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Induction of cross resistance of Escherichia coli to tigecycline by
doxycycline hydrochloride and identification of resistance genes

HUANG Xinru', GUO Liuling', WU Junwei"*, TANG Xin?, DENG Kaifeng®

1 College of Veterinary Medicine, Southwest University, Chongqing, China
2 Chongqing Bull Animal Pharmaceutical Co., Ltd., Chongqing, China

Abstract: [Objective] To investigate the mechanism of the induced cross resistance of drug-
resistant mutants of Escherichia coli to tigecycline in vitro. [Methods] We used doxycycline
hydrochloride and the mutation preventive concentration (MPC) method to induce the drug
resistance mutation of Escherichia coli ATCC 25922, and the drug resistance spectra of the mutants
were determined. Genome-wide next-generation sequencing was utilized to analyze the mutations
of key differentially expressed resistance genes of ATCC 25922 and the mutant with the highest
resistance index. RT-PCR was used to determine the transcription levels of the key differentially
expressed resistance genes of the mutant with the highest resistance index according to the whole
genome sequencing results. The expression of key differentially expressed resistance genes in the
mutant with the highest resistance index was knocked down by siRNA. [Results] Three drug-
resistant E. coli mutants Y352, Yes, and Y25 with different degrees of resistance to tigecycline
were obtained after stepwise induction of drug resistance mutation, with the resistance following
the order of Y3,2,<Y44<Y282. All the mutants showed multi-drug resistance. Fourteen resistance
genes were detected with varying degrees of base mutations and amino acid mutations. In the
mutant Yi,5, with the highest resistance index, the expression of acrd, acrE, acrF, acrS, plsC,
rpsJ, acrB, and macA was up-regulated, while that of t0l/C, marA, sdid, and macB was down-
regulated. The resistance genes rpsJ and plsC in Yy, were successfully interfered with at
tigecycline concentrations of 1xXMIC and 1/2xMIC, and the strain regained sensitivity to
tigecycline. [Conclusion] Y,3, develops resistance to tigecycline by the overexpression of the
ribosome binding site gene rpsJ and the bacterial cell membrane permeability-related resistance
gene plsC.

Keywords: tigecycline; Escherichia coli; drug resistance mechanism; interference
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(RNA-induced silencing complex, RISC), k)5
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EINFRE (98.00%), | ifEA s pkAk AL R
AR AF]; BER R AR 2 (94.00%), FiEFTH;
THEAEREBRGARAR; HREZEHE
(93.99%). + 72 (89.70%). BHPEHK(86.30%).
RV (98.28%) . EhRFKI] H5 2 (88.96%) . A1
FRZR IR R (93.09%) . BARJE#(99.20%) . BT
T (62.50%) . MRFRZEE K (82.30%). MRk
J5(96.85%) . WHHEMENE(92.87%), HIRA/RBIZy
WA RAF; ERRTTH R 2R (93.00%). 2N %
E(85.00%), bt EAMIRHEA IR F,

1.2 HEZAMRREMILEXT ATCC
25922 B &/ MIERE(MIC)

SR FH A8 TR 37 s o 2 DU e /DN 00 R AR
(minimal inhibitory concentration, MIC). HX 96 fL
M, HATRT 11 FLIA 100 pL 9 MH N ; #
T4 1 FLIA 100 uL. 8 pg/mL fELER £ 74
WRIEINIAE, IRAIEWH 100 uL 255 2 1L,
WA U B 2256 9 FLJS M 100 uL F25 [A)
AT 1-10 FLINA 1x10° CFU/mL B & 5 uL,

AL B IR LR E L) 1x10* CFU/mL; 37 °C
fHIR TR E TR 16-18 h 5 R4, Toam Ak
() A2 e B 340 7 >l MIC fEL.
1.3 {KIMES ATCC 25922 itz4

B 3x10" CFU/mL ATCC 25922 TE# 90 pL,
BB IMAZE 1XMIC, 2xMIC, 4xMIC, 8x
MIC. 16xMIC. 32xMIC B & 25 F-Medr, M
AEBISIRIR, 37 cCHRrE RIS 24-72 h J5 WAL
W, TCRIVE A 0 AR 2 P B ) 7 S BT 24 58
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FE MIC-MPC 2 [H] 5 B 24 4 e J3 T il 5 245 °F- A
P B AR T &2, 37 °Cif 3 5%
24-48 h J WERZER; HURTEVR, e R 2
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EMB) - # EAZ4 10 ¥k, Ffil@E MIC {5, #F
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WP EE T & 5mL LB Wik,
37°C. 180xg IRHHTFRE ODeoo M 0.5 %15 R
PRI TR R ATCC 25922 F1 Y1050 XTEINFF 214
MIC & B EME, 5 1:100 FL B 2R 545
WS 2GR A, 2R FE 7301 R 0xMIC
1/4xMIC. 12xMIC. 1xMIC. 2xMIC. 4xMIC
J 8xMIC; 4rHIfEMEERIEl 0, 2. 4. 6. 8.
10, 12, 24 h BU B 90 L, FIEJIREE A
TG ; 37 CCRPE IR 16-24 h [ EATIHEL,
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ZH2H 3 DR S3 T 19 h T AR S A SR BRI RHE A FR
NNl A L R < o~ S IS 7 I 2
SnapGene . EditSeq I MegAlign %X {4 X} #H 5 i
24 5L R A B P 90 RN 2 B PR e 91 AT L, 43
Wrae 2B il .
1.6 AIMESTH AR TR 2 EE RIA
=NME

51 PARYE NCBI H 3t R 571 Ko 42 3L DR 4
HFEE ¥4, ] Primer Premier 5.0 A1 NCBI
wit, JFmA T A TR RN ARAF S
Bo XF Y 1080 AN 2 AR A T 24 2 P 8 1Y)
MEGE 1.

RNA #2455 & RNA #2050 & 20 TR 5

#x1 BWERERKAEEPCRY ES|H)
Table 1

Y5 Bk 4% cDNA 5 — 855 U] & 20 PR
1B, SRS L cDNA, 262 5 PCR A Y
WA Z (10 pL): 2xSGExcel FastSYBR Mixture
S5uL, . FUHEEI#(10 pmol/L)£ 0.2 pL, itk
1 uL, RNase-free ddH,O 3.6 uL. 2 W 5% 14 -
95°C 3 min; 95°C5s, 60°C20s, 40 MEH;
Ve ik it AR B2 T 2O B PCR {XUE A it
FRE o
1.7 RSME ST 2RSS RRT 20451 A9 7]
HHUE
1.7.1 siRNA B934t

SIRNA T4 514 Hy 1 7 5 35 1 245 AR A R
PNEB A . HAPORER TT & ik,

Fluorescence quantitative PCR amplification primers for target genes

2 ISR Bik7)E2]l BRIEER B E PR B

Gene name Primer sequences (5'—3") Base count (bp) Tn/°C Amplicon size (bp)

gapA F: CGTATCGGTCGCATTGTTTT 20 57.1 230
R: ACTTCGTCCCATTTCAGGTTAG 22 57.6

acr4 F: TCACCTTTCGCACTGTCGTAT 21 59.9 127
R: GTCCTCAAGTTAGCGGGATTAT 22 57.8

acrB F: TTGGCAGACGCACGAACA 18 58.6 120
R: AG AAGAGCACGCACCACTACAC 22 61.9

tolC F: ATCGTGATGCTGCCTTTGAA 20 57.4 132
R: CACTGGTCGCGTTAGAGTTGA 21 59.7

marA F: CTGAAGGAAAGTAACGAGCCG 21 58.3 140
R: GATTCGCCCTGCATATTGGT 20 58.9

acrE F: CAGGTTTTTCCTCCTGCCCT 20 60.7 92
R: CACCGACGTGAGCTTTCTCT 20 60.4

acrF F: AGTGCAGGTGCAGAACAAAC 20 58.9 168
R: GAGGCCACATAGTCCGAGAT 20 58.0

acrS F: CCAGCCGTCAAGTGTTCC 20 58.3 109
R: CGCGTGGCGCTATCTACT 18 60.1

sdiA F: CGCATCAGAGCCATCAGACT 20 60.4 115
R: CGCTGGGCTTTTTGTCCTTT 20 60.1

macA F: AAAGCCTGGTTTACGGTGCT 20 60.9 88
R: CGTTAACCTTTTCCGGCGTC 20 58.4

macB F: TATCGGTATTGCGTCGGTGG 20 59.8 71
R: TATCCGCCAGCACCATTTGT 20 60.8

rpsJ F: AATCGTCGAGACTGCCAAGC 20 56.1 192
R: ATCAGAGCATCAACGGTTTT 20 59.5

plsC F: CAATCACCAGACCGTTGTGC 20 59.0 80
R: CGTCCCGATTATTCCCGTGT 20 60.2

>4 actamicro@im.ac.cn, 7 010-64807516
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DUAE X&E E A 4000 S5 A B T B ) B AR 3t
M 2).

K H CaCly Ll 25 A2 A5 40, 7E 50 pL J%
ZAAMHIA S uL Z51Y, RS E Tk
30 min; 42 °C/KIRKRTE 90s, FHVKIA 3 min, [A)F4
ISR ARE TP ITA 1 mL LB, 37 °C. 220xg 153
30-60 min, ZERHERIKEZ R 1x10° CFU/mL.
1.7.2 HUEHNTRARTHREARE MR
KETREKFRMNE

FEAFE I E 1XMIC, 1/2xMIC, 1/4xMIC
WREAL, NC MBI HEL . AN E 2%
WRZH | BT IR | (R % R AN 28 1 % B
A, SAomniE 3 ANEEL. m EARFLAm
A X RE ) 7% siRNA T & W 10 pl, X N 1Y
SiRNA 5[4 2 uL, 7 BPFEESAR LI A (P
0 h) 600 nm 4bfY OD f; W 8 h Ak 1 h N
2 pL XF R Y siRNA 514, [FIIAE 24 h N 55 B

#2 siRNATFH5|49

2h M 1K 600 nm &b OD fi, 2l A
HES
1.7.3 ST AR ipst. plsC £
ESESSv=<4: 0P/ )

% M RT-PCR J7 %, TE%% A siRNA J5 1Y
24-48 h XSG AL IS T AR TR AR 1 L 9 3 R R A
FEREME

2 BERE5AH

2.1 {KIMFES ATCC 25922 HEER
ZIREZTA R BTG, 5] 3 A
AR 25 58 88K, 3 Yoo, Ye K
Yiosao 4 EMB PARZS FUEREEFE 10 05, 45
UL 3,
FRUERETRE ATCC 25922 1Y) MPC {E°M 4 ng/mL.
ZHMREZVWHARIETIE, Y. 00 MPC (H N

Table 2 siRNA interference primers

EIEZEA siRNA J75

Primers name siRNA sequences (5—3")

NC Sense strand: UUCUCCGAACGUGUCACGUTT

Antisense strand: ACGUGACACGUUCGGAGAATT

rpsJ 80

Sense strand: GUCUGGUUGACAUCGUUGATT

Antisense strand: UCAACGAUGUCAACCAGACTT

rpsJ 156

Sense strand: CAGAACAGUGAAGCGCUCUTT

Antisense strand: AGAGCGCUUCACUGUUCUGTT

rpsJ 292

Sense strand: GCAGAACCAAAGAAUCCGUTT

Antisense strand: ACGGAUUCUUUGGUUCUGCTT

plsC 132

Sense strand: GCGGCAGGAUUUCGACAAUTT

Antisense strand: AUUGUCGAAAUGCUGCCGCTT

plsC 602

Sense strand: GCAAGACGGCCAAACAUAUTT

Antisense strand: AUAUGUUUGGCCGUCUUGCTT

plsC 697

Sense strand: GCUGAUAAUCACGGUAAUATT

Antisense strand: UAUUACCGUGAUUUACAGCTT

acrE 173

Sense strand: GCACCAAUGCUUAUCGUAUTT

Antisense strand: AUACGAUAAGCAUUGGUGCTT

acrE 496

Sense strand: GCUCGAAUCAAUCUUGCUUTT

Antisense strand: AAGCAAGAUUGAUGCGAGCTT

acrE 958

Sense strand: GCAACCGUGCUGAUUGUUATT

Antisense strand: UAACAAUCAUCACGGUUGCTT

http://journals.im.ac.cn/actamicrocn
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3 IFSPIEEMKMICE

Table 3 MIC values of strains before and after induction

P25

Antimicrobial agents

ATCC 25922 MIC (pg/mL)

Y325 MIC (pg/mL)

Y4 MIC (pg/mL) Y 128.2 MIC (ng/mL)

N EALEIS
Doxycycline hydrochloride

EZDIIEZFS

Tigecycline

0.500 0

0.062 5

32.000 0

0.250 0

64.000 0 128.000 0

0.500 0 1.000 0

64 pg/mL, Ye4 ) MPC {HH 80 ug/mL, Yiogo
MPC {f & 135 pg/mL. B AR T 25 f5 $508k K
MPC {H#E, —HEIEMHE.

PEHEHE E (selection index, SI)/&: MPC 5 MIC
B AR, AT T FR B AR XL 181 245 W e 15 1if 24
RASHIHE ST . PRUETE R ATCC 25922 | ST {H N
8.00, ZXEMEZWWHRIFE TG Yo, I SIH N
2.00, Yeu I STH N 1.25, Yoo 9 ST N 1.05,
PRI 2GR0, STEM/N, 3 B HAHC,
22 FEMEMARTHRMELERE
ZHR

2 TR R ) A AR SRR YA B K 3% A TR A
MEEE 4.
2.3 BFREMARTIHRINITZAIE

G IR Yoo MR &R | A TRE
SRIE R MR IR R T R U, XTI RPURE 253
R A [FIFLEE B 251 5 Y ou XHI A1 R 28 SR TR
MBI R F UK, X HAPUE 2 0
SRR BE BT 250 5 Y 1050 XTERERAR O] B2 2R N
Wl IR RS, X HRPURE Y R
AN [RFREE (A 254 (3% 5).
24 BMIARINFSHEWARTHRD
B/NREKEMBOLER

Bl 25 TR AR T 25 PR A3, MBC B 32 ¥ 3
K, ZHBIEHXEE 6).
25 BMAREIFESEISM AT IRRY
BJ[E)- R 2k 25 R

i [] % B8 408 o RO T L PR
. R A K E . B R X Y s, HIET

N
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4 FEFIEEMELNLEEER
Table 4 Biochemical identification results of strains

before and after induction
e D)
Test kit
LA - - -
Hydrogen sulfide
KNI - - -
Phenylalanine
AR R - - _
Gluconate
K - - _
Peptone water
WK (VPIRE) - L
Glucose water
(VP test)
IR EL Citrate - - - _
JKZ Urea - - _ _
2 [ {A& Semisolid + + + +
AR
Glucose gas
production
42 Lysine
5,240/ Ornithine
i -F-Hi Raffinose
A Xylose
il 4> 35 4£ 5 Adonitol
LLIALE Sorbitol i
SR XTI - - _

Amino acid control

ATCC 25922 Y325 Yes Yioso

+
+
+
+

Lo+ +
+ o+ 4 +
Lo+ o+
I+

+
+

+: 90%—-100% positive reaction; —: 0—10% positive reaction.

Ji] - 2% B I 2R 25 2R 5 HOG ATCC 25922 AR L1
BUAAL, (HAE IxMIC, 2xMIC, 4xMIC J 8x
MIC 25 EE T, Yiaso M 2 h IR BB
R TGS, H&WEENRRE
ATCC 25922 B/, Z53FRW, BN w24
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Table 5 Drug resistance spectrum of strains before and after induction
WUEZY) ATCC 25922 MIC Y35, MIC Y s MIC Y 125.0 MIC
Antimicrobial agents (ng/mL) (ug/mL) (png/mL) (ug/mL)
182 Oxytetracycline 0.250 0 256.000 0 256.000 0 256.000 0
B 55 75 bk Amoxicillin 0.250 0 1 024.000 0 1 024.000 0 1 024.000 0
TR Sk A% fI5 Cefquinome sulfate 0.062 5 4.000 0 4.000 0 1 024.0000
AN H R RN 4.000 0 4 096.000 0 4096.000 0 4 096.000 0
Ampicillin sodium
B35 £ Enrofloxacin 0.007 8 1.000 0 4.000 0 4.000 0
RN Z Lincomycin hydrochloride 512.000 0 1.024.000 0 2 048.000 0 1 024.000 0
941 iR 4% SR 18 2 Tylosin tartrate 256.000 0 256.000 0 512.000 0 1 024.000 0
Tl iz w15 Sulfadiazine 16.000 0 512.000 0 512.000 0 512.000 0
5% J8 % Florfenicol 4.000 0 1 024.000 0 2 048.000 0 512.000 0
%% % Chloramphenicol 2.000 0 512.000 0 512.000 0 256.000 0
TR R 0.250 0 0.250 0 0.250 0 4.000 0
Colistin sulfate
iR #8525 Neomycin sulfate 0.12 50 2.000 0 0.500 0 32.000 0
il J8 % & Kanamycin sulfate 2.000 0 16.000 0 8.000 0 4.000 0
Ji % & Vancomycin 32.000 0 128.000 0 128.000 0 128.000 0
*z6 1EEFEEKMBCE -o- 0xMIC - 1/4xMIC
) 1/2xMIC 1XMIC
Table 6 MBC values of strains before and after e D
S 14, PMIC - 4MIC
induction El -8 8xMIC
5 512
Strains MBC (pg/mL) 6 10
ATCC 25922 0.125 2 o
ke
Y322 0.500 § 6p
Yo 1.000 8 4
=
Y252 4.000 §
3
m

GEE IR B VE P T T 5 i, HAR R EE
I, REBCR A MR A, 254058
1, E2).
2.6 MZAERERETLER

AR I 7 45 5T LG ATCC 25922 5 Y50 Y
FASCTR 252 ], e B S R 35 A B Xt i 34
i 25 19 AH G T 245 3 ) acrd . acrB. 1olC.
acrR. marA. marR. soxR. acrE. acrF. sdid.
acrS. plsC. rpsJ ¥ A T A R B R
A 7)o

214 16 18 20 22 24 26
t/h

10 1

S
o
N
a F
oo

El1 ATCC 259220 8)- Bk

Figure 1 Time-sterilization curves of ATCC 25922.

2.7 MBI ARTRRICEE PCR
&R

Y80 B acrA . acrE. acrF . acrS Fl plsC %
IR 22 3A 0 i 2 4 (P<0.001); rps] FeH 235 W
# L H(P<0.05); acrB 1 macA FEHFFik EIFA
3 (P>0.05); tolC. mard. sdiA Fl macB F& K

\
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Figure 2 Time-sterilization curves of Y,5.5.
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Table 7 Mutations of Y5, resistance genes
Gene Base substitution Amino acid substitution
acrd 310 G—A 394 T—C 504 A—G 104 A—T
528 T—C 543 T—C 561 A—G
735 G—A 882 T—C 975 G—A
1029 C—T
tolC 39 C—T 339 T—A 357 G—A 233 T—A
372 A—G 423 G—T 543 A—G
697 A—G 732 C—G 747 T—C
756 A—G 792 C—T 816 G—A
822 C—T 831 A—G 849 C—T
858 A—G 1 080 T—C 1086 C—T
1110 A—G 1119 T—C 1149 T—C
1284 G—A 1413 G—T
acrB 150 T—C 423 G—C 444 T—C 596 N—H
465 T—C 477 A—G 522 C—T
576 A—G 627 A—G 636 T—C
645 A—G 648 TG 783 A—G
792 T—C 795 G—C 801 A—G
891 G—A 978 G—A 981 T—C
990 A—G 1062 A—T 1075 T—C
1257 G—T 1290 C—T 1470 G—A
1653 T—C 1713 A—G 1761 G—A
1786 A—C 1959 T—C 2028 C—T
2064 A—T 2268 T—C 2316 C—T
2400 G—A 2472 T—C 2583 A—G
2667 TG 2709 A—G 2 808 T—G
2829 A—C 2919 C—T 2922 A—G
2938 T—C
marA 165 T—C 2938 T—C 264 C—G 127 N—S
342 T—C 380 A—G
acrS 21 T—C 27 C—T 77 A—G 26 Qq—R 75 D—E
120 T—C 225 T—A 234 C—G 213 K—Q 220 M
240 G—A 261 G—A 288 T—C
468 T—C 637 A—C 660 A—G
acrR 105 T—C 219 C—A 293 A—G 26 Q—R 75 D—E
213 K—Q 220 [—M
SOXR 99 C—T 126 T—C 171 C—T 74 R—G
210 C—G 213 A—G 220 C—G
243 A—C 351 T—C 414 A—C
444 A—G
acrF 27 G—A 99 C—T 117 G—A 148 G—D 338 Q—H
138 G—A 180 A—G 210 C—T 379 T—A 428 R—K
315A—G 441 T—A 443 G—A 500 V—T
543 G—A 693 C—T 780 G—A
783 T—C 861 G—A 864 C—T
870 G—T 885 C—T 888 C—T
972 T—C 993 T—A 1011 C—T
(f#4k)
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(BR7)
Gene Base substitution Amino acid substitution
1014 G—C 1023 G—A 1029 G—A
1041 C—>T 1053 A—G 1083 C—T
1089 G—A 1095 A—G 1096 T—C
1101 A—C 1113 T—G 1119 T—C
1122 C—G 1135A—G 1137 A—G
1146 A—C 1173 T—C 1176 G—A
1188 T—C 1197 A—G 1209 A—G
1212 TG 1215T—C 1218 T—C
1233 C—G 1236 TG 1257 A—G
1272 A—G 1278 C—G 1281 C—A
1283 G—A 1302 G—A 1323 G—A
1329 A—G 1344 A—G 1350 G—A
1380 T—C 1383 C—T 1386 A—>T
1389 A—>T 1419 T—C 1422 T—C
1428 A—G 1443 A—T 1446 A—T
1452 T—G 1455 G—A 1456 C—T
1464 C—T 1470 C—>T 1486 T—C
1491 G—C 1497 A—C 1498 G—A
1499 T—C 1503 T—A 1506 C—T
1527 A—>T 1530 A—>T 1548 C—T
1554 T—C 1572 T—C 1584 T—C
1590 T—C 1614 G—A 1830 A—G
1935 A—G 1959 A—G 1995 T—C
2082 G—A 2109 C—T 2 148 C—T
2257 T—C 2517 T—C 2 538 T—A
2553 G—T 2586 A—G 2598 T—C
2736 A—G 2745 A—G 2979 G—T
2997 A—G 3006 C—G 3024 C—A
3063 G—A 3087 T—C 3090 A>T
acrE 132 G—A 186 C—T 308 G—A 103 S—N
414 T—C 510 C—T 561 C—T 327 N—D
684 C—A 744 G—A 833 T—C
855 G—A 879 C—T 948 A—G
979 A—G 1047 C—>T 1053 T—A
marR 186 A—G 189 G—A 207 G—A 103 S—G 137 H—Y
276 T—C 307 A—G 360 T—C
409 C—T
plsC 29 C—T 44 T—G 59 G—T 199 0—D
80 C—T 110 T—C 128 T—C
143 G—A 161 G—A 170 A—G
302 C—T 326 C—T 371 G—A
383 C—T 386 G—A 407 G—A
410 G—A 425 A—T 470 G—A
473 A—G 545 C—T 549 T—C
rpsJ 10—C 282 A—C 284 0—A 8 A—K 9F—0
293 A—0 92 E—A 93 C—M
94 R—Q 95 S—I1
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Figure 3  Statistical results of relative expression levels of resistance genes in various drug-resistant mutant
strains. ns: P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 4 Results of rpsJ gene interference under different tigecycline concentrations. A: Results of rpsJ gene
interference with 1xMIC tigecycline; B: Results of 7psJ gene interference with 1/2xMIC tigecycline; C: Results
of rpsJ gene interference with 1/4xMIC tigecycline.
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Figure 5 Results of plsC gene interference under different tigecycline concentrations. A: Results of plsC gene
interference with 1xMIC tigecycline; B: Results of plsC gene interference with 1/2xMIC tigecycline; C: Results
of plsC gene interference with 1/4xMIC tigecycline.
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Figure 6 Changes in the expression levels of 7psJ and plsC genes in drug-resistant mutant strains obtained after
interference. ns: P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001.
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