1 R IE SRR,

IWERA R ARG 15 A2 il B SR LB 1 Bt o

) M TAEZRG T HUER HMs KETTHA R RS XK, 20— I R B KA PR ARA S T8

T R L RR AR, AT ST AN 6] 25 i G e IR R S5 B R G AR IR AN 1. BbAh, AU S SREAC
Pt DLRIGRIE S B ANAL T, 2 T A d AL g A R S HMs R G5 Y10 Bdh it -

() EERGTHIER-HMs RETSRAGTAVFZIGY), L BEEAREEAE AR B AR IBEE

ROR, FERA . BRI A3t Bt PR EDRZ B REEARKREBERAZ
FATIIEATI S, WRORES B RILS, aRAbAN L, SEBLE RS G R AR B

SE K

(1]

(2]

(3]

[10]

[11]

[12]

Liu, H., Zhou, J., Li, M., Hu, Y., Liu, X. and Zhou, J. (2019) Study of the Bioavailability of Heavy Metals from Atmos-
pheric Deposition on the Soil-Pakchoi (Brassica chinensis L.) System. Journal of Hazardous Materials, 362, 9-16.
https://doi.org/10.1016/j.jhazmat.2018.09.032

Chen, H., Wang, L., Hu, B., Xu, J. and Liu, X. (2022) Potential Driving Forces and Probabilistic Health Risks of Heavy
Metal Accumulation in the Soils from an E-Waste Area, Southeast China. Chemosphere, 289, Article ID: 133182.
https://doi.org/10.1016/j.chemosphere.2021.133182

Xi, B., Yu, H.,, Li, Y., Dang, Q., Tan, W., Wang, Y., et al. (2021) Insights into the Effects of Heavy Metal Pressure Driven
by Long-Term Treated Wastewater Irrigation on Bacterial Communities and Nitrogen-Transforming Genes along Ver-
tical Soil Profiles. Journal of Hazardous Materials, 403, Article ID: 123853.
https://doi.org/10.1016/j.jhazmat.2020.123853

Qian, X., Wang, Z., Shen, G., Chen, X., Tang, Z., Guo, C., et al. (2018) Heavy Metals Accumulation in Soil after 4 Years

of Continuous Land Application of Swine Manure: A Field-Scale Monitoring and Modeling Estimation. Chemosphere,
210, 1029-1034. https://doi.org/10.1016/j.chemosphere.2018.07.107

Zhang, H., Zhang, Q., Song, J., Zhang, Z., Chen, S., Long, Z., et al. (2020) Tracking Resistomes, Virulence Genes, and
Bacterial Pathogens in Long-Term Manure-Amended Greenhouse Soils. Journal of Hazardous Materials, 396, Article
ID: 122618. https://doi.org/10.1016/j.jhazmat.2020.122618

Zhao, W., Deng, J., Chi, S., Wang, W., Xu, L., Huang, Q., ef al. (2022) Sustainability Assessment of Topsoil Ecology
in Chongqing, China Based on the Application of Livestock and Poultry Manure. Journal of Cleaner Production, 358,
Article ID: 131969. https://doi.org/10.1016/.jclepro.2022.131969

Farias, P., Espirito Santo, C., Branco, R., Francisco, R., Santos, S., Hansen, L., et al. (2015) Natural Hot Spots for Gain
of Multiple Resistances: Arsenic and Antibiotic Resistances in Heterotrophic, Aerobic Bacteria from Marine Hydrother-
mal Vent Fields. Applied and Environmental Microbiology, 81, 2534-2543. https://doi.org/10.1128/aem.03240-14

Chen, D., Li, X.,Ni, L., Xu, D., Xu, Y., Ding, Y., et al. (2021) First Experimental Evidence for the Presence of Potentially
Toxic Vibrio Cholerae in Snails, and Virulence, Cross-Resistance and Genetic Diversity of the Bacterium in 36 Species
of Aquatic Food Animals. Antibiotics, 10, Article 412. https://doi.org/10.3390/antibiotics10040412

Chen, S., Li, X., Sun, G., Zhang, Y., Su, J. and Ye, J. (2015) Heavy Metal Induced Antibiotic Resistance in Bacterium
Lsjc7. International Journal of Molecular Sciences, 16, 23390-23404. https://doi.org/10.3390/ijms161023390

Tan, Y., Cao, X., Chen, S., Ao, X., Li, J., Hu, K., et al. (2023) Antibiotic and Heavy Metal Resistance Genes in Sewage
Sludge Survive during Aerobic Composting. Science of The Total Environment, 866, Article ID: 161386.
https://doi.org/10.1016/j.scitotenv.2023.161386

Wang, Z.F., Yun, H., Li, S., Ji, J., Khan, A., Fu, X.L., et al. (2022) Factors Influencing the Transfer and Abundance of
Antibiotic Resistance Genes in Livestock Environments in China. International Journal of Environmental Science and
Technology, 20, 2197-2208. https://doi.org/10.1007/s13762-022-04031-z

Zhang, Y., Gu, A.Z., Cen, T., Li, X., He, M., Li, D., et al. (2018) Sub-Inhibitory Concentrations of Heavy Metals Facil-
itate the Horizontal Transfer of Plasmid-Mediated Antibiotic Resistance Genes in Water Environment. Environmental
Pollution, 237, 74-82. https://doi.org/10.1016/j.envpol.2018.01.032

Gaidhani, S.V., Raskar, A.V., Poddar, S., et al. (2014) Time Dependent Enhanced Resistance against Antibiotics & Metal
Salts by Planktonic & Biofilm Form of Acinetobacter haemolyticus MMC 8 Clinical Isolate. Indian Journal of Medical
Research, 140, 665-671.

Gao, M., Song, W., Zhou, Q., Ma, X. and Chen, X. (2013) Interactive Effect of Oxytetracycline and Lead on Soil Enzy-

matic Activity and Microbial Biomass. Environmental Toxicology and Pharmacology, 36, 667-674.
https://doi.org/10.1016/j.etap.2013.07.003

DOI: 10.12677/0jns.2025.132037 365 FIAR R


https://doi.org/10.12677/ojns.2025.132037
https://doi.org/10.1016/j.jhazmat.2018.09.032
https://doi.org/10.1016/j.chemosphere.2021.133182
https://doi.org/10.1016/j.jhazmat.2020.123853
https://doi.org/10.1016/j.chemosphere.2018.07.107
https://doi.org/10.1016/j.jhazmat.2020.122618
https://doi.org/10.1016/j.jclepro.2022.131969
https://doi.org/10.1128/aem.03240-14
https://doi.org/10.3390/antibiotics10040412
https://doi.org/10.3390/ijms161023390
https://doi.org/10.1016/j.scitotenv.2023.161386
https://doi.org/10.1007/s13762-022-04031-z
https://doi.org/10.1016/j.envpol.2018.01.032
https://doi.org/10.1016/j.etap.2013.07.003

ERZLA

[23]

[24]

[25]

[29]

[32]

[33]

[34]

Xu, Y., Yu, W., Ma, Q., Zhou, H. and Jiang, C. (2017) Toxicity of Sulfadiazine and Copper and Their Interaction to
Wheat (Triticum aestivum L.) Seedlings. Ecotoxicology and Environmental Safety, 142, 250-256.
https://doi.org/10.1016/j.ecoenv.2017.04.007

Yu, Z., Yin, D. and Deng, H. (2015) The Combinational Effects between Sulfonamides and Metals on Nematode Cae-
norhabditis Elegans. Ecotoxicology and Environmental Safety, 111, 66-71. https://doi.org/10.1016/j.ecoenv.2014.09.026
Nguyen, C.C., Hugie, C.N., Kile, M.L. and Navab-Daneshmand, T. (2019) Association between Heavy Metals and An-
tibiotic-Resistant Human Pathogens in Environmental Reservoirs: A Review. Frontiers of Environmental Science &
Engineering, 13, Article No. 46. https://doi.org/10.1007/s11783-019-1129-0

Zhang, J., Yang, M., Zhong, H., Liu, M., Sui, Q., Zheng, L., et al. (2018) Deciphering the Factors Influencing the Dis-
crepant Fate of Antibiotic Resistance Genes in Sludge and Water Phases during Municipal Wastewater Treatment. Bio-
resource Technology, 265, 310-319. https://doi.org/10.1016/j.biortech.2018.06.021

Agga, G.E., Scott, H.M., Amachawadi, R.G., Nagaraja, T.G., Vinasco, J., Bai, J., et al. (2014) Effects of Chlortetracy-
cline and Copper Supplementation on Antimicrobial Resistance of Fecal Escherichia Coli from Weaned Pigs. Preventive
Veterinary Medicine, 114, 231-246. https://doi.org/10.1016/j.prevetmed.2014.02.010

Kuppusamy, S., Kakarla, D., Venkateswarlu, K., Megharaj, M., Yoon, Y. and Lee, Y.B. (2018) Veterinary Antibiotics
(VAs) Contamination as a Global Agro-Ecological Issue: A Critical View. Agriculture, Ecosystems & Environment, 257,
47-59. https://doi.org/10.1016/j.agee.2018.01.026

Wang, J., Chu, L., Wojnarovits, L. and Takacs, E. (2020) Occurrence and Fate of Antibiotics, Antibiotic Resistant Genes
(ARGs) and Antibiotic Resistant Bacteria (ARB) in Municipal Wastewater Treatment Plant: An Overview. Science of
the Total Environment, 744, Article ID: 140997. https://doi.org/10.1016/j.scitotenv.2020.140997

Cheng, M., Wu, L., Huang, Y., Luo, Y. and Christie, P. (2014) Total Concentrations of Heavy Metals and Occurrence
of Antibiotics in Sewage Sludges from Cities Throughout China. Journal of Soils and Sediments, 14, 1123-1135.
https://doi.org/10.1007/s11368-014-0850-3

UL, FWHR, ki, 2 T E R X R K U R RS P A R BT R S S BRI ], 3
BRI SIEIRZ5%, 2016, 36(9): 52-54.

FRERE, AR, KRR, 5 TR P DUFR 3R NI 2R U R R 75 G IR D). UM YE R 224 (H R
REEERR), 2020, 19(6): 39-47.

Yang, J., Wang, J., Qiao, P., Zheng, Y., Yang, J., Chen, T., et al. (2020) Identifying Factors That Influence Soil Heavy
Metals by Using Categorical Regression Analysis: A Case Study in Beijing, China. Frontiers of Environmental Science
& Engineering, 14, Article No. 37. https://doi.org/10.1007/s11783-019-1216-2

Hu, Y., Gao, G.F. and Zhu, B. (2017) The Antibiotic Resistome: Gene Flow in Environments, Animals and Human
Beings. Frontiers of Medicine, 11, 161-168. https://doi.org/10.1007/s11684-017-0531-x

Gupta, S., Graham, D.W., Sreekrishnan, T.R. and Ahammad, S.Z. (2023) Heavy Metal and Antibiotic Resistance in Four
Indian and UK Rivers with Different Levels and Types of Water Pollution. Science of the Total Environment, 857, Article
ID: 159059. https://doi.org/10.1016/].scitotenv.2022.159059

Zhou, B., Wang, C., Zhao, Q., Wang, Y., Huo, M., Wang, J., et al. (2016) Prevalence and Dissemination of Antibiotic
Resistance Genes and Coselection of Heavy Metals in Chinese Dairy Farms. Journal of Hazardous Materials, 320, 10-
17. https://doi.org/10.1016/j.jhazmat.2016.08.007

Lima, N.C.B., Tanmoy, A.M., Westeel, E., de Almeida, L.G.P., Rajoharison, A., Islam, M., et al. (2019) Analysis of
Isolates from Bangladesh Highlights Multiple Ways to Carry Resistance Genes in Salmonella Typhi. BMC Genomics,
20, Article No. 530. https://doi.org/10.1186/s12864-019-5916-6

Teitzel, G.M. and Parsek, M.R. (2003) Heavy Metal Resistance of Biofilm and Planktonic Pseudomonas aeruginosa.
Applied and Environmental Microbiology, 69, 2313-2320. https://doi.org/10.1128/aem.69.4.2313-2320.2003

Gupta, S., Graham, D.W., Sreekrishnan, T.R. and Ahammad, S.Z. (2022) Effects of Heavy Metals Pollution on the Co-
Selection of Metal and Antibiotic Resistance in Urban Rivers in UK and India. Environmental Pollution, 306, Article
ID: 119326. https://doi.org/10.1016/j.envpol.2022.119326

Ding, P., Lu, J., Wang, Y., Schembri, M.A. and Guo, J. (2022) Antidepressants Promote the Spread of Antibiotic Resistance
via Horizontally Conjugative Gene Transfer. Environmental Microbiology, 24, 5261-5276.
https://doi.org/10.1111/1462-2920.16165

Wang, Y., Lu, J., Mao, L., Li, J., Yuan, Z., Bond, P.L., ef al. (2018) Antiepileptic Drug Carbamazepine Promotes Hori-
zontal Transfer of Plasmid-Borne Multi-Antibiotic Resistance Genes within and across Bacterial Genera. The ISME
Journal, 13, 509-522. https://doi.org/10.1038/s41396-018-0275-x

Frost, L.S., Leplae, R., Summers, A.O. and Toussaint, A. (2005) Mobile Genetic Elements: The Agents of Open Source
Evolution. Nature Reviews Microbiology, 3, 722-732. https://doi.org/10.1038/nrmicro1235

DOI: 10.12677/0jns.2025.132037 366 FIAR R


https://doi.org/10.12677/ojns.2025.132037
https://doi.org/10.1016/j.ecoenv.2017.04.007
https://doi.org/10.1016/j.ecoenv.2014.09.026
https://doi.org/10.1007/s11783-019-1129-0
https://doi.org/10.1016/j.biortech.2018.06.021
https://doi.org/10.1016/j.prevetmed.2014.02.010
https://doi.org/10.1016/j.agee.2018.01.026
https://doi.org/10.1016/j.scitotenv.2020.140997
https://doi.org/10.1007/s11368-014-0850-3
https://doi.org/10.1007/s11783-019-1216-2
https://doi.org/10.1007/s11684-017-0531-x
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1016/j.jhazmat.2016.08.007
https://doi.org/10.1186/s12864-019-5916-6
https://doi.org/10.1128/aem.69.4.2313-2320.2003
https://doi.org/10.1016/j.envpol.2022.119326
https://doi.org/10.1111/1462-2920.16165
https://doi.org/10.1038/s41396-018-0275-x
https://doi.org/10.1038/nrmicro1235

R A

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[53]
[54]

[55]

Lau, S.Y. and Zgurskaya, H.I. (2005) Cell Division Defects in Escherichia coli Deficient in the Multidrug Efflux Trans-
porter AcrEF-TolC. Journal of Bacteriology, 187, 7815-7825. https://doi.org/10.1128/jb.187.22.7815-7825.2005

Zhang, H., Song, J., Zheng, Z., Li, T., Shi, N., Han, Y., et al. (2023) Fungicide Exposure Accelerated Horizontal Transfer
of Antibiotic Resistance Genes via Plasmid-Mediated Conjugation. Water Research, 233, Article ID: 119789.
https://doi.org/10.1016/j.watres.2023.119789

Li, W. and Zhang, G. (2022) Detection and Various Environmental Factors of Antibiotic Resistance Gene Horizontal
Transfer. Environmental Research, 212, Article ID: 113267. https://doi.org/10.1016/j.envres.2022.113267

Wang, M., Lian, Y., Wang, Y. and Zhu, L. (2023) The Role and Mechanism of Quorum Sensing on Environmental
Antimicrobial Resistance. Environmental Pollution, 322, Article ID: 121238.
https://doi.org/10.1016/j.envpol.2023.121238

Xu, Y., Zhou, Y., Ruan, J., Xu, S., Gu, J., Huang, S., et al. (2015) Endogenous Nitric Oxide in Pseudomonas Fluorescens
ZY?2 as Mediator against the Combined Exposure to Zinc and Cefradine. Ecotoxicology, 24, 835-843.
https://doi.org/10.1007/s10646-015-1428-6

Su, Y., Wu, D., Xia, H., Zhang, C., Shi, J., Wilkinson, K.J., et al. (2019) Metallic Nanoparticles Induced Antibiotic
Resistance Genes Attenuation of Leachate Culturable Microbiota: The Combined Roles of Growth Inhibition, Ion Dis-
solution and Oxidative Stress. Environment International, 128, 407-416. https://doi.org/10.1016/j.envint.2019.05.007

Lin, H., Jiang, L., Li, B., Dong, Y., He, Y. and Qiu, Y. (2019) Screening and Evaluation of Heavy Metals Facilitating
Antibiotic Resistance Gene Transfer in a Sludge Bacterial Community. Science of The Total Environment, 695, Article
ID: 133862. https://doi.org/10.1016/j.scitotenv.2019.133862

Li, W., Zhang, W., Zhang, M., Lei, Z., Li, P., Ma, Y., et al. (2022) Environmentally Relevant Concentrations of Mercury
Facilitate the Horizontal Transfer of Plasmid-Mediated Antibiotic Resistance Genes. Science of the Total Environment,
852, Article ID: 158272. https://doi.org/10.1016/j.scitotenv.2022.158272

Lu, J., Wang, Y., Jin, M., Yuan, Z., Bond, P. and Guo, J. (2020) Both Silver lons and Silver Nanoparticles Facilitate the
Horizontal Transfer of Plasmid-Mediated Antibiotic Resistance Genes. Water Research, 169, Article ID: 115229.
https://doi.org/10.1016/j.watres.2019.115229

Zhang, Y., Gu, A.Z., Cen, T., Li, X., He, M., Li, D., et al. (2018) Sub-Inhibitory Concentrations of Heavy Metals Facil-

itate the Horizontal Transfer of Plasmid-Mediated Antibiotic Resistance Genes in Water Environment. Environmental Pol-
lution, 237, 74-82. https://doi.org/10.1016/j.envpol.2018.01.032

Pu, Q., Fan, X., Li, H., An, X., Lassen, S.B. and Su, J. (2021) Cadmium Enhances Conjugative Plasmid Transfer to a
Fresh Water Microbial Community. Environmental Pollution, 268, Article ID: 115903.
https://doi.org/10.1016/j.envpol.2020.115903

Zhou, C., Gao, Y., Ma, Q., Xia, Z., Zhu, M., Zhang, X., et al. (2023) The Single and Combined Effects of Sulfamethazine

and Cadmium on Soil Nitrification and Ammonia-Oxidizing Microorganisms. Environmental Science and Pollution Re-
search, 30, 56108-56120. https://doi.org/10.1007/s11356-023-26141-y

Wang, L., Xia, X., Zhang, W., Wang, J., Zhu, L., Wang, J., et al. (2019) Separate and Joint Eco-Toxicological Effects
of Sulfadimidine and Copper on Soil Microbial Biomasses and Ammoxidation Microorganisms Abundances. Chemosphere,
228, 556-564. https://doi.org/10.1016/j.chemosphere.2019.04.165

Wang, T., Zhang, J., Tao, M., Xu, C. and Chen, M. (2021) Quantitative Characterization of Toxicity Interaction within
Antibiotic-Heavy Metal Mixtures on Chlorella Pyrenoidosa by a Novel Area-Concentration Ratio Method. Science of
the Total Environment, 762, Article ID: 144180. https://doi.org/10.1016/j.scitotenv.2020.144180

Khurana, P., Pulicharla, R. and Kaur Brar, S. (2021) Antibiotic-metal Complexes in Wastewaters: Fate and Treatment
Trajectory. Environment International, 157, Article ID: 106863. https://doi.org/10.1016/j.envint.2021.106863

Chang, P, Li, Z., Jean, J., Jiang, W., Wu, Q., Kuo, C., et al. (2013) Desorption of Tetracycline from Montmorillonite by
Aluminum, Calcium, and Sodium: An Indication of Intercalation Stability. International Journal of Environmental Sci-
ence and Technology, 11, 633-644. https://doi.org/10.1007/s13762-013-0215-2

Wenlong, B. and Dong, W. (2020) Influence of Fe(IlT)-OTC Complex on Degradation of OTC with Fe(II)/H202 under
Simulated Solar Light. Water and Environment Journal, 35, 425-433. https://doi.org/10.1111/wej.12640

Pulicharla, R., Hegde, K., Brar, S.K. and Surampalli, R.Y. (2017) Tetracyclines Metal Complexation: Significance and
Fate of Mutual Existence in the Environment. Environmental Pollution, 221, 1-14.
https://doi.org/10.1016/j.envpol.2016.12.017

FYRAE, R, R, EATS I AREERI]. MAHAS SR, 2001(3): 469-473.

Meadows, S.L., Gennings, C., Carter, W.H. and Bae, D. (2002) Experimental Designs for Mixtures of Chemicals along
Fixed Ratio Rays. Environmental Health Perspectives, 110, 979-983. https://doi.org/10.1289/ehp.02110s6979

Van Regenmortel, T., Nys, C., Janssen, C.R., Lofts, S. and De Schamphelaere, K.A.C. (2017) Comparison of Four

DOI: 10.12677/0jns.2025.132037 367 FIAR R


https://doi.org/10.12677/ojns.2025.132037
https://doi.org/10.1128/jb.187.22.7815-7825.2005
https://doi.org/10.1016/j.watres.2023.119789
https://doi.org/10.1016/j.envres.2022.113267
https://doi.org/10.1016/j.envpol.2023.121238
https://doi.org/10.1007/s10646-015-1428-6
https://doi.org/10.1016/j.envint.2019.05.007
https://doi.org/10.1016/j.scitotenv.2019.133862
https://doi.org/10.1016/j.scitotenv.2022.158272
https://doi.org/10.1016/j.watres.2019.115229
https://doi.org/10.1016/j.envpol.2018.01.032
https://doi.org/10.1016/j.envpol.2020.115903
https://doi.org/10.1007/s11356-023-26141-y
https://doi.org/10.1016/j.chemosphere.2019.04.165
https://doi.org/10.1016/j.scitotenv.2020.144180
https://doi.org/10.1016/j.envint.2021.106863
https://doi.org/10.1007/s13762-013-0215-2
https://doi.org/10.1111/wej.12640
https://doi.org/10.1016/j.envpol.2016.12.017
https://doi.org/10.1289/ehp.02110s6979

ERZLA

[61]

[62]

[63]

[65]
[66]

[67]

[68]

Methods for Bioavailability-Based Risk Assessment of Mixtures of Cu, Zn, and Ni in Freshwater. Environmental Toxi-
cology and Chemistry, 36, 2123-2138. https://doi.org/10.1002/etc.3746

Marking, L. (1977) Method for Assessing Additive Toxicity of Chemical Mixtures. In: Mayer, F.L. and Hamelink, J.L.,
Eds., Aquatic Toxicology and Hazard Evaluation, ASTM International, 99-108. https://doi.org/10.1520/stp32392s

Christensen, E.R.C.C. (1989) Modeling of Combined Toxic Effects of Chemicals. Hazard Assessment of Chemicals, 6,
125-186.

Lin, Z., Yin, K., Shi, P., Wang, L. and Yu, H. (2003) Development of QSARs for Predicting the Joint Effects between
Cyanogenic Toxicants and Aldehydes. Chemical Research in Toxicology, 16, 1365-1371.
https://doi.org/10.1021/tx025687a

Pan, M. and Chu, L.M. (2017) Fate of Antibiotics in Soil and Their Uptake by Edible Crops. Science of the Total Envi-
ronment, 599, 500-512. https://doi.org/10.1016/j.scitotenv.2017.04.214

Deng, H., Tu, Y., Wang, H., Wang, Z., Li, Y., Chai, L., ef al. (2022) Environmental Behavior, Human Health Effect, and
Pollution Control of Heavy Metal(loid)s toward Full Life Cycle Processes. Eco-Environment & Health, 1, 229-243.
https://doi.org/10.1016/j.eehl.2022.11.003

Lin, H., Wang, Z., Liu, C. and Dong, Y. (2022) Technologies for Removing Heavy Metal from Contaminated Soils on
Farmland: A Review. Chemosphere, 305, Article ID: 135457. https://doi.org/10.1016/j.chemosphere.2022.135457
Banerjee, S. and van der Heijden, M.G.A. (2022) Soil Microbiomes and One Health. Nature Reviews Microbiology, 21,
6-20. https://doi.org/10.1038/s41579-022-00779-w

Chen, P., Guo, X. and L1, F. (2022) Antibiotic Resistance Genes in Bioaerosols: Emerging, Non-Ignorable and Pernicious
Pollutants. Journal of Cleaner Production, 348, Article ID: 131094. https://doi.org/10.1016/j.jclepro.2022.131094

FergE. TR 588 &75 45t HIEm A E R EY A KK MD]: [fit220018 ). B R Mok K,
2010.
EE, Sk, a5 LR AT Y IR R EEEE R RS [)]. K AR R R, 2014, 34(6): 101-108.

Kong, W., Zhu, Y., Fu, B., Marschner, P. and He, J. (2006) The Veterinary Antibiotic Oxytetracycline and Cu Influence
Functional Diversity of the Soil Microbial Community. Environmental Pollution, 143, 129-137.
https://doi.org/10.1016/j.envpol.2005.11.003

Huang, R., Wen, B., Pei, Z., Shan, X., Zhang, S. and Williams, P.N. (2009) Accumulation, Subcellular Distribution and
Toxicity of Copper in Earthworm (Eisenia fetida) in the Presence of Ciprofloxacin. Environmental Science & Technology,
43, 3688-3693. https://doi.org/10.1021/es900061t

Zhu, Y., Johnson, T.A., Su, J., Qiao, M., Guo, G., Stedtfeld, R.D., et al. (2013) Diverse and Abundant Antibiotic Re-

sistance Genes in Chinese Swine Farms. Proceedings of the National Academy of Sciences of the United States of Amer-
ica, 110, 3435-3440. https://doi.org/10.1073/pnas.1222743110

BEE, EEAE, REA, S PUERMMIBCE /FAD T SRR AR AL R R[], SAEREERTTL, 2015, 28(7):
1085-1090.

Chen, Q., Cui, H., Su, J., Penuelas, J. and Zhu, Y. (2019) Antibiotic Resistomes in Plant Microbiomes. Trends in Plant
Science, 24, 530-541. https://doi.org/10.1016/j.tplants.2019.02.010

Ezugworie, F.N., Igbokwe, V.C. and Onwosi, C.O. (2021) Proliferation of Antibiotic-Resistant Microorganisms and
Associated Genes during Composting: An Overview of the Potential Impacts on Public Health, Management and Future.
Science of the Total Environment, 784, Article ID: 147191. https://doi.org/10.1016/j.scitotenv.2021.147191

Cao, Y., Zhao, J., Wang, Q., Bai, S., Yang, Q., Wei, Y., ef al. (2022) Industrial Aerobic Composting and the Addition
of Microbial Agents Largely Reduce the Risks of Heavy Metal and ARG Transfer through Livestock Manure. Ecotoxi-
cology and Environmental Safety, 239, Article ID: 113694. https://doi.org/10.1016/j.ecoenv.2022.113694

Li, H., Tian, Y., Liu, W, Long, Y., Ye, J., Li, B., et al. (2020) Impact of Electrokinetic Remediation of Heavy Metal
Contamination on Antibiotic Resistance in Soil. Chemical Engineering Journal, 400, Article ID: 125866.
https://doi.org/10.1016/j.cej.2020.125866

Li, X., Zhu, W., Meng, G., Guo, R. and Wang, Y. (2020) Phytoremediation of Alkaline Soils Co-Contaminated with
Cadmium and Tetracycline Antibiotics Using the Ornamental Hyperaccumulators Mirabilis jalapa L. and Tagetes patula
L. Environmental Science and Pollution Research, 27, 14175-14183. https://doi.org/10.1007/s11356-020-07975-2

Duan, M., Li, Z., Yan, R., Zhou, B., Su, L., Li, M., ef al. (2023) Mechanism for Combined Application of Biochar and
Bacillus Cereus to Reduce Antibiotic Resistance Genes in Copper Contaminated Soil and Lettuce. Science of the Total
Environment, 884, Article ID: 163422. https://doi.org/10.1016/j.scitotenv.2023.163422

DOI: 10.12677/0jns.2025.132037 368 FIAR R


https://doi.org/10.12677/ojns.2025.132037
https://doi.org/10.1002/etc.3746
https://doi.org/10.1520/stp32392s
https://doi.org/10.1021/tx025687a
https://doi.org/10.1016/j.scitotenv.2017.04.214
https://doi.org/10.1016/j.eehl.2022.11.003
https://doi.org/10.1016/j.chemosphere.2022.135457
https://doi.org/10.1038/s41579-022-00779-w
https://doi.org/10.1016/j.jclepro.2022.131094
https://doi.org/10.1016/j.envpol.2005.11.003
https://doi.org/10.1021/es900061t
https://doi.org/10.1073/pnas.1222743110
https://doi.org/10.1016/j.tplants.2019.02.010
https://doi.org/10.1016/j.scitotenv.2021.147191
https://doi.org/10.1016/j.ecoenv.2022.113694
https://doi.org/10.1016/j.cej.2020.125866
https://doi.org/10.1007/s11356-020-07975-2
https://doi.org/10.1016/j.scitotenv.2023.163422

	抗生素与重金属联合暴露对抗生素抗性基因影响的研究进展
	摘  要
	关键词
	Research Progress on the Effects of Combined Exposure to Antibiotics and Heavy Metals on Antibiotic Resistance Genes
	Abstract
	Keywords
	1. 引言
	2. 主要来源和复合机制
	2.1. 主要来源
	2.2. 联合暴露机制
	2.2.1. 抗性共选择机制
	2.2.2. 氧化应激机制
	2.2.3. 联合毒性机制
	2.2.4. 联合毒性定量方法


	3. 环境归趋和潜在风险
	3.1. 环境归趋
	3.2. 潜在风险
	3.3. 防控策略

	4. 展望
	参考文献

