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Abstract: As emerging environmental pollutants, antibiotic resistance genes (ARGs) and
micro/nanoplastics (MPs/NPs) have been detected in various environmental media worldwide. Due to
their small size and large surface area, MPs/NPs possess significant potential to act as carriers of ARGs.
As such, the combined pollution of ARGs and MPs/NPs has attracted widespread attention due to their
potential synergistic effects. Although MPs/NPs are considered key factors in the spread of ARGs in
environmental media, knowledge of the effects and mechanisms of MPs/NPs on the horizontal transfer
(particularly the transformation process) of ARGs in Escherichia coli (E. coli) is still largely limited. To
bridge this knowledge gap, this study investigated the effects of different concentrations and sizes of
polystyrene (PS) on the horizontal transfer of ARGs. We constructed a plasmid-mediated
transformation system using the antibiotic-resistant plasmid pUC19 as donor and E. coli as recipient
bacteria. Our results showed that after exposure to 5 mg/L 100 pm, 50 mg/L 100 pm, 5 mg/L 100 nm,
and 50 mg/L 100 nm PS, the growth inhibition rates of E. coli reached 15.13%, 18.59%, 26.97%, and
35.84%, respectively (p < 0.01). In addition, the impact of PS MPs (< 5 mg/L) and PS NPs (=< 50
mg/L) could significantly promote the transformation process of ARGs in a concentration-dependent
manner. Under the same PS concentration, the ARGs transformation frequency decreased with
increasing PS particle size. Specifically, 100 nm PS at 50 mg/L increased the transfer frequency by
79.34%. However, 1 mm PS particles at 50 mg/L resulted in a 21.80% decrease in the ARGs
transformation frequency, suggesting that 1 mm PS particles at this concentration inhibit ARGs transfer.
Based on the live/dead cell detection, we revealed that, with increasing PS concentration, cell membrane
permeability in E. coli significantly increased by 56.66% to 69.47% compared to the control group.
Under the condition of the same PS concentration, the cell membrane permeability rises as the PS size
diminishes, implying a negative correlation between them. Similarly, the cell membrane permeability in
NPs exposure was increased by 41.99% to 46.62%. These results demonstrated that high concentrations
of NPs might enhance the cell membrane permeability in E. coli, thus facilitating the horizontal transfer
of ARGs. Our findings elucidated the influence mechanism of MPs/NPs on the transformation of ARGs,
providing a theoretical basis and technical guidance for the efficient assessments and control of
combined ARGs and MPs/NPs pollution.

Keywords: Antibiotic resistance genes; Microplastics; Nanoplastics; Horizontal gene transfer;

Cell membrane permeability; Escherichia coli
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blagy, WIFFERIIN T 4 451 SRT, AN ] v i AT R
SRR R ARGs KBRS LT O HZ 5 4k
BHCH SN ARGs) A5 A BB

AR W 5% 3% B K W #F & ( Escherichia coli,
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2.1 HETRNDEIRE

M 1 /LA h, B3Z2 8 E. coli DH5a T #£
(R #E7 pUC19 JFkr ) X AMP (1) F A1 30 il & &
(MIC) & 4 pg/mL, 1% 465 1 E. coli DHSa 1 #
XF AMP i MIC ##3 1 024 pg/mL. R4 [ id
MIC JZ il (4~1 024 pg/mL), A 588 55 40K R h
i Ve AL T AMP ¥k 1 100 pg/mL.

R1 AMP X ZAEEE KB RIEMEIRE

Table 1 Minimum inhibitory concentrations of AMP on the growth of receptor bacteria

PSS
415 % 100 nm 100 nm 100 nm 100 nm 100 nm
5x10°mg/L 5x10° mg/L 5mg/L 50 mg/L 500 mg/L
B E. coli DH5a 4 4 4 4 4 4
AMP MIC/(pg'mL )
E. coli DH5a (pUC19) >1 024 >1 024 >1 024 >1 024 >1 024 >1 024
o 100 pm 100 pm 100 pm 100 pm 100 pm lpum
2H 7 N _
5x10 " mg/L 5x10" mg/L 5 mg/L 50 mg/L 500 mg/L 5 mg/L
E. coli DH5a 4 4 4 4 4 4
AMP MIC/(pg'mL™)
E. coli DH5a (pUC19) >1 024 >1 024 >1 024 >1 024 >1 024 >1 024
10 pm 1 mm 1 um 10 pm 1 mm
415 : g : —
5 mg/L 5 mg/L 50 mg/L 50 mg/L 5 mg/L
» E. coli DH5a 4 4 4 4 4 —
AMP MIC/(pg'mL )
E. coli DH5a (pUC19) >1024 >1 024 >1 024 >1 024 >1 024 —

2.2 A[EPS &M E. coli £IRTSME
AN[FEREEFIRSE PS #hili T E. coli DH50 Bk
AR WA 1 FTR, 78 E. coli 1E W 11 (0~3.0 h),
AN[EVHR FE R SF PS R X E. coli DH5a A2 K 72 A2
B B0 VR o SR B E. coli #E A X 55 1A

1.0 F
058 H
s,k
8 = XA
04 | —— 5mg/L 100 um
—* 50 mg/L 100 um
—— 5mg/L 100 nm
0.2r / 50 mg/L 100 nm
s ##p<(.01
0 0 5 10 15 20 25
I 5)/h

T DRERFRIR 3 A FATHEIIRIERE; * p<0.05 TR xS A b4z
[ ) B35 22 5, ** p<0.01 Fn BEER.
El1 AEREFMR~T PSMET E. coli Bi &K #h £k
Fig. 1 Growth curves of E. coli under exposure to

different concentrations and sizes of PS
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26.97% 1 35.84%( p<0.01) . H, 78 [6] F ]~
T, M% T 5 mg/L, 50 mg/L PS Xt E. coli Wy /E
FH BT 385 76 [A] A ¥R B2 R, 100 nm PS (1) 5 P50 T
100 um PS, X E. coli A4 55058 5 BA 4
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it AMP BT i = BUks pUCL9 4271 T
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R JE B EE AL T (F5 pUCT9 k) 3 1ot 55 4k 1 1k
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FAEE T A A (123107 28 B T 1.2%.
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M T ARGs MBS G 4%, iX 5 YUAN 260
FegE R —®Y, BRI, 24 PS NPs nfi i e Ji

Nt s
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- SEXT
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s 2.0E—4 - I <
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=~ 1.5E4 sk f
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I e
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sk 4 1E+7
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0

KHE - 5x1072 5x107 5 50 500
100 nm PS #&/%/(mg-L™")
(a) A[FEREE 100 nm PS i  ARGs #0526 F1 52 7k 1R 50

3.0E4 AR | spy
SE+7
IR
2.5E—4 | #p<0.05
« Fp<0.01 { 4E+7 o
v 2.0E—4 | o )
Zzi * - {3E+7 1§
S *k =
S ;,%
® I {2E+7 &
1.0E—4 | X
sk .
S.0B-5 | - ok x| 1EH7
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WHE 5x102 5x10° 5 50 500
100 pm PS ¥ J%/(mg-L™)
(b) A[FHE 100 pm PS i N ARGs F A0 5056 F1 52 4 1 K=

T RIEBRIIR 3 I TPATRERIBRIEZE; * p<0.05 FRXT IRA FIRER A2
B AR — 5 S35 25 55 * * p<0.01 FoREE B E 2R
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Fig.2 ARGs transformation frequency and
number of receptor bacteria under different

concentrations of PS exposure

<50 mg/L i}, E. coli ' ARGs (1) % {1k Jii % i PS
e BE TE B W . SR, 24 PS NPs ¥ B ik £
500 mg/L B, E. coli 1) %% 1k B & 22 21 1 il ( p<
0.01) . X FIHEE T Rk E PS S BUm kR & i Ak
17T Ak 1 72 A — s A

ANTFERBE 100 pm PS #hii Xt E. coli AL 5%
M Qe 2(b) fr 7R o AHES X AL, 32 1R B 5t
B PS MPs o v 5 1) 38 00 1T K s B85 e, P i
ik 70.09%~88.48%( p<0.01) . X il Bl PS MPs X}
E. coli 1 — ¥ BALR N, % 45185 MRAKOVCIC
SR — B, 75N Rk PS MPs JiE T,
ARGs % A5 % 45 52 BB B #45 (34 1 N 2.35%~
33.85%) (¥l 2(b) ) . AR F, 4 PS MPs #hifi vk
£k 5%10 . 5x10" F1 50 mg/L B, HXt E. coli %
PRI SE MR B/, B AR AR AR 45 X IR BT+ T
2.35%~5.01%, SK1M 24 PS wh i ¥ & K 5 mg/L Fll
500 mg/L I, HEEALAFAR 5K 1.62x10 * Fl 1.57%
107, AHBTFXF BEAH 20 S0 T 1.34 4580 1.30 1%,
X ULH PS MPs —EFEEE 2 3F T ARGs ¥4k, 11
R R ORI LR T E T NTE N
2.3.2 ARE R PS *t ARGs 3130 £ 649 %)

WA 3Ca), M4 T 4T IR 20 52 1A B B0 (3,73
10" CFU), A JF PS wili J5 Z AR B Bt N RE T
83.66%~88.04%. %I L Ui IR EE (5 mg/L) A
[l RSF PS B8 X Al 5 97 E. coli (A7 % & 5 300 4]
YEH, BT 8535 E. coli BUAERUN X R R B E A
o (EAHE IR, 2R B MR AR — R
ST TR . BRI, R E N
5 mg/L Bf, 5 #5F (100 nm, 1 um, 10 um, 100 pm
11 mm) PS 5 5% J5 5 1b 45 R 23 51 4 1.74x10°°,
1.62x10 %, 1.41x107*, 1.41x107* F1 1.36x10*, 435
FEE T X B2 1.21x107) B hm T 1.43 /% . 1.34
fi5. 116 £, 1.16 fi5 A1 1.12 £5(p<0.01) (& 3(a) ) o
XL LE L, ARGs # Ak AT 2R Bl PS ity RS 1
KT FEA, 24 PS R STk E] 10 um B, ARGs $4 1k
PR TAE o

AN Ta) RS ) 5 ok B (50 mg/L) PS b ifi X
ARGs AL B2 E 3(b) iR, 18 5 iR
S PS wili B AR R B R ST 3 T 2 i
%o HARAE, 100 nm, 1 pm F1 10 pm PS wh5 {2
PET E. coli ¥4k, HE LB R 5 51K 2.17x10°°,
1.75%10°* F1 1.39x10°, #H %% T %k B 41 (s AL 5 %
F121x10 D) M T 1.15~1.79 £% (p<0.01) (& 3
(b)), [HSFEENE, &5 1 mm PS w5, HE%
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1 2E+
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20}
3.0E-4 | LLiA T E S P
[ 2N
2.5E-4 L " #p<0.01 1 4gr 5x102  5x10° 5 50 500
) obd I o % PS & /Z/(mg-L )
i X -~ N
%’ | sba ‘ o 3E+T g 4 A[ERE MPs/NPs w7 5G4 Ba bk G135 4
& [ ‘ o [ L P Fig. 4 Changes in live cell ratio after MPs/NPs impact of
1.OE—4 | Hk ok B
» 1 W different concentrations
5.0E-5 | 1 1E+7 e
- XF T A A He B 100 um PS w il I, 40 B A4 %
0

XTHE S 100nm  ITpm  10pm 100 pm 1 mm
PS JA~F/(50 mg- L)
(b) AFRE 50 mg/L PS ey ¥ ARG $¢ (AN A 2 1 B £

P RERFR 3 A TATREMIFRIERS; * p<0.05 FoRx] B4R R4
IR A — B S 3 22 57 * * p<0.01 FR i B LR
B3 ARERSTPSHET ARGs B MZENMSHEEHE

Fig. 3 ARGs transformation frequency and number of

receptor bacteria under different sizes of PS exposure

AT T X B AR T 21.80%(p<0.01) o 3X
Ui B B W 1 mm PS whilr — AR E EAH T
ARGs F L%
2.4 PS MPs/NPs X 20 i1 & 18 1% 14 89 820

AR by 2% PG B P A %) TS A0 2, 400 S T
PABH - fi4h DNA #35 2R ™, AR
TIESZ, 35810 200 B JE 575 P 2 {2 1 ARGs FBH% Y
RIS UE PS 38 X 5 A0 5% 78 1A 3R v 240 i 5 3 3
(A5 ], SR FH 9 G B A 50 30 52 T A ] RS A
WP PS w2 AR AN e RS B R AR AL
2.4.1 RERJE PS MPs/NPs x4 Jit, 52 i 14 b 49
# ot

AR FE 100 nm PS ki 5 E. coli HY 36 4 it
Fe A AL an el 4 fif s o 24 PS w i M <5 mg/L
BF, 35 40 i BG4 A %5 T 6 B8 2 (3 40 1 e )
1009) X F P& T 7.25%~30.26%, iIE W% 4 & NPs
AN 23 5% 4 M R A 7 R IR o 3 Ul B AR R
PS il S5 20 A 3 57 P 16 iR 2 G A A R T
B EBNE, SR, 24 PS whilik E>5 mg/L i, i
YN L B BE R PS VB I8 I R B R R,

21 B G AH 48 T BRZHA R % T 8.59%~42.81%,
IR R AE JF K 19 50% LA F, X 8 HH PS MPs X
E. coli BEPERAR, X 20 b 538 75 15 i A K

2 | FTiR, PS MPS/NPs iy ] DA IE 3o e 25 4
JHL B 3 3 e T AR 2 TR 1k . BRI, 7E PS o
T B <5 mg/L 2c1F T, PS MPs 1 PS NPs X} 41
I S 5 A A /0N, Xk 44T i 6 3R 3 1 e A PR . A
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