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Abstract : Enterococcus faecalis is an opportunistic pathogen that usually resides in the gastrointestinal tract of hu-
mans and animals and widely exists in the environment. It can acquire antibiotic resistance through horizontal gene
transfer and facilitate the spread of antibiotics resistance genes (ARGs). The problem of bacterial resistance is be-
coming increasingly serious, resulting in increased economic losses and deaths. Molybdenum disulfide (MoS,) is a
new kind of two-dimensional layered material, which has a wide application prospect, but the complete biosafety

evaluation of MoS, is still lacking. In this study, Enferococcus faecalis was used as the conjugation model bacteri-
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um, and nano-MoS, was added into the conjugation system to study its effect on the conjugation transfer of the

plasmid pCF10. It was found that nano-Mo$S, can promote conjugation transfer, and 25 mg-L™' nano-MoS, has the

most obvious effect, which can increase the conjugation frequency by 5 ~ 8 times. Because of the good biocompati-

bility of nano-MoS,, it has no significant impact on cell membrane permeability, intracellular reactive oxygen spe-

cies level and the expression of conjugation and transfer regulation genes. Nano-MoS, can attach to the surface of

bacteria to aggregate bacteria, and then promote the conjugation transfer of pCF10 plasmid due to its adsorption

properties and lamellar structure. Adhesion of bacteria is an important prerequisite for the occurrence of conjugation

transfer, which may be the reason why nano-MoS, promotes conjugation transfer.

Keywords: molybdenum disulfide; Enterococcus faecalis; antibiotic resistance gene; conjugation transfer

YDA 25 O 28 8 N SRR Y — R, B A
PrAERBUME P A0 5 | ARG AR R B 2 Bk 2 70
TINFET: AliTHE] 2050 4R, 4R A B ad 1 000 77 A
FET- 2 ) T DL R R A G R, T2 B
Z — &Pt 4 £ Pt 3 [ (antibiotics resistance
genes, ARGs) ] LA i 7K V- 56 7 (1) Iy AT 16 76
IV BT LA R AR FEATAR] PR v | R 0] 2 224 44 TR %5
FERS T, B an 78 48 T5 KA DL RS
M RAIE R E IR RET KRR I a5 1k §%
SHEAHBEY KB R RN E %
T,

[ 20 2 80 AR LK, i T2 I K B 1 if 25
PEANWTIG 5 | 258 7 1R TR T A 18k 1B 22 1l 5 R e R A5
PR A S I BRI S R it T
12 SR K AT K B ARKTR 3 AR
R 43R O 2RI 1A 245 B i 2
WA T = A R AT M 250 28 7 BR A (] Y
ARGs FEE B R B PG TR AT AL
&, MRy {5 2 K w5 ORL A pCF10 ., pADI |
pPAMB373 F1 pMG2200 , H: 1 pCF10 Jukr & fe A UK
PERY — B I B AL 2 R A2 R TR 43 I —
cCF10 7 B &, HEAR T UM 215 B 25 FF a8 3l i
RS R R pCF10 Bk % B A R n] L)
IKF] 1072 ~ 10717 F2 2 A A ] 5| i ™ H B PN Tk
YL A BR A (B, BE WS 1 17 BR R AR 75 X 9 PR b B Je —
FipiAE R TT BRI 2" 2R IR 2444
AR AN 265 1 R Hh 48 T8 8% L 6 7 7 o LR Bk
6%, W B AR AR A, Sl IR YY)
WIS K RN V5 YL KR, 7T 5220 ARGs 1&£4% , 7T LA
LRGP EE B R AL 4 | 5
AR

KSR ARGs (1 F RA#AFFEY ZE /K BREE h
oA — LG R AR A BRI R BHGOR A RE T

DI iE ARGs MIfEHER" . — LB X gk ikt A= 9
RO FIAE 252 e A R IR ABESE . 9K —mi Ak
(molybdenum disulfide, MoS, )& — F##r 24 19 12 I 4>
JEZGRALY, i 1 R 2 JRERALAL, )2 S B N
) A RE, PR = i LR T AR P S A
HERe B TR SRS CIE A Rk 4024
FEE I3 36 97 S SR AT B 7z P, Bl 9K
MoS, N FHI IS 22 | HAE 30 58 v (10 3% B8 /K1 7] fg 1
hn, 5 HABG KR T+, 99K MoS, FLRE XA
IRGEFN N it FE A 18 1 B, AR SCHIE S T oK
MoS, Xt ERTE HF B 2R 15 5 0T 2 kL4 & 5%
FISZR , JFR2E 09 7 HALH . SAREIE48K Mos,
) A= R0 S 2 4 v FH AR L e 3 5

1 ##l57 % (Materials and methods)
1.1 BkR ook S b7 5544

ARS8 v 3 9 3% % Bk B OG1RF™ (ATCC
47077 ,NCBI: txid474186) 1A [ 5% [l S 7 1% 75 49 {4 ek
HULN(ATCC), i B ZE 15 5 ok pCF10 | 38 E B e 5
KK Gary Dunny #4752 K B R 36 Bk A
OGIRS, 1 ZE M BR# OGIRF £ A 5L % 15 G 40 4%
WERERPUE, IE A2 N OGIRS ; LA 9 25 i BR
OGI1RF(pCF10), H:A%H5 {5 B 2 4% Fi ki pCF10%Y,
TR RS IR R LR SE N, (AR | 2 R T 2
FH BHI AR ER 2 55555 IR AR R T4 R (324K
B :3 000 pg-mL 4575 % (58290, Solarbio) , LA R .
10 pg-mL™' PY¥F 2 (A500731, Sangon Biotech)), B
WAE 37 CAEIRIEMR I FRAE D 3% 10 h )5 AR
2 1:10 09 Ho % 45 200 () BHI 8555 5k ) B T
37 CHEEMEBR IR T 4 ~5 h AR BRI G
.
1.2 HEEHBITR

WIRTE 4 C &1 T 6 000 - min™" 5553 & .0
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5 min (Eppendorf Centrifuge 5804R, Eppendorf, f&
), F B3 A & 2 mmol - L™ Z 1 DU 2R (ethyl-
ene diamine tetraacetic acid, EDTA) ) 5 i2 £k 2% ik
(phosphate buffer solution, PBS) 5 & [ W I Uk % 3
W, B e F LB R A 35 57 35k B T VR O I 88 TR TR vk
JE# 15%10° CFU-mL™ , fit SZ{REH 1:1 (1 LAl
RAETFIMAGK MoS, £ (NM000310, Solarbio),
fdfi LMk BE R 15,10 25,50 100 F1200 mg-L ™", Jf:
R S IRGIR S, B4l 3 AR, KSR L
A 37 CHERMERIEFFFARFE, 2 h JFH 100 pL §
W FIFH 2 2 mmol-L™' EDTA 1 PBS ¥ 1k B 7 ¢
BUA TSR BB B9 10 WL BT IR AE A 10 pg
-mL™' PUFRZE FI 3 000 pg-mL ' 555 2 (9 3T BHI
BRIk AT, & A 3 000 pg-mL™' 4%
% BHI IR IR 5 i 21k, & A 10 pg-
mL ™ PUFRE (¥ BHI 35008 1% 75 5L b 0 ve 4R 14 |, 37
CAEIEHEFT 36 h LA HTHEUE I i % | JF TR %
BB AR = A RO SRR,
1.3 RREIEEX AR

A SIFFEAS [R) B[] S [ ek B2 AU [R] pHL 4% 4
TR ERBA, KKk MoS, AR KR
o AU Jg 25 mg- L 1655 35 46 8 A [ s 21
SRIG XS FIHEL TR A R B B IRREAR
[FEE T (16 .26 30 F137 C)HE4S 2 h, &4 W
. F NaOH A HCL iAW 7 i A R R 01 4R
pH, fifi pH 43518 6 .7 F18 ,7E37 C &AM T4 2 h,
ARG,
1.4 49K MoS, 1E R & I UK P-4l

XoPECAE KB T ] PBS PR 2 Yk, A
LB K7 2 5L & B, M B 2 10° CFU-mL™', %63
DCFH-DA ##%(CA1410, Solarbio)Z #¢ & >4 2 umol
-mL™",37 °C i # 20 min J5 fl PBS i 2 435 4],
IMAGK MoS, 2k iy 25 mg-L™ AEA 2 h,
fi B (Molecular Devices, SpectraMax M5 , 3¢ [E) £
W 5E 0 BE (B KO 488 nm, &5 525 nm),
1.5 442K MoS, 15 FH 5 20 5538 375 1 A

SoPECAE KB T R ] PBS PR 2 YR, MR AA
LB B dg JFMBE 10° CFU-mL™ , fit 324k
BT 11 W HLBIR A R IA 9K MoS, Bk, i 4
WHE A 25 mg-L7'(25 A R4 N A 25 DR 0K, 1
HA2h)5, #BE 10" CFU-mL™" . BU1 mL A S
wL 1 PI 4 (E607306 , Sangon Biotech),37 °C 15 5%
FEREEHCE 20 min, FH I 40 {3 (Cell Sorter S3e,

BioRad , 32 [&) k0
1.6 SEHE IR G W EE SOV A8 i 3 R Rk

S RN X HR AL 2 h S IR TR R RNA
FERGAF G (DP430 , RAR)FEELE RNA , F1H S sk
A& (KR116-02, KAL) RNA 5% 58454 3] cD-
NA, LI cDNA £ A#54x , H PowerUp SYBR Master
Mix(A25742 , Thermo)1E CFX96 BioRad qPCR % 4t
(CFX96 Optics Module, BioRad , i) b #E47 520}
E RS BB UV (qPCR) , E R BE R AR5 . gPCR
SN AR & R 10 pL PowerUp SYBR Master
Mix,7 pL ddH,0, L NG44 1 pL, Bikl 1 pL;
qPCR JZ N 41U 195 C HiAE 1 5 min, 40 N5 ER
995 CAE 10 5,60 °C Bk 30 .72 C #EfHfi 10
$,72 CZ 1k 10 min, &4 65 CFH %2 95 C,
qPCR H A 51418 ] DNAStar 7.1 %3, i _E 4=
TAB,FFIINE 1 PR,

S v R R A 6 Tk e ) R O R AR
5,3 H 16S RNA 1E RN S FEREIE R R i 40
MG, AHOCHE R ARt Zean &l 1 s
1.7 HHRBNE R A

SIS 2 h J5fE 4 C&MBT
6 000 r-min”' &[> 5 min, 5% FIEE A 2.5% I
fif (PH9003 , Phygene) 7 4 °C 41 F [ 52 48 h,PBS
B VRS 3 W, MR 30% . 50% L 70% | 80%
90% .95% 1 100% JTa7K Z B B i /K, Hid 100%
ToK CHERRK 2 I, B BEZK 10 min, 85 6 000 r-
min~' T & .0 3 min, &5 & T % %+ % L (FDU-
1200, EYELA, ¥, vh ED) AR+, 49 4 B 458 (Sig-
ma300, ZEISS, 4 =) W £2 - H A& 1% 1% (Xplore 30,

e —

OXFORD, 5 [E) #4770 2 H i b .

2  Z55 (Results)
2.1 4k MoS, ¥ EEXT pCF10 FokiA% A H % 100
A2 ha, AN ISR 3.7
107, 525 (T RRA L3, 20 40K MoS, Ab B S 4%
BATRARA TR, B T AR B 2.4%1077, 40K
MoS, FAE FHEL A Ve B2 R0, A1 7 24 SR 222 L S 1 R
PR/ Hod 25 mg- L7 405K MoS, AU #ERE
T A AR AT AR B 28 (X BRAL Y 5 £ ~8
(K 2(a)), THRMEE SZARBE R LE K TR (K 2(b)),
ULIAZAK MoS, Hsgm TS B .
2.2 42K MosS, 1 EIXF pCF10 Juki 4% & 56 %
OpA|
HYIK MoS, IMAFEG R R 2k 3R 25



LA U

JH i 5 - Ak R A AR R e BR P B R UKL S T 25 25 K e B e R 163

mg- L™ XA Z 36 1 TR A R
25 AN HRZHTE 4 h BRI GA 0 AR, ik
F14%x107, 402K MoS, fEHE S5 IEAL L4, 1 ~
8 h WYH: & MR A A P4 i, fe i T LLIK 31 3.7 %
1072, JF FOBHE A4k h 4 h #2078 2 b, 5K F
oK MoS, FEAIRIIF 2] AR BERCRAN ], Forr 2 h B
PRI e B, T LU G0 = 6 £5(F 3),
2.3 4Kk MoS, YEH F X pCF10 Bk & %
FEIR R

A RREAREE A2 h, MR EA
R, WIRATE 16 C B M FBARN 7x107°,26
CHAWARSEE S 13x107,26 ~37 ClRET &G
A WRIEARAAE . 412k MoS, 15 G b 5 7+
A RN 37 CHA MR, 8 F] 4107,
S 2H 5% R HU A, 37 °C M SRR B B (18] 4).
2.4 #K MosS, EHIT pH Xf pCF10 ki £ 5 #%
FEIR R

WA IR R pH, 7E 37 C AR TH#:4A 2 h,
pH=6 ~8 JLFI N, BE# pH BT, S 40 5% IR 4H
R IR ARG N, 43 5 2.3 %1070 Fl1 3.7x107°
pH >4 8.0 A fiE AL fe BH 5. (K1 5).
2.5 4K MoS, X 2 A i 7 1 ) 5 1

JEORE ()42 5 e 7% e B LA T R 52 1K 181 4 e e i)
R il A X — i R 0 I SRS B ARG,
THRE AN K MoS, 5 15 5 5% 78 1 LI, X 48 K

MoS, Ab P I 114 4 i I3 325 PR 64T T I . P14
SR — Tl A A e €53, A A i S 1 4 g (R
AT LA A B A 1 200 MRS A e €, e e Ak R
555G A0 B CAT Y BB, T LAz i 240 it i 3
PERIAE L, 2R, 25 P % BR 4 P 2 e 4 He 49 A
0.55% ;MoS, fEH 2 h J5Z AN LB h 0.66% (]
6)., DEOGAMML LA H R A UINEfL, A St
S5 UL YK MoS, A X 4 i K 8 i e A
ilTs A e
2.6 442K MoS, Xof 4 ML 1 S KT (1 5 e

YRR /IR AR K A= 0 P Rl LA 40 T
FEAEFEIE B BE (- OH), HE I 7™ A= 3 1 4 (ROS) X
N7, I DCFH-DA #REF 0] LUAS I 240 i P9 305 4 420K
V-, DCFH-DA #R%F#E A 4 J5 , 76 36 M S8 A7 72 1Y
S B A A B BT 38 A A D T R 2 S
B 2H BG5BT LA S B0 it P 3 M UK, &
K, MoS, fEH 2 h J& , S A B 0 32 (R TR v 2 ko
JEEARTE 800 2247 (- 7), AN K MoS, A X4
L P AR 77 A B S
2.7 4K MoS, X pCF10 kL& 17 5% 8 15 5L A
FIRIH R

Zik MoS, Al LIEFE pCF10 Bk A FERS 10 K
A RN 25 mg - L7 4K MoS, , 7£ 37 °C .pH=8.0
M2 FIER T AR R 2 h 5 pCF10 ki A4
HRAR A T 5 A8 ~ 8 5, MRS R 2

*1 5l9E%
Table 1  Primer sequence
FEH 519 5zl Trfie T BE fbp
Gene Primer Sequence Function Products size/bp
oreA preA-F GTTTGATGATGGCCGCTTAGGTTA SRR 175
prgA-R CACTTCGCCGTTTTGGTATTGACT Coding adhesive protein
prgB-F AGCGGATGGAAAATTTTACTCACC ISR A
preB prgB-R GCGCACTAGATACAGGCACATTA Coding adhesive protein 17
prgY-F TTTGGAAGGTGCGGAAGAATC L EE R NER7
peY prgY-R GTAAATGCGCCTGCCCAATA Regulating self-induction 202
preZ-F GACTTTGACTGCAGGGACACC TS B RS
pez preZ-R AGCGCCATCTCTAATCACAAT Transporting pheromone 202
prgQ-F TATAGGAGGGGTGTAAATGAAAAC 4t iCF10 {5 B &
prgQ 143
prgQ-R CCGTCCTATGGCAGTCG Coding iCF10 pheromone
ccfA-F AGATATACGAAGGCCCGCTGAA 4ifih cCF10 ff B &
et ccfA-R AATTAGTTATCCGCTGCTCCTGA Coding cCF10 pheromone .
168 16S-F GCGGCGTGCCTAATACA =40 51
16S-R CCGCGGGTCCATCC Reference genes
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Fig. 1

Standard curves of genes in qPCR experiments

Note: CT represents the corresponding amplification cycle threshold when the fluorescence signal of the amplification product reaches the set
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Conjugative transfer frequency

T (@) R R EE 9N K MoS, XF pCF10 ki & R 1

fluorescence threshold during the amplification process.
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Fig. 2 Effect of nano-MoS, on conjugation transfer
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R s MoS, Fx “HfbEH,

Note: (a) Effects of different concentrations of nano-MoS, on pCF10 plasmid conjugation and transfer; (b) Effects of nano-MoS,

on donor bacteria and recipient bacteria; MoS, stands for molybdenum disulfide, * represents P<0.05, ** represents P<0.01.
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6x102r W i} HE 2 Control
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4x1072

ey B
Conjugative transfer frequency

2x107?

) /h
Time/h

3 44K MoS, 1EAREIXT pCF10 FhiiE & EB IR
TE:*3R P<005,
Fig. 3  Effect of MoS, action time on pCF10 plasmid

conjugation transfer

Note: * represents P<0.05.
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Fig. 4 Effect of temperature on pCF10 plasmids conjugation
transfer under nano-MoS,

Note: * represents P<0.05, ** represents P<0.01.
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Fig. 5 Effect of pH on pCF10 plasmids conjugation transfer

under nano-MoS,

Note: * represents P<0.05, ** represents P<0.01.
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Fig. 6 Effect of nano-MoS, on cell membrane permeability
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Fig. 7 Effect of nano-MoS, on the level of reactive

oxygen species in cells
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Fig. 8 Effect of nano-MoS, on gene expression of plasmid conjugation transfer

Note: (a) Effect of nano-MoS, on ccfA gene encoding cCF10 pheromone;

(b) Effect of nano-MoS, on prgQ gene encoding iCF10 pheromone; (c) Effect of nano-MoS, on prgA gene encoding

adhesive protein; (d) Effect of nano-MoS, on prgB gene encoding adhesive protein; (e) Effect of nano-MoS, on donor

self-induced regulatory gene prgY; (f) Effect of nano-MoS, on prgZ gene responsible for pheromone import.
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Fig. 9 Bacterial aggregation promoted by nano-MoS,

Note: (a) Blank control group; (b) Added nano-MoS, .
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Fig. 10 Nano-MoS, attached to the surface of bacteria

Note: (a) SEM images; (b) Distribution of Mo element; (¢) Distribution of S element; Mo stands for molybdenum element,

and S stands for sulfur element.
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