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i E: (801 RKE42EB THELSTHAMGSAREN Y nAdsmXiisgl, [F%] £X
A P ME—A | RESTHRFAELASHKRABEE, BT R EALEF PCR (real-time
fluorescence quantitative PCR, RT-qPCR)M| & R ) /K E 4R (0.3 0.9. 1.5 pg/mL 4§ Ag")F=4R & T (5.
50, 100, 150. 210 pg/mL # Cu*)F /G LW iiA L4 B & F T st BA Lo FEME, HF A
A p ke, AR REEMNE@MA BN EE B TIRE, Fd—FBELERANF 7 ko4
BBTIHRmd Lo TFHAFTAGELAEG > TAH. [4£R] qPCR Fo ik B ik a9 R R0,

0.9 pg/mL 4% & F 2R A9 % h 9.42x107° (6.49x107°, 1.44x107%), 1.5 pg/mL 4R & FLAE LI E A
7.29x107° (4.45x107°, 9.03x107°), L&A 2.59x107* (2.24x107%, 3.33x10 )40 A0 K 0 B 5
&, ZFA % FEL(P<0.001), M ARRESASD FHLESRBELXANREF. HFANF F ik
STAR B FAE A BT e KIAT 8 R B R KK F # AT b 47, 181E GO % fef» KEGG @35 R A,

£ 7 & LA E G F K F FUHE 3 4412 (methylgalactoside transport). & 5 #24%41Z (maltose transport).

B BR i B5 X, 7% BF) BR - o B BR 44 4% B 7% M (phosphoenolpyruvate-glycerone phosphotransferase activity)
Fe i 4k B % 4 (glycerone kinase activity)3F ) f6A K VA B i B R IK BRAE A2 A% 3 BRAE AKX 34 (amino
sugar and nucleotide sugar metabolism). #%£40 % (flagellar assembly). FB % F #L@ Ik(CAMP) 25
% [cationicantimicrobial peptide (CAMP) resistance]. RAZF=H EE KM B BRAEZ 4 B 2 4
[phosphotransferase system (PTS)|5 K#4tid 34, @iT & & ZAE W& ihk b a7 12 /SR 48 2K F (ptsG.

malE. lamB. lacZ. malK. basR. ais. ugd. nagE. metN. malQ #= malF). [##]1 —& RE4%
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Mechanism of metal ions against capturing drug resistance
gene cassette by bacterial integron
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Abstract: [Objective] To explore the effect of metal ions against capturing drug resistance gene
cassette by integron and the related mechanism. [Methods] An in vivo model of class 1 integron
capturing resistance gene cassette was constructed in Escherichia coli. Different concentration of silver
ions (0.3, 0.9, and 1.5 pg/mL of Ag") and copper ions (5, 50, 100, 150, and 210 pug/mL of Cu®*") were
used to intervene in the experimental group. The integration frequency of the experimental group and
the control group was determined by real-time fluorescence quantitative polymerase chain reaction
(RT-qPCR) and validated by phenotypic screening. The concentration of metal ions absorbed by
bacteria was measured by mass spectrometry, and the molecular mechanism of silver ion against
capturing drug resistance gene cassette by bacterial integron was further analyzed by transcriptome
sequencing. [Results] The integration frequencies were 9.42x107° (6.49x107°, 1.44x10™*) in the
0.9 pug/mL silver ion group and 7.29x107° (4.45x107°, 9.03x107) in the 1.5 pg/mL silver ion group,
which were lower the 2.59x10™* (2.24x107*, 3.33x10™") in the control group (P<0.001). In contrast,
there was no significant difference between the groups with different concentration of copper ions and
the control group. The gene expression level of E. coli before and after silver ion treatment was
compared and analyzed by transcriptome sequencing. The differentially expressed genes were related to
the Gene Ontology (GO) terms of methylgalactoside transport, maltose transport,
phosphoenolpyruvate-glycerone phosphotransferase activity, and glycerone kinase activity, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways of amino sugar and nucleotide sugar
metabolism, flagellum assembly, cationic antimicrobial peptide (CAMP) resistance, fructose and
mannose metabolism, and phosphotransferase system (PTS). The top 12 hub genes (ptsG, malE, lamB,
lacZ, malK, basR, ais, ugd, nagE, metN, malQ and malF) were screened out by protein-protein
interaction (PPI) network. [Conclusion] A certain concentration of silver ions inhibited the integration
of drug resistance gene cassettes by integron, while the effect of copper ions was not obvious.
Therefore, not all metal ions with bactericidal properties had the effect on integration frequency. The
mechanism of silver ions against capturing drug resistance gene cassette by bacterial integron was

possibly through maltose transport and carbon catabolism. However, the processes of carbon catabolism
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and maltose transport were complex and deserved further study. At present, there is no related study on

bacterial integron transcriptome. This study provides a new way to solve the problem of bacterial drug

resistance.

Keywords: metal; integron; gene cassette; drug resistance; transcriptome sequencing
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iCAPQ HLEFN A S5 B TR TS
1.2 HEEHk. RuMEFRE

A F A A 4 TR A AR R TR 2 AR S
BRI, W 1, HAREH A ik I SCRk
[11]. K¢ kL pUCINT Al pACINAD (& 1§41k
FIKMHF B BL21(DE3)H (A4 i HS2), #ak
HARBIRBEAWEA TR SR AR
R, LB AR SRILE R 1%RE FIlE. 0.5%[%
FEEEEAI RN 1% ALENEC ] o 1A IR 5 R AE
LB AR SR IR 1.5%A9 B R T AY -

ME RIS T
X 40 uL HS2 B EEFITE 20 mL LB £ 57 5
Hi, 37 °C. 150 r/min #&3%55% 24 ho KB 1kTE
Y BRI INA TMP fil AMP, TAERHE 4>
S~ 25 pug/mL 1 60 pg/mL., ®)ASLHG7E R 5 A
A Ag W EE KT 1.5 pg/mL 50 Cu> W JE K
F 210 pg/mL B}, JUFRILAMEE K, SLI0U45)
BIFESE SR IRINA R E & B B 1. &R 3T
(HI Ag". Cu™ )il fdi il AgNO; Fl CuSO,-5H,0
DLW BEE A SR 5 (1) 0.30 0.9 AN

1.3

R 1 ARFFE R R E R R

Table 1 The strains and plasmids used in this study

Strain and plasmid =~ Relevant properties

Plasmids
pUCINT The integron integrase intl1 gene cloned between ECOR I and Pst I sites of pUC19
pACIN The integron gene cloned between Sca I and Nco I sites of pACYC184
pACADA The aadA2 gene cassette cloned between ECOR V and Cla sites of pACYC184
pACINAD The integron gene and aadA2 gene cassette cloned into between Sca I and Nco I and ECoR V and Cla 1

restriction sites of pACYC184, respectively

E. coli

HS2 pUCINT and pACINAD were transformed into E. coli BL21(DE3)

EcoR | —— Pt |

Recombination site

Pc .

aril intl] __Neo 1
S

Sea | i DH{—FR

intl]
ORFQ

Cat
Overexpress intergrase

- PACINAD

P et 7.0 kb
//_,-f . “rep (pl5A)
4 / \“?-/

p = —bl':l\

, g MBI EcoR V i
Ko _/ ~orep(p ) co attCl - aadA2attC2

/ AAFQ

Bl 1 ZEBFRHK pUCINT 0 pACINAD
Figure I Recombinant plasmids pUCINT and pACINAD.
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1.5 ug/mL i Ag"; (2) 5. 50, 100, 150 210 pg/mL
) Cu**s £ AgNO; ARG, TELEHE
B SR R RS I 28 15, 155507 =Xm] b
1.4 qPCRENMEEESFHESINE
1.4.1 EtrfEmsk

AT B A AR ERNZR . AR PR FORL HR B
BRI UE BT AT, DA BE 7 0 0 TRk b 3 BBCBTRE
pACIN, I H 260 nm F1 280 nm Ab ki ()W
B, B E I ZAR U YR AR . E R,
A A o3 BB TS DUR, I A R
B 10 5L B RS, VBN qPCR Al A 52
Mo qPCR SWARRALFE 1 uL #EAR, 1E 1]
W 5[#14% 0.2 uL, 5 pL SYBR Premix Ex Taq #/l
3.6 uL LB FK. 5I19FHIIE 2", 519
MR FEE BN Al A A qPCR SV 2514 - 95 °C
10s; 95°C5s, 58°C8s, 72°C27s, 40 M
o B ARRY Cly)5 bR e BORLFE DUE ()R
By A5 A IR HE M O R . R, MR
AR AR A T, DN R A A TR AR R 4R
pACADA, WHE &85 MHEA FRtRERZ .
1.4.2 AZEBERBRBAFTICLHR HS2 B
DNA {E/3 PCR #£#]

B2 mL B 5 R, M 1 mL K&K
PRV 2 WKL ARJE A 200 pL £ Tk 840 BT,
TE 100 °C /K& 10 min, 10 000xg &>
3min, W1 pL FVSWRAEABNR . QIRTETIA,
AT qPCR, SN 5 A4 S R A4 28 55 vy g o o it
LRI —20, M E HS2 RS 742 I8 PCR 7=

£ 2 PCRII¥IFFT

Table 2 PCR primers and sequences

IR TR /N R 121 bp, T2 HS2 &R G
F¥5 D15 PCR B WL R /N A 238 bp. 47
W5, LAY C A VbR I 2 St e A
HFMRAEEGES TN, BENE
GRS SRS FRENBZ L NES
W, BATHATT 20 MR
1.5 REFIRENERESINE

HS2 (A THET aadA2 JER £, LIS
BEER R R 29 . IR SR TR LB AR
FRHRERE 100 f5)5, WATAE S AHEE RN LB 3
Bk b A, A IR SRR 125 000 %
G, WATEARTHAERM LB BUE-FAR . 5%
FEARIE, GERCEAR B TETE R, S
— R M AR =(T R RN LB AR
HIEE< 100/ (AN EPIAEZRM LB P B s
$x125 000)
1.6 NMEMAHBHHREFNIEEFEE

WA AE AR BE ) AgNOs Fl1 CuSO4-5H,0
Ab PR S R AN B, ¥ M BE IR +h 4% p R K
(phosphate buffer saline, PBS)VH¥E 3 &, H
ICP-MS #E— 52 4 Jd B 71 T 10 000xg
BOULTE 3 min, SRJGAHEUTIER A Teflon 4
W, 5HER(S mL)IR A1k 27 min (100, 140,
160, 180 °C 4% 3 min, 190 °C 15 min), {4k,
PR Z =W, BOH s, AR Ak
(/DY 3 ), ¥BEl 50 mL ARfd, A
FEAK TR B A R 20, el BRI 4
2k & i ICP-MS 11 2 70 2 An i I Wil 45 1

Primers Sequences (5'—3") Comment

DHFQ TAGCACCCACTGAAACCCAG For determining the copy number of total integrons
ORFQ CTGCGCAGCCCATGCAGGCGA For determining the copy number of total integrons
AAFQ CATCCACTGCGGAGCCGTAC For determining the copy number of integrated integrons
5CS GGCATCCAAGCAGCAAGC For determining the copy number of integrated integrons

http://journals.im.ac.cn/actamicrocn
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1.7 3RAENF
17.1 R & R AR AN F

JHAEXTHRZH AN 1.5 pg/mL R B 7oL 504008
AR, G BEIR R 2% RIS WS TR 2 o X
MRS AR T T 3 WAEMER . K
RNA $i 0] 2 158 B 45 0 sl 2 BBOR 4l Ak [ i o
G RN MR R B RNA, ZHE LIRS
PR A PR FIRIE cDNA SCZE, 7 3C
JZE FIN 7F- 5 Tllumina HiSeq #E4 74% 40+ o
1.7.2 BEERZEEREFFEEEINES

ffif] RPKM (reads per kilobase of transcript
per million fragments mapped)iit8 B K £
i, RPKM ¥ BETHBREE sf A B2 AN 122 22 S
XA ARBTG5 AR
5o AT 4 T T PO A [RIAE i 1] A 2 s 3Rk
25 . ffiF DESeq (2012) R package Y estimate
Size Factors PREUNT counts B ThnuESl, Il
FH nbinom Test pRECIT 225 LA P value Fl
fold change fH. % P B/ T 0.05 H. 2 FA55E0K
T 2 VEA T v 22 A B B bR v, Tl Lt
JURT o3 A K 36 1047 22 S+ 2 N 9 GO 1 KEGG &
oM, DIHIE 22 S 2 IR 2 250 e ) A= )27 )
AE B B
173 MBEFESH

String B 2 — MUK C ME A FZ A
FTIIN 15T 2 (8] A B s . FR R
HZ BB A EAE M4, A B T2 A% 0 i i
PEIE 1T String $diE 7 https://string-db.org/
125 T RIBFE R FHRAX A L, W A
H g SRJE I Cytospace % e G
WXALEE, FfRAelE Fr.
1.8 Fitoif

Xof T i 27 AR AR S A B R T F- 24
{HAIARHEZE RN, FTCXT t RS B0 sl 0l ST, t A 3
fhi2e 5. X TARIES A EdE , R A%
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Iz 5. PAE<0.05 BN A A GEit 8 . 4
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2.1 qPCRINEEEINE

PN e R i S ORI = W )
Y=—-4.027X+59.163, R*=0.996, & 14 THY
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BREEHY IR 24, 20), B, A 0.9 F
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MRS F 1Y CAEIT A WL A2 k(K 2D). #
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H7 B 3. B B 0.9 F 1.5 pg/mL 1Y Ag”
BT X IR . SRIFBIE AT A ES S
A, K Kruskal-Wallis £ 58 , XF BR 20 55 A5 [A]
JEAR BT A RS R WA Gt e 2
(P>0.05), A~ [F] v B2 4 2 - 2H Z [l L 3 A Ge it
25 (P>0.05) AHXT HEZH 5 0.9 pg/mL Fl 1.5 ug/mL
B A B R B St 4 25 5 (P<0.001),
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(A) Amplification plot (B) Amplification plot
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Figure 2 Amplification curves of HS2 in control group and metal ion group. A: amplification curves of total
integrons in different concentrations of Ag’; B: amplification curves of integrons integrated in different
concentrations of Ag”. a: control (without metal ions); b: 0.3 pg/mL Ag’; c: 0.9 pg/mL Ag’; d: 1.5 ng/mL Ag".
C: amplification curves of total integrons in different concentrations of Cu*"; D: amplification curves of
integrons integrated in different concentrations of cu*.e:5 pg/mL Ccu*'; £: 50 pg/mL cu*'; g: 100 pg/mL Cu*'; h:
150 pg/mL Cu®"; i: 210 pg/mL Cu*".

3 qPCRINGHIEEINE

Table 3 Integration frequency measured using qPCR
Control Silver ion group/(pg/mL) Copper ion group/(pg/mL)
Gro
up group 0.3 0.9 1.5 5 50 100 150 210
Integration 2.59x10* 2.26x10™*  9.42x10°  7.29x107° 2.60x107* 2.38x10*  2.25x10*  1.77x10*  2.62x107*
frequency (2.24x107%, (1.32x107*, (6.49x107°, (4.45x10°,  (1.95x107%, (1.60x10™, (1.55x107*, (1.28x107*, (1.96x107*,
333x107% 3.58x107%)  1.44x10% 9.03x10°)  3.18x10™%) 3.48x107%) 4.02x107%) 2.95x107%) 3.17x107%

AR R, AER AR O B B e 2.3 AERBARANEE FEENE

THEEERN LB PR LA Z MR TE (& 4B,
J. L. N, P fil R), WAMES Cu*" AT
gk aadA2 JE & RHHIME N . AR
3RERE LA EIIEITE(E 4. GRS
qPCR SEHa 45—,

5 PRI 1 5 2% o 590 1 0 200 T 8 441 1 s i )
BLE TN KHFF T HS2 $ IR AR A4 2 7
SR 5. WERFATLUE R HS2 2
REM AR DA SRR 25, Bl B SR 2 b s
B HEREIN, AR BRI R B BN . A
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Integration frequency

QD N D
& 599 E P
s
@ Cu2t

Metal ions/(pg/mL)

3 qPCRMEMBESEREETFLH HS2
EEES

Figure 3 gPCR measurement of integration frequency
of HS2 in control and metal ion groups. ***: P<0.001.

RN, SReEFiEtt S AYANERE
PG, MIAEH R BIE AR
I, 2 TR 0 ) 4 i SV R A i) 4 R R
BTG SN A
24 HREAMNFERSH
241 NEFEHEREFHEREFREERDH
X IR GEBCHE AT R, BT KRR
3k (adapter)(?) reads . Z2BR7T N (N F/R ICTE B E B
HAFEOAY reads. EBRKFE reads (Qphred<20
PR EEEL 5 #E A read K1) 50%L 1Y reads).
[F] B} X} clean data 74T Q20. Q30 I GC & & it
B JRELITA ST R AT clean data E1 T
J 53T, it DESeq 4r#r)E (K 5), XTHRALS

4 MRESEEHTH HS2 £ LB FIRMSESHE LB TR EMEKIFR

Figure 4 Growth of HS2 on LB plates and LB plates containing streptomycin in the control and metal ion
groups. A: LB medium for control group (without addition of metal); B: LB medium containing streptomycin for
control group; C: LB medium for 0.3 pg/mL Ag" group; D: LB medium containing streptomycin for 0.3 pug/mL
Ag" group; E: LB medium for 0.9 pg/mL Ag" group; F: LB medium containing streptomycin for 0.9 pg/mL
Ag" group; G: LB medium for 1.5 pg/mL Ag" group; H: LB medium containing streptomycin for 1.5 pg/mL
Ag” group; I: LB medium for 5 pg/mL Cu®" group; J: LB medium containing streptomycin for 5 pg/mL Cu®*
group; K: LB medium for 50 pg/mL Cu®" group; L: LB medium containing streptomycin for 50 pg/mL Cu**

group; M: LB medium for 100 pg/mL Ccu** group; N: LB medium containing streptomycin for 100 pg/mL Cu

2+

group; O: LB medium for 150 pg/mL Cu®*" group; P: LB medium containing streptomycin for 150 pg/mL Cu*"
group; Q: LB medium for 210 pg/mL Cu®* group; R: LB medium containing streptomycin for 210 pug/mL Cu*

group.
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R4 TERER AgF Cu™ NI TH HS2 BEINF LK

Table 4 Comparison of HS2 integration frequencies under the influence of different concentrations of Ag"

and Cu*"
Group Control Silver ion group/(pg/mL) Copper ion group/(pig/mL)

group 0.3 0.9 1.5 5 50 100 150 210
Number of colonies 476 357 316 208 348 227 238 378 205
on LB plate (dilution
multiple 1:125 000)
Number of colonies 242 175 36 23 218 122 115 265 143

on LB plate containing
streptomycin (dilution
multiple 1:100)

Integration frequency 4.07x10™* 3.92x107* 9.11x107° 8.85x107

5.01x107% 4.30x107* 3.87x10* 5.61x10* 5.58x107*

% 5 ICP-mass &Il HS2 1 Ag™#l Cu™' & 8

Table 5 ICP-mass detection of Ag” and Cu®" in HS2

Concentration of metal ions added to the culture Ag" Cu**
medium/(pg/mL) 0.3 0.9 1.5 150 210
Concentration of metal uptake by bacteria/(mg/kg) 7.62+0.87 9.67+0.57 16.35+6.62 27.16+4.31 37.18+5.83

SCHAAN R 22 RN 241 4>, i 1394
R FGRIEDR, YRR 102 . HiH log,
FC i FIRFRIAMHECH 5 UL A 17 MR, R
WA R XHE R 5 VA EERAE 7 4 45
IR, B A0 R S A AR T 2
&l Z RN kA ZERRIK,
242 ERFTIEERAWMINGEEE S K IEHE
WEENHT

Z S FRRILENT GO ThRE) i3 & ot
A LSO AR 2R 25 S 3R IR JE DK BT v S iy AR 3
IR A Y r ot f . S2iG 4] 5 % B ZHAH L
GO & /W1 30 M4 H (& 6), fEAE L FEJ7 1H
RAETEMT R FEG PRI T
(methylgalactoside transport), 77 241z (maltose
transport) . # ZFMiKE 4412 (maltodextrin transport) ,
H il 43 f# 1 #2 (glycerol catabolic process)&; 7E
R LH 5> R R A AR GO 4% H & 4 1 B HE
FEIAK, FPIRY)(bacterial-type flagellum basal
body, rod) . 4 %Y ¥ -E 44 (bacterial-type flagellum
hook). #% ZfMi¥siz & & 1K (maltose transport

S6-vs-S2: P-value<0.05 & |log, FC|>1

Filtered
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Figure 5 Volcano plot of differentially expressed
genes (DEGs). Red dots indicate the up-regulated
DEGs, green dots indicate the down-regulated
DEGs, and gray dots represent genes with no
significant difference.
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S6-vs-S2 (total): top 30 GO term
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Figure 6 GO enrichment map of differential genes between experimental group and control group. The
vertical coordinate is —log;o P-value, the larger the vertical coordinate the more reliable the enrichment of
differentially expressed genes in the results of this functional annotation. The horizontal coordinate is the GO
term. P-value<0.05 is the significant level and P-value<0.01 is the highly significant level.
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ko02060: phosphotransferase system (PTS) r
ko02040: flagellar assembly r

ko02024: quorum sensing r -

ko02010: ABC transporters -

ko01503: cationic antimicrobial peptide (CAMP) resistance
ko00983: drug metabolism-other enzymes f

ko00770: pantothenate and CoA biosynthesis r

ko00630: glyoxylate and dicarboxylate metabolism -
ko00620: pyruvate metabolism r

ko00561: glycerolipid metabolism +

ko00520: amino sugar and nucleotide sugar metabolism r
ko00500: starch and sucrose metabolism r

ko00450: selenocompound metabolism t

ko00270: cysteine and methionine metabolism
ko00240: pyrimidine metabolism -

ko00230: purine metabolism -

ko00220: arginine biosynthesis

ko00051: fructose and mannose metabolism f

ko00030: pentose phosphate pathway +

ko00010: glycolysis/gluconeogenesis

S6-vs-S2 (total): KEGG enrichment top 20
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Figure 7 Enrichment analysis result for KEGG pathway of differentially expressed genes. Each circle in the
graph represents a KEGG pathway, and the horizontal coordinate is the enrichment factor, which represents
the ratio of the proportion of all genes annotated to a pathway to the proportion of differentially expressed
genes annotated to that pathway. The smaller the enrichment factor, the more significantly the differentially
expressed genes are enriched in that pathway. The vertical coordinate is the KEGG pathway. P-value relative
to the applied colour indicates that a smaller P-value and a redder colour indicates a more reliable enrichment
significance of differentially expressed genes in that pathway.
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Figure 8 Protein interaction network diagram of differentially expressed genes.
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