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Joint toxicity and resistance mutation-inducing effect of antibiotics and
AgNPs on Escherichia coli

HAN Xiaofeng'"* WANG Liang’® NING Qing' TIAN Dayong*
WANG Dali' ** YOU Jing'
(1. School of Environment, Jinan University, Guangzhou, 511486, China; 2. College of Chemistry and Environmental
Engineering, Anyang Institute of Technology, Anyang, 455099, China; 3. Wuhan Ecological Environment Monitoring
Center, Department of Ecology and Environment of Hubei Province, Wuhan, 430022, China)

Abstract Antibiotics and nanosilver (AgNPs) are extensively applied in their respective fields and
have high probability to co-exist in the environment, posing joint exposure risks on environmental
organisms, especially on bacterial communities. However, the combined effects of antibiotics and
AgNPs on bacterial growth and bacterial resistance mutations remain largely underexplored. In this
study, the single and joint effects of two antibiotics (tetracycline and chloramphenicol) and AgNPs
(10—15 nm) on bacterial growth and resistance mutations were investigated using Escherichia coli as
a model bacterium, and the underlying mechanisms for the joint effects were explored. The results

suggested that the antibiotics and AgNPs had synergistic effects on bacterial growth whilst
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antagonistic effects on the mutation frequency of E. coli against rifampicin, in comparison with their
single actions. Furthermore, DNA sequencing and molecular docking results showed that point
mutations occurred on rpoB gene that encodes the rifampicin target protein, leading to a decrease in
the binding energy of the mutated protein with rifampicin. In addition, qPCR results showed that the
gene expressions of 7poS, dinB and mutS in E. coli were significantly promoted upon exposure to
antibiotics and AgNPs mixtures, which was likely a major cause for the significant decrease of the
resistance mutations. This study is conducive to a comprehensive understanding of the environmental
and health risks of combined exposure to antibiotics and AgNPs and provides a reference for
assessment of their joint exposure risks.

Keywords nanosilver, antibiotics, Escherichia coli, combined toxicity, resistance mutation.

PULE R PR W T B 7 A SR A8 A U, T BOAEE i A Rk B IO AT, EE R TR K415
H, B i A P AR R AR R L GORERRE — A R AP BT, R T KA R R A AR, I
FEEL A . BEIT . G SURUEAA SEAT Al A R e AT Y o), DRI PR AN W S B Ml A7 A 9 K AR AR BA ). [RIEF, F
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AR JE AR P A AR R 2GR ) FE R R 22—, G A e SR PR TR A i B A e AR v A A R 2
BCECHES B AR Ak, A B 0 R e L R | AT A A A, O R B R AR AR R 2 R A ) S AR )
NP R AR R, MR EDTA: R DS FEEUAE R 2 ERTT, Btk o848 29l W 5 4 i
140, Manna 5504 % B, PR 220 W6 U2 BR A% 38 18 175 2 R I AT I fold BRI 2872, {6 o A 2= i i
2k Lu S50 & B, =GR R HE fabl ., firdD . marR . acrR Fl soxR %53 R B 28 748 1) g 25 42 5 RIg AT
DX Z R i A R A 251 BLAh, Ol AR, QUK A RNk ALO; Fil ZnO 55 BEM% 38 11 15 5 240
AL A P AR Rl (ROS) 7™ 2, A 20 R X B 26 2R BT 2 A8 1L BRI, AR OK R A S —Fiie FH B 4 oK
PUTR R, FLXGT 20 BB 1 53 728 (4 52 M v oA DA G A i . 0 J B0 02, H TR KRR G T 2 B —T5 L)
Xof A P BT S A8 B 520, BT AR 3R FN AN KA RHIC G % 0k Al BT B0 14k 98 28 1 5 W AT A5 1R it — 200 5

2 B DY FF 2% (Tetracycline, TET) . 48,45 2 ( Chloramphenicol, CHL ) F1 4% K4 ( AgNPs ) 1k Jy B 5%
X1, LLKIGAT R (E. coli) YEABEHN TR, M 5E 1 B AE 22 FNANOKAR 43 1) B — IR A5V FH ) X 248 77 7 A 4
IR LA S it 28 A8 75 S 20007, 1 By DNA I3 R 23 - X 4245 6 19 07 CB kT 240 81 10 0Pk 28 28 67 55
FIpTHEMLE, [FEF R B qPCR 2 AR M 2 1 40 14 A PN 5 28 28 40 5C 19 L I 3R 38 (rpoS., recA. lexA. dinB.
mutS Fl uvrD) , X5 R FGPKE A G BT RS T AN AT 10025 B HL R e .

1 MBLE )7 (Materials and methods)

11 SR A

SEI6 B FH AR 2 40 B o K AT B MG 1655, 113K H Biovector /A F . B & (> 98%) . JUIAFK (>
98%) . FIHEF- (> 98% ) FIZHKAE (10—15 nm) 25 AL AR50 2 Wy [ BaThr T 3570 A7 BR 2 .
1.2 #EHE

PR WAFFEHFE] S mL () MH 855583 (FRKEEEE A 17.5 gL FRRER 3 gL' JEM 1.5gL ",
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Big 15 gL, pH=7.0—7.2) 1, 37 °C 7 T 1557 2 ODsgg(590 nm ZbEHE ) 15 2 0.5. 5, K B
M 10° A5 )5 IS A N TRk BE R 9 T 1) 96 LA . A VR FE B 3 A4S PAT, R 152 B 25 1 %) R 20
B FLACE T 37 °C K537 24 h, B FEEFR O 2 4 FL OD 1H. Z )5, T AR MR BE Ak A 10 %) 4l ol 18 A= 4
iR (1), 2 e =3 il £k ( concentration—response curves, CRCs) 1 3k 15 2 #1ll il ¥k & ( 50%
inhibiting concentration, 1Cs).
ODs90,0 — ODsgq;

OD590,O

FR 4 B — PRI A 19 1Cs (B PR R MAR AR 4% G i PE BT R A VR, Ml e — iR &
T TR U 22 6 A0 T 0 A A RIAE F , SRASIR AW B9 1Cs 18 I 41, SR FH € BE i FN ( concentration addition,
CA) LAY, ARG HTAE 2 RGOK AR B — B 45 2R, WWER A E FH B9 CRCs. CA #8538 F T HAT A UE HAL
il A YA BRI R IO, I BRI TR R A B AR AR A, BB H MR 5L 5%
ZH 2R I H: 95% AR X 0] 5 CA WAl 2k FH B 1, —JuiR & FE M R AN, 13 F CA FEAY gh 28 1)
A AT DUESE, B0 53 000 Sy B R RS B AsOn T. CA AR BB 4 2 (2) R e,

Pl P2
EC,, =1+ —— (2)
. ECy,1 ' ECy,2

X1 EC,,, AL E] y(%) MHIREHR A A R T 1SR EE, EC,, I EC,, AIKF] y(%) M 5205 253 1 A0
2 HCEE, P1 RN P2 SRoRTR G dl 23 1 0 2 Jir o A9 R B2 L f31)
1.3 Ptk g AR MR M i

KIGFEFETE 96 FLAR o 2 588 T R4 7 24 h )5, ¥ B LAY B W (200 pL) IRAE ] 1.5 mL &0 %
H O IR VR 3 G EBT BT B (20 pL) R B S I ERUH BRAC RS 2 5 H 80 mg L' Il 48
) MH [BRREFE3E 1, 7E 37 °C M FREF 48 h 5 Go it B VA 50X Ny, Ny BIVA AR AL R & A2 2878 i 41
T80 T IS 3 e o 8 A B, ) FH S & A - 1 MIHL [T AR % 35 i, 05 T80 A 0 v 1 A4 T e B V. T gt
AN (3) TR TR AR 5.

Inh(%)= x 100% (D

p=a (3)

1.4 S8 s E

BENLHLE BT AR - 0% Hh 0l 24 1RV, HERh 2 8RR T MH WA SR 3R, OF T 37 ¢ fHIR
TR A TR0 . T DNA R BOAH & (A T A9, i) 42 U4 I 2 DNA, #5149
5'-AAGCTCATCGATATCCGTAACG-3"fll 5'-GCACGTCGCCACGTTCAACC-3'%} rpoB A F Bt ¥t 47
PCR #"##1%, PCR ¥ 34 1 F i FHE AR T M. 76 96 °C FHEAT 1 NEIR, 4513 8] 4 1 min; 78 96 °C F iF
1726 AR, CREFISE 4 10 s5 76 50 °C -7 5 s, S 7E 60 C LA 4 min. §7 3G J5 (9 7 Wy il IS fE b et
JE HL K AT AR, O 7 ) 4l Ak JS R AT A BRI CABI 3730) .l P 45 SR 3 i DNASTAR 4% {4
MegAlign R H 1 22 17 51 U AT R Y, $FEAS 7 51 545 UE rpoB J7 511 (NCBI 4i %5 24 NC_000913.3) #17 L
XF, AR TE 51 S hR A 0 v 0 B i 2 S B Ry 9748 kA AV
1.5 ZrfxrdE

MR B 45 R B 1 ( https://www.resb.org) HAR BRI AT & th AR T i8R 2 11, B RNA KA
1) = LR (G5 o SUAC) . AR i 20 187 58 A8 057 s S Gt i 2 2 R A8 fk., {1 FH PremPS (hitps://lilab.jysw.
suda.edu.cn/research/PremPS/) 7t £k IR 55 4 @ LA SUAC M Fi M i = 78 85 H B = 458 . 9% )5 i 1
Discovery Studio #f:H1Y) CDOCKER #i, H4 B A= 8 55 545 J5 28 1 43 0l 5 R AR P-4 37 %42, 3R15
Y 2 AUFN G748 I AR SRR T2 X A BAE FHRE R/
1.6 P RIEM E

ARIFFEERE T 6 N5 RAM I IENA: rpoS, lexA. recA. dinB. mutS Fl uvrD, Il € T P R FGHK
R ) BRI R A5 A P R X 3k S 5 PR S SR A 52 el , BT 9 5 | 900 1 9 25 2% 22 i 1 SR Y. ELAAR ST 56 20 3R
WF e B UCEEAS [FIAL BRZH A 240 T, i trizol 1R G 42 UGN RNA, FBRIEZH T DNA 4451 f5 i % 5k,
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i i PCR 9™ A5 B DR E I BUE (C,), IF FHAHXS & 2 (relative quantitative, RQ) ¥ X &4l #4717

—Ab. BT IR ) RQ (TN 1, AR R IR 22 5, HE4E )y FET A = (4—6):
AC, = Cppaem — Consmaem @
AAC, = AC s — ACoisan (5)
RQ = 27246 6

Y, AC, 52 FNAC, 3¢ g 73 1 2275 H AR EE PR 505 HRBE DR AR A0 34 190 1B 22 {8, AAC, R % i 20 A0 IR 4
AR A ER B (A 22 (5, RQ J2FE N IR IR AL S5 % BRAH LE.

2 £EER 545718 (Results and discussion)

2.1 PrAE R NGRS K R i B — R G

TSI T B AE G RAR 43 S Bk FH X AR B AR K IR . 25 R 1 (a) BT, B AR
TRV K Xt 240 BT A9 A A 0 T PR 34 S B TRY ) S TR B A5 Ry 96 2R KR X K I o ) T v KT
PUFR R G R, KA 1Cso {54 0.61—1.18 pumol-L™", 1fij PU A 2 FI 44 55 K 1Y 1Cso 1853 51
1.29—1.52 umol-L™" f1 1.92—2.64 umol-L™" (£ 1). MAh, ARIFFTIBME T4 5 F (AgNO; ) XK
FER A EEPE, H ICso R 0.32—0.43 pmol-L ™, 182 K T KR AN AE R MM B 800. BEfS, MAE 17290
KRBT 5EER . TR RGBS, BA1E R BERON R 5 R — & WAE L, #
FI A HA ) S BRIk BE RO it 2. —JTiR B9 1Cso [ AE 0.6—1.0 pmol- L™ Z[A] (5% 1), Hp U &
FNG R AR DL B 85 R AR AR 1 T BB X KM FF A1 1% 35 M 8007 AR X A8 R, 1Cs0 1B 3 51 R 0.41—
0.74 pmol-L™" 1 0.72—1.02 pumol-L™", 1fij P4 & FER 25+ M 5455 3 AR 25 19 Z ek & X RImAT i
BEPERON AR5, H ICs 183514 0.65—1.27 pmol-L™" 1 0.77—1.18 pmol-L™",

BEJ5 LS T CA BERY 5 STUGARAS TR & W ) s it 2 i OC & A 1b Fi e IR, Btk Z gk
BRIBEA A P A e B 5500 i 4R Y9 7E CA BB 22N, — % e A TR PE S B [R5 5 2 AN RIS, Pk
AR B 1Y CA BIAY 2R 34 7 2 #8211 95% A5 X N, 3R W] 35 B 3 0 AH ELVE FH 2SS A8
OV (] 1d File).
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1 ZKE(AgNPs) | HR BT (Ag") FIHT AR 28 70 1) b IR 5/ FH IR 14 400 TR 28007
TF: CHL /R AFE R, TET KRR, CA TRk BEA A
Fig.1 Antibacterial effect of nanosilver( AgNPs), silver ions(Ag") and antibiotics when acting alone or in combination

Note: CHL stands for chloramphenicol; TET stands for tetracycline; CA stands for concentration addition model
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Table 1 The ICs, value of target substances against . coli when acting alone or in combination

22 Y] H 4
i Ay 1C54(95% CI)/(umol-L ™)
Exposure group Components

PUFZE (TET) 1.41(1.29—1.52)
AR E(CHL) 2.26(1.92—2.64)

P — R FIndividual exposure
YKL (AgNPs) 0.87 (0.61—1.18)
WEF(Ag) 0.36 (0.32—0.43)
TET-AgNPs 0.56 (0.41—0.74)
. TET-Ag’ 0.94 (0.65—1.27)

B4 & Combined exposure
CHL-AgNPs 0.94 (0.72—1.02)
CHL-Ag’ 0.96 (0.77—1.18)

TE: ICson PR ¥, CEOR B F X ).

Note: ICs is concentration for 50% of maximal inhibition, CI stands for confidence interval.
2.2 PUER GRS KA B TE SR AS I 3200

AR 200 o RE S 2R, % A R B AP A SRR R, 1 EE T AR B A AOR AR kA

FHEE, BT B R4 APk 58 AR5 H 18] 2(a—c) AT, B0 A= 28R4 K AR S0 /R FH B S 48 4 A e
P 5 A 1 23 B e B ) P e TS . b, DU PR R NS R B IR EE 43 iE £ 0.9 pmol- L™ AT 0.6 pmol- L
I, 20 TR 0P S AR AR LY 2 25 Y 20 A5 R0 27 . G R BRGS0 B Y B0 982 185 S 300 S Bt AE R A L
B, HU IR H] 0.2 pmol- L™ I, A A DM SRS SR 492 25 ALY 6 177

E=TET  EECHL 1 AgNPs B TET-AgNPs e CHL-AgNPs

28 (a) TET * 32 (b)CHL * 8T (c) AgNPs Or @
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Q.QQFL ng, ij,

Concentration/(umol-L ™) Concentration/(umol-L ™) Concentration/(umol-L ™)

2 PUAE(TET). %5 % (CHL) MK AR (AgNPs) 5Ll (a—c) IR G4 FIET (d) X R AT TR 58 28 45 2 1Y) 5% i)
E: *FIR P<0.05; FH IR r=1.
Fig.2 Effects of tetracycline( TET ), chloramphenicol(CHL ) and nanosilver( AgNPs ) on resistance mutation frequency in E.
coli when acting alone or in combination
Note: * represents P<0.05; The dotted line in the figure represents Y=1.

M5 T PUFRZZ (0.9 pmol- L) FI%E 25 2% (0.6 pmol-L™) 43 51l 5 44 K 4R (0.2 pmol-L™") 5 2/ FH i i 4
PP R AR A SZ . 25 R A E 2(d) R, DU R FPOKRERIC G E Pt R A A 4 22 A A
R IEASHTFENY 10 455 17 S R AGORERI A 1R N MR AR 24 225 4l B R ARSI 545, 55
MR TR B, oA 2 AR KA B BR-AVE P S 35 WA T A B A B I 28 A A 2.

2.3 U AR L S R TR AL 9 B0

IR 20 R P 2 AR5 v e H T A BT MR O 1 25 ) 22—, A TR % AR A S A B 1 IR pl A A -
FE 1 RpoB( Bl RNA R4 i g W3 ) i 28 A8 AIr 001, A BF 53 38 3 %40 1 8 rpoB & IR RGN %, B E T
rpoB B[R SR 5. WA 3(a) s, TEAN R B R T, MBI KA T rpoB 2 Y S%74E, H
G AT 1535—1592 X [a] N, Hidr 1585 F1 1538 S 98748 % A 1 A X Ja . 3 A7 A i 9 748 4y
S50 RpoB 5 [ L5 529 {7 HRS R 28 28 M Y B 2 LA K 513 i A 2 e 2822 S il K. Hh 1] 3(b)
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AT, ASHIESE AR I 381 1 2 A8 24 JE R 4157 F RpoB 25 FH Y “Fl - i 5 22 [X 480 (Rifampicin resistance
determining regions, RRDRs), RI#E %S [A] b 55 35 F1 45 - 25 9 09 45 6 A0 a3 3 B 30 6 S 1R 1) A8 AR AR ]
AEZ3 520 RpoB 45 11 1Y =45, B RIHR-T-45 5 AL AR 4, DI 52 i Rl AR 5 80 bR 2 A 25 6, JF B
S BN DN AR RO TR 24

poB AAGC....CAAC.... TCT CAG....GAC.....TCT......CGT...TCC...
153!5 15'38 15.47 15I65 15.85 15l92
FREm HEEE RARR ZER AR ZE%
Cystine  Glutamine Aspartate Serine Arginine  Serine
ZH#ABlank AAGC......CA_C./TCT||CCG....GAC/....TCT...... CGT|{.. TCC\....
TET AAGC.....CA C..|.TTT||CAG....GAC.....TAT\..... TGT{.|TCC.....
ciL AAGC.....CA _C..TAT ||CCG....GAC....,TCT....../CGT..|TTC.....
naG AAGC.....CA _C..|TAT |[CAG.|.{GAC.|.. TTT.......,TGT.|.TCC.....
TETnAG AAGC.....CA_C..|TCT ||[CCG.{.{GGC.|...|]TCT...... TGT...TCC.|....
cHL-nAG AAGC.....CA_C..|TCT ||CAG.|.|{GAC.|...ITCT.|.....,TGT.}, {TCC.,...

1 I 1 | I I

W%K/%% FeEmR EMERR HEM O KEER  GERER KHEER

Loss of base A Tyrosine  Cystine  Glycine Phenylalanine Cystine  Phenylalanine
FH IR s &R
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|
i
o
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&
sl

ARG529

|
N
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B3 (a)% P MZER AT KM 58 A48 057 s Bk A2 A S 2 B R84k (b) KM AT T RpoB A - Bt 14 T E Xk
(RRDR—1) 542 @ BE MR A7 5 F 4 V- 4544 I&1; (¢ ) RpoB £ 115 R A ~F- X 45 AH LA HIBE
1 (a)rpoB FRMFIHRT-H s XL F B, B3R R S BRAT IR, SRR3R X I Bl (b) SRR 3R AR A S , “SER . GLN,
ASP. ARG™ G AR L AR . FEBEN . REHER . WERR, B FRR e R AE
Fig.3 (a)Mutation sites and base changes of E. coli in the blank and exposed groups; (b) Amino acid location and rifampicin
structure diagram of RpoB rifampicin resistance determination region(RRDR—1I)mutant in E. coli; (¢)Docking interaction
energy between RpoB protein and rifampicin molecule.
Note: (a)7poB represents the gene fragment of the rifampicin-resistant region, the mutation number represents the nucleotide position of the
mutation, and the letter represents the corresponding base change; (b)Letters represent amino acid abbreviations, "SER, GLN, ASP, ARG"

represent "serine, glutamine, asparticacid, arginine" respectively, numbers indicate amino acid positions

A K o 1 51 7 £E 70 RpoB 4K (#4942 (PDB ID: SUAC), 454 S50 8 22 19 RpoB 2K 4 28 745 1)
fR &, F T 2848 8 RpoB 4 [, I 5 R4 F-#E17 70 F X B2 305 20 F X Be A0 B fg, 25 i 3(c)
It 7 . AR FEAE /) RpoB 3 H (R SUAC) 5 FI 48 - B9 AH B FHBEZY =73 keal -mol ™, T 7L Ji5 ) RpoB &
H 5 AR T 45 5 B A B FH BB AR BUE 34T AR %722 1) RpoB £ 1. X UESE T RpoB 4 %2742 f5 57
TR S R0 ) B ATR, S BOR AT R 00 TR 35 PR RAEAEG, B4 % 01 T P i 24 M3
2.4 PUAER NG ARAER N 58 AR A OC LR Fe 3K 1 52 i)

ABEFEMAE T VU2 AR 73 | S s A SR, R ML N S HTrE 58 M OC Y 6 R LR 1 3
ik, Bl dinB. lexA. mutS. recA. rpoS 1 uvrD. H:H, rpoS J&—Fft 07 {84 e 1 & AL, [) BsF 9081 4225 240 1 i PN 2 o
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SE 23K lexA Fl recA J& DNA #1401 i 7k 5 SOS Hh i) 2 B SL A ; dinB 8% 2 5 DNA & il it
1Y DNA RE IV ; musS Fl uvrD J& 40 DNA S5 BCAE 52 5L R P R25 JR anE] 4 B, 76 DY PR 28 gl
KA B R TR T, recd [ FER Fe 3k B & 3458, (HJE rpoS. dinB., mutS. lexA Fl uvrD Wik 575 4
AH LB A S 2 AR AL s TAE DU PR FGOR AR (XA B EE L, rpoS. recA. dinB. mutS /) FE K F ik ¥4 1 3%
s, (H 2 lexA Fl uvrD PFRINAH LU 2 UL AT 3 AR 1k,

T m -

A AgNPs
5 = TET-AgNPs

mRNA level(n-fold)

2]
utS wrD

B4 DU (TET) MK (AgNPs) HUlAIEK A A1 T (TET-AgNPs) Xt 5 A2 A S S PN 3K Y52 1
T 1poS., recA. lexA ., dinB, mutS F uvrD FER5RAFMIIEN, * P<0.05
Fig.4 Expressions of mutation-related genes in E. coli exposed to tetracycline(TET)and nanosilver( AgNPs)and their
mixture(TET-AgNPs)
Note: 7poS, recA, lexA, dinB, mutS and uvrD represent the genes associated with the mutations, * represents P<0.05

2.5 PUAR R AGAR A D3 [R] BRSO HIL ]

R R AR A TR A BE T RO, S T X A IR 1% B A A5 AN K A B b B R B . — T
T, 2 AL DR G /N RO 350 B2 T AR 7 B 6 40 T 2 T, 5 | 200 BB 11 I 2 i 2 L, B i AL %o 2
J5T AT DNA S5 A2 W) R 013 i s o —J5 T, GROKRERAE KA R BERS B AR B 1, 5 S AR TR SR
PiFh(ROS), I 5 ML & W (P) | 61 (S) FISi e (SH) MY K F45 6, TIRAMIEhRe. A5, B e
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Fig.5 Mechanism for joint effects of antibiotics and nanosilver( AgNPs)on E. coli and its resistance mutations
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