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[ Abstract )

desorption ionization time—of—flight mass spectrometry (MALDI-TOF) can detect the drug resistance of strains to a variety of

Background The drug resistance of retreated tuberculosis patients is complex. Matrix—assisted laser

common clinical anti tuberculosis drugs at one time, which is conducive to the formulation of anti tuberculosis treatment plan.
Objective To analyze the application value of MALDI-TOF in the detection of drug resistance of Mycobacterium tuberculosis.
Methods Sputum samples from 200 patients with retreated pulmonary tuberculosis treated in the Department of Pulmonary,
Jiading District Central Hospital, Shanghai University of Medicine & Health Sciences from 2016 to 2020 were collected. Taking
minimum inhibitory concentration (MIC) method as the "gold standard" of this drug sensitivity test, the detection of drug resistance
of MALDI-TOF to Mycobacterium tuberculosis was evaluated, and the accuracy of MALDI-TOF in detecting drug resistance
related site mutations of Mycobacterium tuberculosis was verified by three—generation sequencing. Results Taking MIC method
as the "gold standard" of drug sensitivity test, the sensitivity, specificity, accuracy and Kappa value of rifampicin resistance
of Mycobacterium tuberculosis detected by MALDI-TOF were 93.1%, 87.8%, 90.5% and 0.810, respectively; the sensitivity,
specificity, accuracy and Kappa value of isoniazid resistance of Mycobacterium tuberculosis detected by MALDI-TOF were
77.2%, 98.6%, 85.0% and 0.701, respectively; the sensitivity, specificity, accuracy and Kappa value of levofloxacin resistance
of Mycobacterium tuberculosis detected by MALDI-TOF were 77.8%, 99.0%, 88.5% and 0.769, respectively; the sensitivity,
specificity, accuracy and Kappa value of moxifloxacin resistance of Mycobacterium tuberculosis detected by MALDI-TOF were
85.7%, 76.2%, 78.5% and 0.516, respectively; the sensitivity, specificity, accuracy and Kappa value of amikacin resistance
of Mycobacterium tuberculosis detected by MALDI-TOF were 94.9%, 89.4%, 90.5% and 0.736, respectively; the sensitivity,
specificity, accuracy and Kappa value of capreomycin resistance of Mycobacterium tuberculosis detected by MALDI-TOF were
88.9%, 87.8%, 88.0% and 0.654, respectively. The consistent rate of drug—resistant mutation sites detected detected by MALDI-
TOF and that detected by third—generation sequencing was 100%. In addition, third—generation sequencing also obtained mutation
sites not involved in MALDI-TOF detection system. Conclusion The drug resistance of Mycobacterium tuberculosis detected
by MALDI-TOF to common anti tuberculosis drugs was highly or moderately consistent with MIC method. The consistency rate
between the drug resistance mutation sites detected by MALDI-TOF and the drug resistance mutation sites detected by third—
generation sequencing was 100%; therefore, using MALDI-TOF to detect the drug resistance of Mycobacterium tuberculosis can
be an effective supplement to the results of clinical drug sensitivity test of Mycobacterium tuberculosis.

[ Key words] Matrix—assisted laser desorption ionization time—of—flight mass spectrometry; Minimum inhibitory

concentration; Third—generation sequencing; Mycobacterium tuberculosis; Drug resistance
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BEAZIR OO ™ E G T A BRI R N AR R A A L T
[z —, AERT IZ M 454% 9 (extensively drug—resistant
tuberculosis, XDR-TB ) #liif £ 25 45 K05 ( multidrug-resistant
tuberculosis, MDR-TB ) i 454% %% iyl JRiAIT BMER &, Ny
TSRS AL T BT T R AR AR AR R 24, WHO A IUEE R K
BRGS0 SR AT AR ME TG IR YT W AT 2 0
PRI & B 25 25 #% 9% ( drug-resistant tuberculosis, DR—
TB) o (EALGEAN T 25600 T B iR A2 W) Uk i (drug
susceptibility test, DST ) FERHRIK (—fA52E 3~4 i) , [FlA
PRI T A AN R sz A R A 5 s i T B RN
PEMTAE R YT

AT AT B A A5 A% 23 BORT T 25 20 5 AL A R, SR
O3 AW~ B ARG I 45 A% 53 RORT B A 1 25 5 [ 2 R 12
DR-TB A J7 3k ) 3 S Bl O At T FhL 5 AT IF D R 3

(' matrix—assisted laser desorption ionization time—of—flight mass
spectrometry, MALDI-TOF ) /236 FE 5 24 5 W B A 25 ( Food
and Drug Administration, FDA ) b #E AR &% FR K R 45,

JCELA A B e B R A IR SR AR
% GridION ( Oxofrd Nanopore Technologies ) Ml J¥* - &5 AS Wi 5
B, R AR LI P ASCAR A5y TR s 15 31 1) A 1E 7 471
L5 Sanger Il 7 A1 L HERG R 51k 100%, HH % & oA 9 M fit
A= 250 09 2% P 5 Tlumina AT AH S, (HG0F B ) A
Rasa 70 AT LR AR E VR B (minimum inhibitory
concentration, MIC) SN2 HORIRRY “EbrifE” , LL=AC0
FPU RS AE FE R, B 7E 50 Mt MALDI-TOF 1 45 4% 5 R F 1 i
2R i R E, LA DR-TB Bids 7 22 il e 42 it —
FE PE LA

1 #MB5EFE

L1 BMORIE IR 2016—2020 4F I T 55 5 X Hh o0 BE B il
FHZIA Y 200 (520G M5 1% 88 B0 A, Hoh B4 157 491,
Lotk 43 )5 ARIY 24~65 %, P (45.0+103) %,

1.2 FERLFI MM R iPLEX Pro i 4 B 5 DA R 43 M ik 51
& W H Agena Bioscience 2 #) ( 3 [#, 10160) , = AL 7
Barcode i3 7] & W9 H Oxford Nanopore Technologies ( & [,
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EXP-NBD104, EXP-NBD114) , =fRI 3 £ P it ) & 1 1
Oxford Nanopore Technologies ( & [#, SQK_LSK109) , il J¥
WA R 9.4.1 1 H Oxford Nanopore Technologies ( ZE[E, FLO-
MIN106 ) , Invitrogen Platinum 1 Taq # J& 2 DNA & & &
(25, 14966001 ) , 5 FiE Uil & B Oxford Nanopore
Technologies ( 3% [¥, SQK-RBK004) , 4 & DNA/RNA 2
Bon & B Tl AV ROR AR A (R, ZD-
TG-91-100) , AMPure XP Beads 4 H Beckman Coulter.
1.3 KTk
1.3.1 MIC# R BACTEC MGIT960 4= [ 2 PRk 43 K b T i
B R S 2GR TR AR A, S S B i S5 % 40 A
FFBR A MIC 38T 2580880 7 . (40T DNA/RNA $21)
TR G PR IAS A S BOFF IR DNA REAS, ™ 4 BRI 5
APRIEATHRAE . DL MIC B AW ORI Y “ S hriE” |, 3F
#r MALDI=TOF X &5H% ST it 245 1 A H 7 0L
1.3.2 MALDI-TOF R JH§ MALDI-TOF A iUl 4% 4% 43 K¢ AT B fif
2y TE I S 2GRS s B A5, BAKITR . DNA Bt %
R A H#HEX Y (polymerase chain reaction, PCR) #7345,
K FHERBRCPE B R i ( shrimp alkaline phosphatase, SAP) 255§
B 0L A AT =R, PR AL =R . 5
FRr S A5 R T AN DG G 18 5 e P B A e 5 | W A7 755 D o
AN RURE ) SE SN, KRR S 7 ) 7 o R S P X
TR R ARSI AL BTG5 % 2549 S HERT 7 114 6 AT 245 437 A
S 0K [8-12] , W3 1. 51 EAE i S | My i e+ K
MALDI-TOF F{Afi5d #2218 TSUCHIDA %5 ' 5% .
133 =AQUIF SR =AU 5k MALDI-TOF 45 I 25 1%
S RCFF B 25 A0 DGO S8 I R M, ELR AR . A 200 13
LR BT B DNA BRAS R REALIEIR 20 fr, HOGF A MIC 25

T2 8 PCR Y14, P20 500 bp, —ALMIF £ & PCR
BIS I A L3 3. (=A% A iR & e b AL,
PLERAE A2 2 B8 MORRISON 4 ) iy 051 . EAASRAE AL B 0
To B 20 (XS54 B DNA £ H PCR P26 T 28 40k
& 24 100~200 fmol [ 48 w1 JCH#% fE /K o, >R FH NEB K ¥ &
SR T/A R & ik 1T KimiE &, Sk A AMPure XP Beads
REERALAAE S =, 4 7= W g B2 2R 8 ol 100~200 fmol 1)
22.5 wl THEEE KT, 43 HE R 275 (EXP-NBD104 and
EXP-NBD114 kits, ONT) . EEkaifb ik =8 31 H Qubit
3.0 FHE mA T BT, (HH SQK-LSK109 4 #2484 it
F& (ONT B AR SR A FEAEIE, RAEHARLIRE
47 100~200 fmol/L,, FEARZARFIN 65 wlo HAEAFEF=YIIRH
WEERAAL IS VEIRAE 15 Wl iR R, LTS 50~100 fmol/L,
BC12 wl WA SQB A1 LB Ji, sSAEENMTF A R 94.1, flifH
GridION x 5 )7 3 h, FHLUSHEI FastQ BT IS 247 -
¥ 5E 85, WPt A (EXP-WSH003, ONT) JfEt:, 4
TEPEFL = 800 B, AT F N —RINT, .08 R % 2R AT
T4 COKFEH . RN Guppy 4.5.2, Bl idas
A NanoPlot, AL &
SRBIE ] Medakas

single nucleotide variant, SNV ) fif
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R PUATHLZGY) B HT I A FE R T 24037
Table 1 Anti—tuberculosis drugs and their corresponding gene resistance

sites

it ey HH
- rpoB

(RS AR
WA 482 CAG — CAA
FhF 511 CTG — CCG
i 513 CAA — CCA
CAA — CCT
CAA — CCC
CAA — CTA
CAA — AAA
GAC — GTC
GAC — TAC
GAC — GGC
TCG — TAG
TCG — CCG
TCG — TTG
CAC— GAC
CAC— TGC
CAC— TAC
CAC— CGC
CAC — CTC
CAC — CCC
CAC — AAC
TCG — TTG
TCG — TGG
TCG — TCT
TCG — TAG
TCG — TCC
TCG — TTT
TCG — CCG
CTG — CCG
ATC — CTC
ATC — TTC
AGC — ACC
AGC — AAC
T(8)C
T(8)A
C(15)T

T 516

EAT 522

ST 526

ET 531

T 533
LT 572

SR katG T 315

inhA promoter

gyrA HHT 74 GCC—TCC
T 90
HhT 91

T 94

GCG — GTG
TCG — CCG
GAC — GGC
GAC — GCC
GAC — AAC
GAC — TAC
GAC — AGC
GAC— TGC
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(83 1)
Bias ) HH [DESEVAES GEARTH

GAC — CAC
gyrB ST 500 GAC— CAC
GAC — AAC
ST 538 AAC— ACC
HHT 540  GAA — GAT

T 1321 G—A

T 1401 A—G
eis promoter G (10) —A
C(14)—>T
G (37)—T

R2 20 RESILAM AT X NLAY MIC 855 (o g/ml)

Table 2 MIC results corresponding to 20 strains of Mycobacterium

tuberculosis
B e s 5 SH e EY
1 2 4 2 0.5 1 2
2 > 32 2 2 0.5 4 16
3 > 32 0.5 4 2 1 2
4 1 4 4 1 > 32 32
5 > 32 2 8 1 8 16
6 > 32 4 4 1 0.5 1
7 > 32 4 2 0.5 4 16
8 0.5 4 4 0.5 4 16
9 < 0.25 2 4 0.5 4 16
10 <025 1 2 0.5 4 16
11 > 32 > 8 4 0.5 4 16
12 1 1 4 1 4 16
13 > 32 > 8 4 1 0.5 1
14 0.5 > 8 2 0.5 8 16
15 > 32 8 16 4 1 1
16 <025 2 4 0.5 4 16
17 > 32 4 8 2 4 8
18 0.5 0.5 4 0.5 4 16
19 32 > 8 2 0.25 4 16
20 32 > 8 16 4 16 > 64
14 etk R SPSS 17.0 eil# 4k d TEs b B .

THECFORI AT EGER R DL MIC S 2580850 1 “EhrifE”

F3 —AUNFLE PCR W5 1HF5

Table 3 Primer sequence of third generation sequencing multiplex PCR

AT ER3F (57 -3 ) SIS (5 -3 ) K (bp)

1poB CTTGCACGAGGGTCAGACCA ATCTCGTCGCTAACCACGCC 543

katG AACGACGTCGAAACAGCGGC  GCGAACTCGTCGGCCAATTC 455

inhA TGCCCAGAAAGGGATCCGTCATG — ATGAGGAATGCGTCCGCGGA 455
els-P GCGTAACGTCACGGCGAAATTIC  GTCAGCTCATGCAAGGTG 567

s GTCAACTCGGAGGAAGGTGG GTCCGAGTGTTGCCTCAGG 516
ayiB AAGACCAAGTTGGGCAACAC CTGCCACTTGAGTTTGTACA 609

ayrA AGACACGACGTTGCCGCCTG — CTGACCCGTTGGCCAGCAGG 530

TH5 MALDI-TOF Kl 25 1 53 BT B 25 1) SR BB . e 57 i
FOEM3s R Kappa Ka 361547 —30P 5347 , L) Kappa {H < 0.40
H—EERZE, Kappa {68 0.40~0.75 R —8 45, Kappa
> 0.75 A—ECMERR . LI P < 0.05 HESAGHE L.
2 &R

2.1 MALDI-TOF #6254 73 BOFF i 10 2545 00 LL MIC ¥
NEHARIGH) “EhRE” , MALDI-TOF Kl 45 4% /AT i %t
AR 10 25 (1 R Ry 93.1% . 45 51 87.8% . TEHIR N

90.5% . Kappa {6} 0.810; MALDI-TOF #6454 4T B %
SRR 245 09 R R 77.2% ., FESE R 98.6% . IEHIFR N
85.0% . Kappa {H 4 0.701; MALDI-TOF & 0 £% 4% S0 A0k 18 %
T E IR BTN Z5 0 RNy 77.8% . F55#BE N 99.0% . 1EHIFH
Jy 88.5% . Kappa {5} 0.769; MALDI-TOF ¥ il 2% 42 /3 A% #1
BT PRV R M 25 A RS N 85.7% . FESEIE N 76.2% . 1E#
) 78.5% . Kappa {5 0.516; MALDI-TOF #& il 45 % 43 K¢
FFRRDGT ] BL TR 245 0 SR Ky 94.9% . F5-F 1R 89.4% ., 1E
1% 90.5% . Kappa {84 0.736; MALDI-TOF #& il 45 % 43
HREHT PRIX 5 1 5 2R 24 1 R 88.9% . FERIE N 87.8% .
EHi2 K 88.0% . Kappa {HH 0.654, L3 4.

&4 MALDI-TOF AHMZSAZ AT R HUR 25T 25128008 (k)
Table 4 Efficacy of MALDI-TOF in detecting antimicrobial resistance of

Mycobacterium tuberculosis

MIC %
MALDI-TOF
i 245 TR
FEF-
ifif £’y 95 12
TR 7 86
SA
ifif £’y 98 1
UK 29 72
KRR

ffif 24 77 1

UK 22 100
PGP A

ffif 24 42 36

Tk 7 115
Bk 2

iy 24 37 17

UK 2 144
BilsR

iy 24 32 20

Tk 4 144

1 MALDI-TOF= & Sl B e i b v 28 RATI ) B3, MIC= i
AN B

2.2 AR FIRE MALDI-TOF #6045 4% 43 AT B ik 24 AH 56
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LRl AR HERTE = AR F RS 3 h, 4R73 518.8 M £
i CHAR B TR < 9 AR AT 88.79 M), i Jot ik il
K N50=530, ~F¥ i 127, WK 5. AR
1Y fastS SO 30 hy fastq SCA4 ( guppy_basecaller —i fast5_pass
—s fast5_pass ——config dna_r9.4.1_450bps_hac.cfg —r ——num_
callers 4 ——cpu_threads_per_caller 4 ——fast5_out) ( Guppy
Version 4.5.2) , #4545 ( guppy_basecaller —i fast5_pass —s
fast5_pass ——config dna_r9.4.1_450bps_hac.cfg —r ——num_callers
4 ——cpu_threads_per_caller 4 ——fast5_out ) , P 4 20 4> FE AR
Y barcode ( guppy_barcoder guppy_barcoder —i sample_fastq —s .
——barcode_kits "EXP-NBD104 EXP-NBD114" ——allow_inferior_
barcodes ) , REFEAS barcode 741 ( guppy_barcoder ——input_
path sample_fastq ——save_path . ——config configuration.cfg ——trim_
barcodes ) , PAZEEAMHFT B H37R IUF5 S %A FAL, 7
A SNV {3 25 ( medaka_haploid_variant —i sample.fastq
—rref.fna —t 16 —-m r941_min_high_g360) . 7E 20 {3/ A &5 A% 4T
B, MALDI-TOF A&l i 24 58 A2 (v i -5 = A0 P Gy ey i
RN R —ECR N 100%; WAL, —ARIF R4k MALDI-
TOF F A & iRy e iR AL R, IR 6~7.

R S5 LT NanoPlot FyEE s 25

Table 5 Data quality control results based on NanoPlot

RS ERES
PR 571.8
ST 5 12.7
ALY R 573.0
PRSI I 12.7
I iy AR 785 709.0
ME N50 K 580.0
SR 449 297 092.0

3R 6 MALDI-TOF Kl T 25 405G 7 43 R AL LG
Table 6 Mutation results of drug resistance related sites detected by
MALDI-TOF

A T e

1 poB (526) CAC—TGC 6 1poB (531) TCG—TIG
KatG (315) AGC— ACC gyrA (94) GAC— GGC

2 rpoB (531) TCG— TTG 7 poB (531) TCG— TTG
3 rpoB (531) TCG— TG KatG (315) AGC— ACC
gyrd (94) GAC—G6C || 13 moB (516) GAC— GGC

4 rpoB (516) GAC—GGC oA (94) GAC— GGC
(572) ATC—CTC 17 1poB (531) TCG—TTG

KatG (315) AGC — ACC KalG (315) AGC — ACC

s (1401) A—G 19 1poB (531) TCG— TTG

5 1pob (531) TCG—TTG KatG (315) AGC— ACC

3 it

Hh A DU E 5, ARG BT B i A T
LRI 5B AWT LT, SR A T 25 R MR, 5%
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R 7 AR AN BT 2 ARG A i SR AR SR
Table 7 Mutation results of drug resistance related sites detected by third-

generation sequencing

o e B oam o o
1 tpoB (526) CAC—TGC 9 gyrA (61)G—C
KatG (315) AGC — ACC (284) G—C
ayrA (61)G—C 10 g (61)G—C
(284) G—C (284) G—C
eis (257) C—T 11 gyrA (61)G—C
2 mpoB (531) TCC—TIG (284) G—C
gyrA (61)G—C 2 g (61)G—C
(284) G—C (284) G—C
3 rpoB (531) TCC—TIG 13 mpoB (191)A—G
A (61)G—C (516) GAC— GGC
(94) GAC— GGC (1379) A—C
(284) G—C ayrA (61)G—C
ayiB (1534) G —A (94) GAC— GGC
4 rpoB (516) GAC— GGC (284) G—C
(572) ATC—CTC 14 g (61)G—C
KatG (315) AGC— ACC (284) G—C
ayrA (61)G—C 15 g (61)6—C
(284) G—C (284) G—C
s (1401) A= G 16 g (61)G—C
5 rpoB (531) TC6—TTG (284) G—C
ayrA (61)G—C 17 B (531) TC6—1TT6
(284) G—C KatG (315) AGC— ACC
s (1275) ¢~ CT ayrA (61)G—C
6 rpoB (531) TCC—TIG (284) G—C
ayrA (61)G—C B (1255) G—A
(94) GAC— GGC 18 g (61)G—C
(284) G—C (284) G—C
7 rpoB (531) TCC—TIG 19 moB (531) TC6—TTG
KatG (315) AGC — ACC KaG  (315) AGC— ACC
A (61)G—C ayrA (61)G—C
(284) G—C (284) G—C
ayiB (1510) G—A 0 gA (61)G—C
8 A (61)G—C (284) G—C
(284) G—C

LA =B AR ECE BRI T T 5E L DB R
AREG A MR AN MR 245 5 I AEREE 2 T A R
PEAE PR I AT R | SRR H 25 A T 24 T R
HETA G R TEYT J7 S 0 il e SR (S0 s AR A, o R 4 A 1 4%
R T B A 2

BETERT T2 W], 95% LA - 9 ) 46 T Tt 245 14 bk 2 28 % 4
TE rpoB FEIH 81bp (ST 507-533 ) MITHZGPE X, Hi% T
531 {3 5 R e i UL S (07 45, 1, {HL rpoB FE K 5875 15 F 4
205 RAEHME 22 5 T L AR, SR 25
FEE KatG, inhA ZEHEBMAES | KaG HEH BT 315
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SNSRI 210 B AN, (76.9%) 15 AT
TSR ER, KaG HN BT 315 RBFARMME ™. 1
RIRVE N, GRS X SRR 2 . X R A 1 SR
R ILI I 2580, TR AR HETLES R iU & S BURY Y
JRMEL MDT-TB & # B g i, #2548 XDR-TB, it
PO | A I A S R B 25 -y R
MU WHO I, ¥AY7 MDR-TB £ B 15 5677 91
WAE A R 2 P — R TR S S 2 W 24 O B 0 T2 i, AR
JEHEFINAIT IS, US> XDR-TB (#9774 L gyrA £ |
eyrB FEMH | rrs FE R eis 5 PR 3 J01) 2 G0 0 A DS RN 4 R 4
LW o3 T 250 FEEALH], AT LR 60%~90% 1Tt 24515
B AR A R, MALDI-TOF 5 MIC 35 45
Gy ROFF TR X 5P Vb B 25 (19 Kappa (H4 0.516, 4341 MIC 4%
RN AR 7 HHE A B, 20 BIARAR 249 8k 73 o s 34 i 2 25 4
M2y, [ =AU FE42RIE R, gyrA JEH 61 B4 11 284
BT . AHWA RFFEUESS, gyrA JEDH 284 BT (1 5
A5 SR AR 2 M R 25 006 L I gyrA JEIH 61 ST
SAE 5 AW VR S 25 W 24 1 5C R AEAFHE— 2D WE 5T EAh,
AWFFEERIB RN, 20 RETIIRATE T 7 SRR gyB 254

1510 f7 2 G — A RS, %A AT e MALDI-TOF AAS i

A RABE 1L, IZBRAR e R 24 B 6 4 R A 7 o 0 s I 2 1
Lk LTk, Gl 3k MALDI-TOF A8l fr) 25 1% 43 B AT 8 X

W HPLEE T 2545 0 5 MIC B m EEalorh B — 80, HAR
0y ik 245 AR A7 1 55 = A P ARG 45 245 9 A8 o 15— By

100%, # MALDI-TOF A8 ) 45 1 70 B FF R i 25 285 5 m] LUAR

Ayl PR A2 S A ST TR 25 B0 B A R A A Rk TS

HH Tk RHF. BAKBITLFTOHLE X, &
I N RBATHR A S AT ST, A R IR,
Wik, R BHATEIRE ., B 54 Bk Rk
BATER AT E B, KT RFTES . 5T FAK

R FARBAERATE, L FEE AT, BHER,
AL A Z R

S L Hk
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