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Abstract : Objective To explore the mechanism of Mycobacterium tuberculosis ( Mth) resistance to fluoroquinolones (FQs)
drugs at the genetic level, the whole genome sequencing of fluoroquinolone — resistant Mtb induced in vitro and clinical isolates
was conducted. Methods Mib standard strain H37Rv was induced into standard levofloxacin (LFX) resistant strain and high
— level drug — resistant strain in LJ medium by concentration gradient induction method in vitro. The induced strains and drug
— free control strains of each generation were collected and preserved. FQs — resistant strains in clinical isolates were screened,
and the sensitivity of the induced strains and clinical isolates to 14 anti — tuberculosis drugs was detected by liquid microplate
method, and then the whole genome was sequenced and analyzed. Results The analysis of LFX - resistant Mtb model found
that the resistance of Mth to FQs drugs may be related to gene mutations, gyrB ( Ala504Thr, Asp461Asn), gyrA (Ala90Val) ,
PE_PGRS31 ( Ala395fs) , panB ( Asp184_Alal87del), aroD ( Asp61Asn), devS (Gly348Arg) and rv3446¢ ( Alal78Thr).
GWAS analysis of clinical isolates detected 17 new mutation sites that may be related to FQs drug resistance, namely gyrd
(p- Glu21Gln, p. Gly668 Asp, p. Ser95Thr, p. Glu213 Asp, p. His280Arg, p. Ala384Val) , gyrB (‘erl32Ala, p. Met2911le ) , PE _
PGRS31 ( p. Ser365Phe, p. Pro254Leu, p. Thi2521le, p. Val352Ile ) , rv3446¢ ( p. Arg284Pro, p. Leu389Phe, p. Alal64Val )
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anddevS (p. Val307Ala, p. 11e283Thr). Conclusion The LFX — resistant Mth model constructed in this study provides an ideal

biological model for exploring the mechanism of Mth drug resistance to FQs. Whole genome sequencing has analyzed the

mechanism of Mycobacterium tuberculosis resistance to fluoroquinolones from the gene level, and the obtained new mutation

sites related to fluoroquinolone resistance still need to be further studied and verified.
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Fig. 1 Schematic diagram of induced levofloxacin resistant

mycobacterium tuberculosis model in vitro
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Table 1  Susceptibility of induced LFX — resistant Mtb to 14 anti — tuberculosis drugs (mg/L)

. INH SM EMB OFX MFX AKM KM CAP PTO PAS RBU RIF LFX PZA
Bk MIC=0.2 MIC=2 MIC=5 MIC=2 MIC=0.5 MIC=1 MIC=5 MIC=2 MIC=2.5 MIC=1 MIC=0.5 MIC=1 MIC=2 MIC =100
P1 <0.025 2 1.25 1 0.25 1 2.5 1 <0.62 <0.5 <0.12  <0.25 <0.5 <50
P2 <0.025 <0.25 0.62 <0.25 <0.06 <0.25 1.25 <0.5 <0.62 <0.5 <0.12  <0.25 <0.5 <50
P3 0.2 1 2.5 2 0.5 1 5 2 <0.62 <0.5 0.25 0.5 2 <50
P4 0.2 0.5 2.5 4 1 1 2.5 2 <0.62 1 <0.12  <0.25 4 <50
P5 0.1 0.5 1.25 16 2 0.5 2.5 2 <0.62 <0.5 <0.12  <0.25 8 <50
P6 0.1 0.5 1.25 16 2 0.5 2.5 2 <0.62 <0.5 <0.12  <0.25 8 <50
pP7 0.1 1 1.25 16 2 0.5 2.5 2 <0.62 <0.5 <0.12  <0.25 8 <50
P8 <0.025 <0.25 <0.31 8 1 <0.25 <0.62 <0.5 <0.62 <0.5 <0.12  <0.25 4 <50
P9 0.1 1 1.25 16 2 0.5 5 2 <0.62 <0.5 <0.12 0.5 8 <50
P10 0.1 1 2.5 16 2 0.5 2.5 2 <0.62 <0.5 <0.12  <0.25 8 <50
P11 0.1 1 1.25 16 2 1 2.5 2 <0.62 1 <0.12 0.5 8 <50
P12 0.5 1 2.5 16 2 1 5 2 <0.62 2 <0.12 1 8 <50
P13 0.1 1 >20 >16 >4 1 5 2 <0.62 2 0.25 1 8 <50
P14 0.1 1 1.25 8 1 2.5 2 <0.62 <0.5 <0.12  <0.25 4 <50
P15 <0.025 1 1.25 16 1 5 2 <0.62 <0.5 0.25 1 8 <50
P16 0.1 2 1.25 >16 1 5 2 <0.62 <0.5 <0.12  <0.25 16 <50
P17 0.1 1 1.25 >16 >4 1 5 2 <0.62 <0.5 <0.12  <0.25 >16 <50
P18 0.2 1 2.5 >16 >4 0.5 2.5 2 <0.62 <0.5 <0.12 0.5 >16 <50
P19 0.1 0.5 1.25 >16 >4 <0.25 2.5 1 <0.62 <0.5 <0.12  <0.25 >16 <50
P20 <0.025 <0.25 1.25 >16 >4 0.5 1.25 1 <0.62 <0.5 <0.12  <0.25 >16 <50
P21 0.2 2 2.5 16 2 0.5 2.5 2 <0.62 <0.5 <0.12 0.5 8 <50
P22 0.5 2 2.5 >16 >4 1 2.5 1 <0.62 1 <0.12 0.5 >16 <50
P23 0.05 1 1.25 >16 >4 1 2.5 1 <0.62 <0.5 <0.12  <0.25 >16 <50
P24 0.5 2 2.5 >16 >4 1 2.5 1 <0.62 <0.5 <0.12 1 >16 <50
P25 0.1 1 1.25 >16 >4 0.5 1.25 2 <0.62 1 <0.12  <0.25 >16 <50
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aroD ( Asp61Asn ) . devS ( Gly348Arg ) H1 r3446¢ GWAS 73 &3, IRy B bk P, 5 FQs Mt 2540 ¢
(Alal78Thr) ¥k A 2828 , Mtb Xt LFX i 24 ¥ J& ok — ) 2 Mg AR 4] B gyrA(p. Asp94 Asn,p. Asp94Gly,
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Table 2 Gene mutations associated with drug resistance in LFX — resistant Mtb models obtained by whole genome sequencing

Rv0005 Rv0005 Rv0006 Rv1768
LS eyrA PE_PGRS31
AR AR AR AR AR AR AR LR
P1
P2
P3 GI510A Ala504 Thr
P4 GI510A Ala504 Thr
P5 G1510A Ala504 Thr
P6 GI381A Asp461 Asn GIS10A Ala504 Thr
P7 GI381A Asp461 Asn GI510A Ala504 Thr
P8 GI381A Asp461 Asn GIS10A Ala504 Thr
P9 GI381A Asp461 Asn G1510A Ala504 Thr
P10 GI381A Asp461 Asn GIS10A Ala504 Thr
P11 GI381A Asp461 Asn GI510A Ala504 Thr
P12 G1381A Asp461 Asn GI1510A Ala504 Thr
P13 G1381A Asp461 Asn G1510A Ala504 Thr
P14 GI381A Asp461 Asn GIS10A Ala504 Thr
P15 GI381A Asp461 Asn GI510A Ala504 Thr
P16 G1381A Asp461Asn G1510A Ala504 Thr
P17 G1381A Asp461 Asn G1510A Ala504 Thr C269T Ala90Val C1184CG Ala395£s
P18 GI381A Asp461 Asn G1510A Ala504Thr C269T Ala90Val C1184CG Ala395fs
P19 GI381A Asp461 Asn GI510A Ala504 Thr C269T Ala90Val C1184CG Ala395fs
P20 G1381A Asp461Asn G1510A Ala504 Thr C269T Ala90Val C1184CG Ala395fs
P21 G1381A Asp461 Asn G1510A Ala504 Thr C1184CG Ala395fs
P22 G1381A Asp461 Asn G1510A Ala504Thr C269T Ala90Val C1184CG Ala395fs
P23 GI381A Asp461 Asn GI510A Ala504 Thr C269T Ala90Val C1184CG Ala395fs
P24 G1381A Asp461Asn G1510A Ala504 Thr C269T Ala90Val C1184CG Ala395fs
P25 G1381A Asp461 Asn G1510A Ala504 Thr C269T Ala90Val C1184CG Ala395fs
Rv2225 Rv2537¢ Rv3132¢ Rv3446¢

[5k7S panB aroD devS

B AR B R AR KA AR KA IR
P1
P2
P3 CATCGCCGACGCGS51C Aspl84_Alal87del
P4 CATCGCCGACGCGS51C Aspl84_Alal87del
P5 CATCGCCGACGCGS51C Aspl84_Alal87del
P6 CATCGCCGACGCGS51C  Aspl84_Alal87del
P7 CATCGCCGACGCGS51C Aspl84_Alal87del
P8 CATCGCCGACGCGS51C Aspl84_Alal87del
P9 CATCGCCGACGCGS51C Aspl84_Alal87del
P10 CATCGCCGACGCGS51C Aspl84_Alal87del
P11 CATCGCCGACGCGS51C Aspl84_Alal87del
P12 CATCGCCGACGCGS51C Aspl84_Alal87del
P13 CATCGCCGACGCGS51C Aspl84_Alal87del
P14 CATCGCCGACGCGS51C  Aspl84_Alal87del
P15 CATCGCCGACGCGS51C Aspl84_Alal87del
P16 CATCGCCGACGCGS51C Aspl84_Alal87del
P17 CATCGCCGACGCGS51C Aspl84_Alal87del C181T Asp61 Asn C1042G Gly348 Arg C532T Alal78 Thr
P18 CATCGCCGACGCGS51C Aspl84_Alal87del C181T Asp61Asn C1042G Gly348Arg C532T Alal78Thr
P19 CATCGCCGACGCGS51C Aspl84_Alal87del CI8IT Asp61 Asn C1042G Gly348Arg C532T Alal78Thr
P20 CATCGCCGACGCGS51C Aspl84_Alal87del C181T Asp61 Asn C1042G Gly348 Arg C532T Alal78 Thr
P21 CATCGCCGACGCGS51C Aspl84_Alal87del
P22 CATCGCCGACGCGS51C Aspl84_Alal87del C181T Asp61Asn C1042G Gly348Arg C532T Alal78Thr
P23 CATCGCCGACGCGS51C Aspl84_Alal87del CI8IT Asp61 Asn C1042G Gly348Arg C532T Alal78Thr
P24 CATCGCCGACGCGS51C Aspl84_Alal87del C181T Asp61 Asn C1042G Gly348 Arg C532T Alal78 Thr
P25 CATCGCCGACGCGS51C  Aspl84_Alal87del C181T Asp61 Asn C1042G Gly348 Arg C532T Alal78Thr
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p- Asp94Ala, p. Asp94Tyr, p. Ala90Val ). kaiG
(p. Thr380Ile, p. Ser315Thr) . embB ( p. Asp354Ala) Fi
rrs(1.462¢ > t,1. 799¢ > t) , Ho i AR R i 1 & gyrA
p- Asp94Gly Fil gyrA p. Ala90Val, 43 5| 5 29. 27% F
17.07% ; WeAh , ABF5E0 LB T 17 A0S FQs T

2y O 1 OB R AE L, R gyrA (p. Glu21Gln il
p- Gly668Asp) 7k 41 el PR 73 B bk o 1 & 2R T R 7%,
rv3446¢ p. Arg284Pro gyrA p. Ser95Thr 1 PE_PGRS31
p. Ser365Phe [ AEZRE 5, 73 R 53. 66% (46. 34%
F17.07% (£ 3),

R3O IR B AT B 5 M TR S TR 245 A DGk [H 5 78

Table 3 Mutations of genes associated with FQs resistance in clinically isolated strains

RAELA] N RS RAZH A (n) (%)
25 ML AR gyrA p. Asp94Asn 3 7.32
gyrA p. Asp94Gly 12 29.27
gyrA p. Asp94Ala 3 7.32
gyrA p. Asp94Tyr 2 4.88
gyrA p. Ala90Val 7 17.07
katG p. Thr3801le 1 2.44
katG p. Ser315Thr 1 2.44
embB p. Asp354Ala 1 2.44
s 1. 462¢ >t 1 2.44
rs 1.799¢ > t 1 2.44
Bk G gyrA p. Glu21Gln 41 100. 00
gyrA p. Gly668Asp 41 100. 00
gyrA p. Ser95Thr 19 46.34
gyrA p. Glu213Asp 1 2.44
gyrA p. His280Arg 1 2.44
gyrA p. Ala384Val 1 2.44
gyrB erl32Ala 1 2.44
gyrB p. Met2911le 1 2.44
PE_PGRS31 p. Ser365Phe 7 17.07
PE_PGRS31 p. Pro254Leu 1 2.44
PE_PGRS31 p. Thr2521le 1 2.44
PE_PGRS31 p. Val3521le 1 2.44
rv3446¢ p. Arg284Pro 22 53.66
rv3446¢ p. Leu389Phe 1 2.44
rv3446¢ p. Alal64Val 1 2.44
devS p. Val307Ala 2 4.88
devS p. 11e283Thr 1 2.44
3 i i PGRS31( Ala395fs) . panB ( Asp184 _Alal87del ) . aroD

FQs H 4 H T10Y7 & Fhal i PRIy, I B TR
TE AT TB AEHT, FQs 25912 8l ih J MDR —
TB W% 25, BEE FQs 25 I HI Y L, Mith %}
HO 2516 0 H #5702 , B A 2 50 FQs iiif 24547 5¢ H
(R PR AT Mith PR3 53— i 245 46 I B, A7 968 23 XoF
FQs Tif 25 Mtb BERETCIER H, ™ F 5200 T 1 25 25 4% 0%
ARSI AR Y SERR . A WSS LRSI 24 W v FE 68 &2
B SEE TH LFX A9 Mtb 858, X557 S 1 bk Al
PR3 15 Mitb TR AR T 48 I B 5307, A B9 af
JE 15 FQs M 25 AHCH) H AL, IF A3 1 — L85 1)

A BE AL e e o3 A 6 B, 5 T AR TPl LFX
BB RAMEM ™AW ERNRZEQS gB
( Asp461Asn, Ala504Thr ), gyrA ( Ala90Val ) | PE _

( Asp6lAsn ), devS ( Gly348Arg ) F1  r3446¢
(Alal78Thr) , Mtb H1¥) DNA fif i b 4 0 HE2H
R TT R3S Al B, b gyrd M1 gyrB JE DR 23 531 2
52 A A SEHER 2 A B AEHE, [T 2 gyrd Fl gyrB
FE A P B R i 25 g %€ X ( Quinolone resistance
determining region, QRDR) % 4= 28725 2520 DNA i lig
it ) ST B 5 g, R 1T B0 FQs T 24 JC vk 1 5 0
DNA fi#ig i1 716 52 Fn d 20 T4 Mib (%) DNA & i |
Fsgid A R R AMIESTIA A, gyrA 1 QRDR X
GBI Mib X FQs AT 24 11 2 gt (K], Horh 2 88
90 .91 11 94 N FEMR I 2 5 FQs T 24 AH OC 1 de
WL FEDRI ZEAE 7 5 11 A — BRI L B, Mitb
AN SR FE R A A 578 % FQs 77 AR T 24 1 A2 Al
AN], gyrA 91 S B PR 53 7 W] e 5 AR /K F- 1 FQs Tif 24

FHAOG, T gyrA 94 B R 5748 W 5 45 e /K ~F- 1) FQs AH
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KT ARG Y, GWAS A3 AT A1 PR B b 28
FALHAFAE 4 B gyrd 94 FIERR 5% (p. Asp94Asn,
p. Asp94Gly,p. Asp94Ala,p. Asp94Tyr) #1 1 Fh gyrA 90
IR IEAE (p. Ala90Val ), {HJE R WG H] gyrA 55 88
o1 (L FIRRAL . A WETER], Mt 1 gyrB S
QRDR [X &S RI /D Ay A4 HL P Bl gyrA
f¥) QRDR [X 275" 3k A58 i 45 5 — 55, 18 Ifi IR
I ESEART, ARETERKLIN R gyrB HE A 28 R 7
{BJ2& GWAS J3Hr it gyrB BEIR A 2 A7 K AL 07 1
(Ser132Ala.p. Met2911le) #RFEFE gyrA p. Glu21Gln F
gyrA p. Gly668 Asp Z&7F

1 T R0 A s s ) 2 24 W i 245 IX 528 AN RE ¢
AffRE Mib Xt FQs 25y )R AL 25, F-4% 5 FQs 254
i 245 KH 5 ) Mtb 357 58 48 K FCTiRf 245 L i T S 3 7 A
WidEAT . STARR, FRE I AT 7 X 214 4] FQs %
TRUTiRS 24 BRI T 445 {51 Mith 508 R R 2R 47 42 5k DR 4 3
oAt BT 3 A5 FQs 25 Wit 24 #H 5% )i 3 [
recC \r2005¢ Fll PPES9 . A5, Bk gyrA Fil gyrB 3
KIAR , AWF9EIE 55 ARG R 3 AT RE S FQs 2541 24
FHICHY B Ak Y K H e 28 2 i, 3 93l o PE _ PGRS31
(' p- Ser365Phe, p. Pro254Leu, p. Thr2521le,
p- Val3521le ) | rv3446¢ ( p. Arg284Pro, p. Leu389Phe,
p. Alal64Val) F1 devS (p. Val307Ala, p. 11e283Thr) , {H
KRB recC .12005¢ 1 PPES9 R M AH AR XA
AES5 & HLALA T Mitb T BR 19382 4% 35 5t e A B 25 S A
Ko

25 BRI R H3TRY E4T15 5, 44
T LEX ffif 25 9 Mtb #5280 | Jf 38 i 4 J R 41 5 %
AREAHT, KT 1T AT RE S FQs 245 M1 245 40 G i
AR S AE A K, X SR A B Mib %) FQs 254
AT 245 ML St 1 BRI A | W] B BT 2
G FIZWIER BT K BT AZ% T 25 ) o], (ER A
WS RT3 FQs 25 Wit 245 4H 5 1Y i) 56 DR 9 728 07
AT 20 (R S SIE
MEMRFBER AP AETEATR] 5 05

&% 3k
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