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WE.ae FEEZS—AATRARMHELRRE S T FH’ 18] J& #& ( matrix-assisted laser desorption ionization
time-of-flight mass spectrometry, MALDI-TOF-MS) -F & % & % 4% 4 HAT B B At 48 At 25 % T A% B 49 7 i, FF 4
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£ 9 ABMAEREEPREMR OEFIRAEA 120 6] MEHE R G A 100 4], 6 A4S E 3~5mL, X
BRI RIBALIR |, 26 442 % % € & PCR( quantitative real-time PCR, qPCR) X7 & Jf it th Ct 1A <32 49 LAz Mk
ARG A MALDI-TOF-MS #:# 5 #)4& -F ( rifampicin, RIF) . 5% & B (isoniazide, INH) | Z #%& T & ( ethambutol
EMB) . 3% % 7/ 2 ( moxifloxacin, MXF) . 4% % % ( streptomycin, SM) Fewbt"A Bk e ( pyrazinamide, PZA) A8 5% 44 @it 25
A RAL S, FARR R A 2580k Fo =40 5 (Nanopore - & ) & 45 4% [P AF K 3 4746 M 5F 5 MALDI-TOF-MS %
HEAT AT O AT TR E AR M it 25 LA e AL, 45 * T 4545 % & 45 % 16110 #= ext_RD9, MALDI-TOF-MS
) T AKA PR A 60~ 100 CFU/mL; &F T 45 4t 25 4% % MALDI-TOF-MS #9 sz A4 s FE 4 100~ 1 000 CFU/mL, £
qPCR B CtIE<32 45t Ar AL 132 ), s A A 254545 R MALDI-TOF-MS 4 it 25 64 B B E 4%
JE A= kappa 155 %1 5 :RIF 4 93.75% . 100% #= 0.96; INH 4 98.33% .90.28% #= 0.88; EMB 4 83.33% .97.50% #=
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185 #) . RIF % 90.91% .100% #= 0.94;INH % 92.96% . 100% #= 0.92; EMB % 92.86% .100% #= 0.96; MXF
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Application value of matrix-assisted laser desorption ionization time-of-flight
mass spectrometry in the detection of drug resistance

of Mycobacterium tuberculosis
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Abstract: Objective To explore the matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) platform for identifying Mycobacterium tuberculosis and detecting drug-resistant mutations and
evaluate its application value. Methods MALDI-TOF-MS was used to detect three national reference strains, and the
minimum detection limits for tuberculosis-specific identifying genes and drug-resistant mutations were determined.

Respiratory tract clinical specimens of suspected tuberculosis patients were collected from January to September 2023 in
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the Tuberculosis Department of Kunming Third People’s Hospital by non-random sampling method, including 120 spu-
tum samples and 100 bronchoalveolar lavage fluid samples, with the content of 3-5 mL in each sample. Nucleic acid was
extracted from all the samples, and the tuberculosis positive samples with Ct value<32 were identified by qPCR kit for
tuberculosis identification. The drug-resistant mutations of rifampicin (RIF), isoniazid (INH), ethambutol (EMB) ,
moxifloxacin (MXF) , streptomycin (SM) and pyrazinamide (PZA) were detected by MALDI-TOF-MS. The pheno-
typic drug susceptibility test (pDST) and third-generation sequencing ( nanopore platfom) were used to detect the TB-
The
lowest detection limit of MALDI-TOF-MS was 60-100 CFU/mL for MTB identification genes IS6110 and ext_RD9,
and 100-1 000 CFU/mL for drug-resistance mutations. A tolal of 132 tuberculosis positive samples with Ct value < 32

positive samples, and the results were compared with those of MALDI-TOF-MS to verify its accuracy. Results

were screened by qPCR. Compared with pDST results, the sensitivity, specificity and kappa value of MALDI-TOF-MS
for detection of drug-resistant mutations were 93.75%, 100% and 0.96 for RIF, 98.33%, 90.28% and 0.88 for INH,
83.33%, 97.50% and 0.78 for EMB and 95.45%, 100% and 0.97 for MXF, respectively. Compared with nanopore se-
quencing, the sensitivity, specificity and kappa values of MALDI-TOF-MS for detection of drug-resistant mutations
were 90.91%, 100% and 0.94 for RIF, 92.96%, 100% and 0.92 for INH, 92.86%, 100% and 0.96 for EMB,
95.45% , 100% and 0.97 for MXF, 95.74% , 100% and 0.97 for SM, 66.67% , 100% and 0.80 for PZA, respectively.
Conclusion MALDI-TOF-MS can be used as an effective method for rapid detection of Mycobacterium tuberculosis
drug-resistant mutations because its results were highly consistent with those of pDST and nanopore sequencing.
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iif 2 2§ 4% #% % ( multidrug-resistant tuberculosis,
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48 FANA AR M B H

22 25 Bk 5 ( drug susceptibility testing,
DST) B\ Ay 2 A AT 5 A R I 485 4% 53 B30 FF 18T ( myco-
bacterial tuberculosis, MTB) i 24 (%) J5 ¥, {H 1% J5
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[8] Jiii §i% ( Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry, MALDI-TOF-MS )
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WREAS 120 5], il o0 #E Uk W AE A< 100 1)) , 48 HX
DNA {5 22 5256 ff JH, W X 2 2% & Wtk : MTB
(94008 ,93009 ,94019) H H [ £ it 24 fib K o A 5% B
Wik, ZRCaRTS = NREFREZE G &
W T (5 :2022111030) .
1.1.2 FEEFRSIEH

AT PRI R SO 1 R N 2R e (T T 152 W B
ARAFRZF] ), Veriti 96 PCR {X ( 3 [E ThermoFisher
2] MR AIL i AR O DL RS A PR A
), ABI 7500 %) it PCR 1Y ( 3% [ ThermoFisher
/N, GridION il 7 4% ( %€ [ Oxford Nanopore 2
H) o WGBS 1A DNA/RNA $2 BUK 5 & (g ot
THMEREAE DR R A BR 2 ), RAT B[] A% R o
TR (WL 2 W B AR A FR A R ) |, 3Bk o A%
PR R0 & ( PCR-2EGHREF ¥, B AR 1 08 s
YR BR N 7] ) |, Sensititre ® 4% 4% 25 5 ( 35 [
ThermoFisher /A ] ) , =f%{ll ¥ Barcode i 7] & | #
PR & ot e s T v R & [
Oxford Nanopore Technologies 7y ], AMPure XP
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Beads 4 H Beckman Coulter,
1.2 Fi&
1.2.1  SREGASGE

FHU DST ki W R BE #7107 4%
A% /N 4 W& B ( MIC,  Sensititre ® UKMYC6
plate) , AR 13 B4 A% 2459 0Tt 245 1 , 045 1) 4R
- (rifampicin, RIF) 5 4} (isoniazide, INH) . &
Ji% T 1% ( ethambutol, EMB ) F1E& P4 b & ( moxifloxa-
cin, MXF) , 4% WHO T 245 58 45 H g4 7 1 1 St
Ve ,INH \RIF .EMB 1 MXF FTiif 24 11 5 2053 50 0
0.1.0.5.4 fil 1 wg/mL, EMB MIC “} 4 pg/mL i} %
SR AN E 4
1.2.2 2652 & PCR SN 1A R AR T

i FHREER 322 9% JR /K DNA/RNA 2 B 7 & 4%
SR 3 AFT T DNA L TE 18 pL M 35 I 2 pl
DNA (b5t 1B A3 R AT A% FR A 7 ) | AR R
320 wL, PCR JZ W £ ABI 7500 PCR 1% ( Applied
Biosystems Inc.,3E[H) Fizafr, MW FEF K37 T,
3005:94 °C,180 s; (94 T ,15 s, 60 °C,30 s) x40 ¥

TEFF ;50 €,10s, 60 C,30 s REWNAES, 4%
YERRER N 1S6110,
1.2.3 MALDI-TOF-MS # Il #84E i

% 1 MALDI-TOF-MS - {5 £ il 4% 2% 73 A F1
i} 24 3 DK 2 AR A7 4, 6 Flvie 45 4% 24 9 K L6k 1o A6
T 25 58 A8 61 s 5 T3 1, 25 PCR.7E 3 uL
WHIMA 2 wL RRIUAER , DR B0 5 B, S0 2
F£4:95 C 2 min;95 C 305,60 C 305,72 C 60 s,
45 MEH ;72 °C 5 min, 4 C o . SAP W 2 pL
SAP % 2 & NFLHE, U PR i 41, 37 €
40 min,85 C 5 min,4 C o , FAGHILIEM. N2 pL
iPLEX ZEfift 2 b W2 21 4 A~ L L, s 47 DL R R T,
95%C 305;95C 55,(52C 55,80 C 55,5 1@
1) ,40 MIEFR;72 € 3 min, 4 T oo o B IEM R
SRR, et 384 FLATNA 20 pL K SR E
W B P SE (R P2 e A 384 FLAR P, BRI BSOS
A RATHF ] B REAY , #ie IR BRI B B4, 4T % AT
i, ffF Typer 4.0 #4347 805 0 Hr

# 1 MALDI-TOF-MS F6:i0 5970 2% 12 24 4 it 24 25 PR o7 A

Table 1 Detection of resistance mutations of anti-tuberculosis drugs by MALDI-TOF-MS
259 [ [ha AL AR A
RIF rpoB 511 CTG>CCG
516 GAC>GGC, GAC>GTC, GAC>TAC, GAC>TTC
526 CAC>GAC, CAC>TAC, CAC>AAC, CAC>CGC, CAC>CTC, CAC>GGC,
CAC>TGC
531 TCG>TTG, TCG>TGG
533 CTG>CCG
INH katG 315 AGC>ACC, AGC>AAC, AGC>AGA, AGC>ACA
inhA promoter C(-15)T
MXF gyrA 94 GAC>AAC, GAC>TAC, GAC>CAC, GAC>GGC, GAC>GCC
gyvrB 500 GAC>AAC
EMB embB 306 ATG>GTG, ATG>CTG, ATG>ATA, ATG>ATC, ATG>ATT
406 GGC>GCC, GGC>GAC, GGC>AGC
SM rpsL 43 AAG>AGG, AAG>ATG
88 AAG>AGG, AAG>ATG
rrs 513 A>C
905 A>G
PZA pncA promoter A (-11) G
76 A>C

1.2.4  Fa BRI e

EZX S i R (94008 93009 ,94019) % il kil
Je , Sl Az B AR B R B 2 3% 10° CFU/mL,
SRJFKE 3x 108 CFU/mL i B Je B8 T P-4 FEE A B
10~ 10° CFU/mL, &8 W A% 2 J5 R Al MALDI-
TOF-MS #6537 A6 0 £1] 119 55 15 ¢ J& B > MALDI-
TOF-MS Ay ik th R
1.2.5 ={CIF

Sy AVER TR 1 R 25 5L B XS [, dEAT
Z @ PCR 4 ris =YK B2 500 bp A4y, SO

e R 1AL B LA SR A i AR 4 BESCHR [ 13 ] R
1338002047, W 5 i , 6 F MinKNOW 2.0
R A B R TR 0 B 4, I8 NanoFile 25 BR R Bt
Fl/ B AR & Y reads,, 4 2 /D— 7% read i LG 21 Ff
ol J8 KB, 54 A BT B B R R B
B 1) 0 DKL 3 RS ey i 245 35 PR ELAT RO B X
T B W 25803 FE ( card. memaster.ca) \ResFinder B,
TBProfiler AT TN (AEHEIE R A9 B 1) = 60%
[ EA =80% [T —1E) 1 R AR SR 4 1
NEENTFERIR > 10% , RIS 10, SR EGE>S
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KA SPSS 22.0 # {4, LAFKAE DST I Z&Htx
i, 43 #f MALDI-TOF-MS X} RIF, INH,( EMB #l
MFX i 245 kil (1) 5 803 FRe 5 58 . DL =A%
ZFFRUE, /3T MALDI-TOF-MS %} RIF . INH .EMB
MFX ,SM ( streptomycin ) Fl1 PZA ( pyrazinamide ) #17
it 2560 B PERE . R Kappa K8 #-F 1— 20T
K 7K o = 0.05, Kappa {H>0.75 F—E 8 &,
Kappa {HAE 0.4 ~0.75 Z 8]k — 2Pk 1 4%, Kappa {5
<0.4 A—FtEg 22" BUREE RS R BH M T
B IHEIIME 7555 2 TAERAE 4 T AR
(area under curve, AUC) FHAHRN A=A,
2 &F R
MALDI-TOF-MS #% B Fi& %t F MTB #& 1K
¥ H R
MALDI-TOF-MS £ {lll MTB % 5 i/ 5 1S6110

2.1

Al ext_RD9 By I AIRAE M BR7E 3 ¥R S5 b Wtk b o
60~ 100 CFU/mL, ffit 25 {37 &5 i) e IR i FR A 100 ~
1000 CFU/mL., XJF %8 W, Jili 6 3 Pk W 56 I PR B
A, qPCR 4 M Ct {H < 32 B}, MALDI-TOF-MS
) FIT A7 455 % 2 5 A7 i R 245 57 1 4 3k 5 32<
Ct fH <40 B}, MTB % % i s 1S6110 Fl ext_RD9
ALK T 24 7 0 43 AT A A R R A 5 Ce
{5 >40 B, 552 7 15 R 2545 s B AR A H

2.2 MALDI-TOF-MS # i3 E 53 #r

LI DST £ 8 5% 45, MALDI-TOF-MS [
HERA TN MTB X457 (RIF) 00 F(INH) | £
TE(EMB) fISCPE b B (MXF) 4 Rhaiaiz 259
24514 , Kappa {H=0.78 $81E = E—2%, W3 2,

i F§ MALDI-TOF-MS #il #] 4#F (RIF) | 54K
JWF(INH) | £}t T % (EMB) | ZE P4 7 B2 (MXF) | 5%
T E (SM) TR e (PZA) 6 Fhii 4t %25 ¥ iy it
2 AR 155 AR ARG I ) TS 245 58 A8 57 55 % B g
J#—3( Kappa {6 =0.80) , W3 3,

%2 MALDI-TOF-MS 5 %R 25 i 25 5% H
Table 2 Comparison between MALDI-TOF-MS and drug susceptibility

5 DST ifif 2 DST #)k URKE/ AESIE/ PPV/ O ONPV/ORERE/
MS Ti#25 MS fi&  MS iz MS iUk % % % % %
RIF 30 2 0 100 93.75 100 100 98.04  98.48 0.97 0.96
INH 66 5 0 61 92.96 100 100 9242 9621 0.97 0.92
EMB 10 2 3 117 83.33 97.5 76.92 9832  96.21 0.90 0.78
MXF 21 1 0 110 95.45 100 100 99.1 99.24 0.98 0.97
T :DST: /AL MS - LR BT
# 3 MALDI-TOF-MS 5 = Q745 f 5t He
Tab 3 Comparison between MALDI-TOF-MS and Nanopore sequencing
it DST it 24 A DST 4% A WUREE, BRSEE/ PPV/ NPV/  FAER/ AUC  Kappa i
MS Tit25 MS U MS itz MSHUR % % % % %
RIF 30 3 0 99 90.91 100 100 97.06  97.73 0.96 0.94
INH 66 5 0 61 92.96 100 100 9242  96.21 0.97 0.92
EMB 13 1 0 118 92.86 100 100 99.16  99.24 0.96 0.96
MXF 21 1 0 110 95.45 100 100 99.1 99.24 0.98 0.97
SM 45 2 0 85 95.74 100 100 97.7 98.48 0.98 0.97
PZA 2 1 0 129 66.67 100 100 99.23  99.24 0.83 0.80

1. DST . R RIZGH; MS AL R T
MALDI-TOF-MS 7 i% %t 5% B 1% it 25 B9 46 Y
g
ARG 5 BIREASEAE S v 25 42, LA

b 3 IS5 R R K 1 R RS 1 BIREAR

H1,embB306_1 137 14 (Y EFAE R A 5Bk 15.38, it 2

RAL G EEHR 6.30, G/A WEHN41% (F 1A) , i

i Sanger M FIESE T X —45 5, 45 B8 C & T

S

2.3

WERE (I 1B) o 755 2 BIFEAS Y rpoB526_1 fii 5 1Y
WA C SN 7.51, 28728 T &R 2.17,T/C
B 28.9% (I 1C) , i i Sanger Il F¢ £5 2] IE 52
(B 1D) , 1255 3 BIFEA T gyrA94 2 fif i Y B A=
A BN 11,03, Mt 2598748 C =B 4.93, C/A
LR 44.6% ( 1E) , i i Sanger U775 FIE
(B 1F)
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Figure 1

Heterogeneous drug-resistant nucleic acid mass spectrometry peak chart and Sanger sequencing peak chart

A: MS peak chart of rpoB embB306_1 A>G heteroresistance; B: Sanger sequencing peak chart of embB306_1 A>G het-
eroresistance, the red arrow indicates embB306_1; C. MS peak chart of rpoB526_1 C>T heteroresistance; D Sanger se-
quencing peak chart of rpoB526_1 C>T heteroresistance, the red arrow indicates rpoB526_1; E: MS peak chart of gy-
rA94_2 A>C heteroresistance; F: Sanger sequencing peak chart of gyrA94_2 A>C heteroresistance, the red arrow indi-

cates gyrA94_2.
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2023 4F, " E % % T MALDI-TOF-MS 7£ 25 #%
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— i T ARBWRE S, Y BRI
1A, 4 H PCR K Z K 18 40 44635, iii MALDI-
TOF-MS ¥k HIZH PCR ¥4 45 MG A5 Fms &
HEAd 40 ANEIRE— 2 B T AR DNA (4 3554
RO BRI, 1S6110 AMUAFTE T454% 73k
FF 5 ( Mycobacterium tuberculosis, MTB) , W 7 7E T
HoAb AR > | HAFLE 1S6110 B2y MTB2Y | 3%
EFBOHLLL 1S6110 R FEFRET , T G823 KA

PHE AR B 25 5 . ext-rd9 & MTB & SR 2 F X
B9 HMERIX IR, X X IAEAE T MTB & & #F, &
MTB & & #4550 bs 22— AR W58 %
IS6110 £l ext_RD9 1 °& MTB Ay % & b5, 45 5
7 ,MALDI-TOF-MS %45l MTB % %€ {37 51 1S6110
il ext_RDY Y e fFAS IR A 60 ~ 100 CFU/mL, i 2
7 5 B AR S B & 100 ~ 1 000 CFU/mL, 5 25 %
F5AE P BRI G R BRI I R AR A, A
[vi] B8 5 I MR U R B KG m o0FA  2 G T 45
FEHT T PHME SR A 52 i R, B 4 N 03 g 7 B IR bR AR
AT B 0 B A Y RO R R, R T
VO T R SR I PR AR, qPCR 4G Ce {H <32
i, MALDI-TOF-MS kil FIT 45 45 42 55 5 7 s, RS 24
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7 A3 5 32 < Ct {l < 40 I, MTB %8 5E i 45,
1S6110 #l ext_RD9 A A& H , {HL i 245 {57 1 &8 43 1] 4
BB R ARERG 5 Ct {H>40 INF, %8 58 37 15 RN 25 47
SRR

AWFFEIE i 8 MALDI-TOF-MS 1 5 24
f# DST Hl Nanopore — {3 (1) 50K B AR 5 5 46
GEVTFAaAn , o B HOARG I 25 A% it 25 () i v, 25
7R ,MALDI-TOF-MS #5145 54 5 % % DST *f L,
% B T 5 Kappa {H -~ 0.78, HoAth 3 Fh 254 RIF,
INH FIFl MXF Kappa {6 =0.92, *§F DST ifif 241
MS FEIRRAY , 43 A7 1T RE TR PR 2 A A v s B T 24 2
R W ARSI T A% TR B3 5 | 4 Ak R A T
X 3 4 £ 1T B DST SUskim MS it 25 11, 2% & 5
HJ& O T I MIC 4 4 we/mL B 52 SR AN R 45
3 BIHEA DST &b Film FHE ., 5 = AR5 45 5L X7
I, MALDI-TOF-MS &3 il RIF, INH, EMB , MXF
SM Fl PZA 6 244 24 58 725 57 s i 45 SR L ey JiE
—3( Kappa {£=0.80) , XFF =AM 5 g = ifif 24 1
MS U RY , & = ACI)F il 2] MALDI-TOF-MS 5|
YRR TP AR K2R AR 5, Ho 3 45 RIF Tif 2546
MIF] rpoB 1491F 5 1] INH it 254630 5] karG W149L
(2 f5]) katG W204L(3 i) ,1 ] EMB Tiif 2k 5]
embB Y319C, 1 fjil MXF ifif 24 £ 5] gyrA S91P,2
5] SM it 24 K6 3] rrs ¢517¢, 1 451 PZA T 24 46 ) %)
pncA L85P X B6(v i 7E WHO 2540 24503 5 H st rp
J& FUEHE S 1 B 2 9,

S T TS 24 2 48 i 24 I BURR TR (7] B A2 AE T[]
— SRR B G, WEEH AL R, R A
U2 A 245 UL [N P 4] ] B A7 AE [l — (3 FE A v
PRG:S)  SERR PR 2576 MDR-TB 3% ffi 4 WL
T BE S MYRYY 7 121, MALDI-TOF-MS #J
DAtk — 25 S 551 45 1% 3 BCFT DA 245 0 B0 IR 1 ) S
PES RBESE T 3.8% (5/132) WG REEAR HIL T
SRR 25, MALDI-TOF-MS SEAG I H B A 740 g i
FNGE AR BB 1 e = 1, W20 1103 98 AR R g L/ B A=
g U 2 (L L A A S A A vl i 245 AT 1 5t L A3
If-1E—2 F Sanger I 7 XF 45 R PEATIAE (K 1)

AT — LR e 2 ATkt ., OABT
YNGR A5 RS — R B R BRE . X T 5
JT VRN 2 , AR BB ARAT PR I PRAE A SR 75 & A Tt 245 11
GG BRI/ A A0 0 1 (LU 1Y) cut-off B, 7E
VUG BWFFE R BOZR S KAEA & A — 2140
HIBFST ; @/ T-4% 55 2 FINH R Bk e i) 26 0 245 4 DST
SERRRE WA X R 2 1T DST; @5
TG Vb B RTILG R ok e A O 1y it 24 437 s 7 2 /b ]

fie T BT 25 BEAS T K, AN % IR i — P A R
FTRET IR . BEA I RGO AT BRASPE (0 4 w5 At
25 B9 AL , MALDI-TOF-MS %I MTB 2% {6 i
FIPERE A A AT B

2% bR ,MALDI-TOF-MS WA [a] 4% % i i
S — TP REAZ IR AT I 24 3 PR M 28 B (5 L, R
SR 25 AR 18 B RN R AT
1 PEOZWT, AT RUVE R I DR 45 2 S5 4% 3 AT 1 25 1
R EE R BN
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