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& (levofloxacin . moxifloxacin . bedaquiline .

linezolid)£7 i 24 P4:%1, Tif 22 24 45 4% S BoFF 1 50 fif 4
ERERABE 2 /0 50 J7 8 o AR T 5 T AR 2
AOPEAL . 2018 4F Ff [ 45 120 R N 25 25 4% 03
FEBEHE 2 09 A B 31 866000 F1 66000 i,
P JE A s T 2 A R I R YT R
K, BEREZ, JAEERA 50%E 47

G5O RO AL R 2 O B DL, JRARRAIR,
FEANAN T A 7K DR g R T ok 1) ) R R B4
RS 245 11 3 Sy T 28 B DR R AR 5 ke (Hevh 2
SNP), i& 3 hk T4 L R 2 7 43 A7 2 57 i 2 e Al
AR B 2RO B A LR 4 51 4 434 Rl
VA RO 2 BT A TR 25 A0 G S AR FIFE N, i 2 T
X A TN I PR e PR P T 247 P A 21
AW Lt PO RSB S e (O T B2 R vl 7 i A
Al I WA 25 B S0, R BT AZS SR
AT 2 B8 43 BT 245 TR R AL R A 10 H i
P iR 245 AH SC RAB X — P R isoniazid |
rifampicin, ethambutol . streptomycin A9 24P i
TN 1% VR R (TS 245 T v B8 8 1 0 A T 20 bE) A
R S 1 (35 207 10 24 2 728 1 T R 2 B Sl i 24 Y O
FEYKTF 90%! 7, (H R $id A BR , XF pyrazinamide
f YA 2 BB IR E 60% 26 471,

BE T A B R Dy i 4 ik R H G BK 43 A
(Genome-wide association analysis, GWAS) M H.ift
LR IT VR B 2 A RAZ I T R8-S 5T 25 2547
SR AR 20 B o A — AN SR ARE B A
PRANSUR R A P A9 K B9 FE R PEAT Fisher KEH1E
R, THAR I 8 AR S 75 R 24 22 0 . 5 AR O,
B2, WS R URE ARG M AR SC YOk A AN R AEL ST
PRI S5l BE T YUt 25 5 A2 A3 4, i EL# AL A
BRSSP 1) J5 v e R Ge 2 iR 2221
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5, GEMMA (genome-wide efficient mixed model

association)F& T Z TR M (] VA HRY B A A (1] 11 3t
AR Ry — A2k, T 25 BRI 25 Al 2l ok
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SCEURIR Je A 58738 1) 43 SORCCE T 245 FBURR T ik vh
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WS FIE SE ARG AT AR 53 4b, 114
1 245 A0 5 58 28 1) J5 ¥ 38 A7 B AIL AR AR 552 (random
forest), —FhIET LA IR AIHLER: ) kY,
AR TS 24 TR R R ABURR PR AR T AT S 25 22 B 2R A |
L SRR ] DAY R BE AL AR AR A 2R A s EAS A
(normal distribution) AR LEZG W BERE R 1T
FNBUHEA S ) 2 AR AN FE B M R ik v 2 i 2
DR e AR B 1 T AR Hh B E R 3 v T SRR R PR Y
SNP. B[R PRl E] XS A S HTPEAE G

7 R BN G A% S BT s 25 PR R IRk
B B FET-H EL A R R AR S i 24
FHC SNP AR5, Jilm PR A2 | TR 25 0L 4R T
WA T A PR R 5

phyc (phylogenetic convergence test)
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x1. BEARRARERESH

Table 1. Distribution of the lineage and phenotype of
strains
Lineage Phenotype Isoniazid Rifampicin Ethambutol
Lineage Sensitive 488 549 743
4 Resistant 423 362 152
NA 0 0 14
Lineage Sensitive 137 132 332
2 Resistant 456 461 248
NA 0 0 13

NA: the phenotype is default.

1.2 oI & thxt

M NCBI £ SRA %/ T 245 2] fastq SCHF
J&i , 8 Trimmomatic F11 fastp AYERINS 5012122 %
TR 515 . i BWAPY 51 Xt 31 2

Tree scale: 0.01 —
Lineage
W2
E4
Phenotype

as
O DR
B MDR

Site

M China

M Malawi

[0 Other countries

£ ILN ZH H37Rv( RefSeq:NC_000962.3)f 541 I,
fifi Fil Speedseq” ' 7E 13 275 .. ffi Fil veftools™ M 551
G I vef 15X BT A S S I H A BT
H N % °0/0”, 4 BRERJG K <0.01 . fre/NE
FEPRAAR R T 0.001 B 2RI 1 SNP (3% 2). ]
fasttree f¢Hh B AL IR 1 S PR AL R E AL AR D), il
itol £ il Fid: BE AL B

1.3 TZ5AHE SNP 115

A E I CPU BN Intel Xeon
Gold 6126 (2.6GHz 12C). & ¥ M ¥ £ ¥ 2% B
PEPPE B ¥4, (il GEMMAPSZB GEMMA
BT, TEEL P AE>0.05 VM BIME ;{81 plink

1. HARBEHUM LSS

Distribution of the lineage and phenotype of strains on phylogenetic tree. In the inner annotation circle,

Figure 1.

indigo bar means susceptible strains, yellow bar means drug-resistant strains, red bar means multi drug-resistant

strains. In the middle circle, blue and green bar means strains from lineage 2 and 4. In the outer circle, grey, purple

and white bar means the strains acquired in China, Malawi and other countries. M. canettii is added to set up the

root of phylogenetic tree.
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BAPSEIIET ¢ AR wald K3, R P
{H>0.01 F1 OR {H>1 1E M BIME ; 1 R i#EF 1Y ape
A L) 5 T 2 AR AR, 3§ FH “phangorn™fu
Y pratchet F1 ancestral.pars | H.P AT G4 &
HECT T JE ST LT iR EE T phye 43 HTY, ik
B PAE<0.05 VORI . $hAToe X 23t T R,
AR B #E E A0 isoniazid . rifampicin, ethambutol
iy 245 RH OGP 1 S BEAY SNP (3% 2).
2 FRFngHr
21 HARRHARGRF AN

BET 1504 PREEZ I3 BOFF B S8R R T 2 1Y
SNP W ARG A AW, I M. canettii LR HAE
AN AR 5 AT K R R A R
A9 L DR 2H B A A AR B e o0 A1, LR E AR 4
2211 Malawi b IX % A B R ARFE AL B 7 B A
s FAh, KR 2 ERES G2, MER 418
TS A AT D o AT DA [ 1l X R 58 3 0 T bR
PR B L, #E IR 2 it 25 R BT K I 2 A8
(Kl 1),
22 3 FHAERRGHLE R E AmZ5HE5E SNP

AR CAT LI AN 7 o A 9 SCEE L B AT
A BRI B LSNP, BEATF25k A
TBProfiler FUM {4128 2 ZH 4D | Tim walker
BRI MTB it 2454 ) S8 X6F o A 28 A8 PN (4 g
T WK Mykrobe " AR R E) . Tim

walker 1B H C 8 B0 5B B s 5 (H AT ATF),
AWFFEIR 3 s 1Y SEBEAE g RIS 25 4H G SNP;
2 [ 3| HA isoniazid . rifampicin ., ethambutol 7£ %X
TR HAM 250, AH5EEGX 3 Fhbitk
RIFATIEAE(GR 2). isoniazid A DL katG KK g
i 3 AL S R AR O MR, i NADH
GEG AR, RN P4 F4 25A  BELUT B i 2
A B THEAL T BE , JH 4 I RE Y G a0
rifampicin 7] LU i i /K Ve 4H MRS 5 DNA AR
[ rpoB 4w i) RNA RE M B W ELE A, Ml T
RNA RAE WG, JFMBH 1 DNA #5445 RNA
FERER A A 32 e ethambutol FJ LA Ay B
PAABE SR 2RI S embA. embB . embC FE K %
BT PR S BEAS 6, BHE T 41 40 i RE 0
BT AT P LR M A ) X 3 i R
Mif 2540 3¢ SNP K 2 5306 HiAE A SR R4S A4 i
AR YA RS EOE . AR R B R
TR (3R 2).
2.3 3 FARFEMTZHH5E SNP THE ik R
TEM 25 AH5C SNP /) i R e 45 R b, X T
AL T S M RS- L LW T BEAR DGR katG L rpoB
embd F: N L W& H M 25 A & SNP ,
katGSer315Gly . Trp191Arg. rpoB Glnd32Lys 7%
HIFE phye Jr ik iy 45 5 v i s A 25 g 24056, 1
GEMMA #l plink W] g 7R H 5T 2548 8 3540 56 78
embA-43G>C, Met306Val UL} rpoB Asp435Gly .

F2. ZHIAERFENSFIN Z4EX SNP
Table 2. Mechanisms of three antibiotics killing bacteria and their resistant-related SNPs
Antibiotics Resistant-related genes Resistant-related SNPs Resistant-unrelated SNPs ~ Reference
Isoniazid fabGl, inhA, katG, kasA, ahpC, ndh 323 100 [40-43]
Rifampicin rpoB, rpoC 145 61 [44-46]
Ethambutol embA, embC, embR, embB 193 321 [47-49]
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His445Leu. Serd41Lleu. Ile491Phe. Serd50Trp.
GIn432Lys H HA plink JOiE A H R 25 g 2%
2%, {H phyc 152 P {HIKIARIZE/NT GEMMA
(3% 3). HA, RMFRIEH K pksi2 11e2261Val
55 IRk 254 5, KR serdl Ala302Gly Fl pyrG
Gly576Ala 5785 LI T EETH 254 5%, KB fusdl
Lys359Arg Fl Lys359Glu 5 R4 254 % .
AWFFEEL G 3 AR T 25 A G
AL 2y T AR R P S IR A L], DAl X L
SNP 75 TR G A TR 245 SR 20 Hp A v 38 A Sk
J% BUHAE T isoniazid i 245 4 ¢ SNP Fh R Bl 22 57
AKX, {H GEMMA FiI phyc FEBUEELE rifampicin
F1 ethambutol H i % 5 T plink (& 2, & 3), FH.

% 3.
Table 3.

GEMMA A1 phyc #] L& B £ 04 T A1 25 4H 56
SNP; phyc IS E) LT WA R SNP ZE#
E R S5 M I v 00 1 00 DR UE T B R v A
(# 2, %3).

R AL 3 AP 0 BN  E]
K GEMMA Al plink HYJRIENHE, AR2H
Tiif 24 2% B4 Sk 3 DR AL RN B AL 2 8000 R B, 24
SNP TE M 24 Tk v A5 58 2 3 v T BURR R AR,
MR G2 . AFME GEMMA T8 T ik
PRI T T B3 VA A 3 S22 07 SR R T 24 0 56 58
A5 1 phye TR R 18 T B AR R R 2
MR SIGHAY, THEGHEER FTB B T4 SO R
Z MR, a5 H SNP [ HEIk 43 SO %

AREIM I E A A B A E MFANET 2548 X SNP

Significance test of known and novel resistant-related SNPs

Mutation frequency

Mutation frequency

Antibiotics Gene SNP type in resistant strains/% in sysceptibe Phyc GEMMA Plink
strains/%

Known resistant-related SNPs

Isoniazid katG p.Trp191Arg 0.910 0. 0.00590 NA 0.00759
p.Ser315Gly  0.429 0 0.00479 NA NA

Rifampicin rpoB p-Asp435Gly 1.94 0 2.11E-10 0.011 NA
p.His445Leu 1.94 0 1.37E-08 0.011 NA
p.Ser441Leu 0.97 0 8.97E-07 0.005 NA
p.Ser450Trp  1.09 0 3.61E-06 0.006 NA
p.GIn432Lys  0.459 0. 0.0152 NA NA
p.Ile491Phe  0.573 0 0.0153 0.003 NA

Ethambutol embd  ¢.-43G>C 2.75 0 5.69E-09 5.730E-08 NA
p-Met306Val 33.5 4.460 7.34E-47 3.346E-54 3.99E-87

Novel resistant-related SNPs

Isoniazid pksi12  Tle2261Val 6.37 0.410 0.0599 8.71E-28 3.12E-13

Rifampicin fusAl  Lys359Arg  2.92 0.599 1.42E-11 7.40E-5 1.99E-8
Lys359Glu 3.04 0.699 2.12E-11 1.05E-4 3.52E-8

Ethambutol serAl  Ala302Gly 3.00 0.783 2.57E-8 2.00E-5 1.67E-3

pyrG Gly576Ala 14.0 8.690 2.84E-5 4.84E-4 7.22E-6

NA: the P value is not significant or the OR value in plink is less than 1.

http://journals.im.ac.cn/actamicrocn
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Known resistant-

A
(A) 30 - related SNPs
B 28 - Potential resistant-
25 related SNPs
K - Known resistant-
Z 20 19 18 unrelated SNPs
G
=}
o) 13 13
Na)
E 10
Z
5 4
0
GEMMA Phyc Plink GEMMA  Phyc Plink GEMMA Phyc Plink
Isoniazid Rifampicin Ethambutol
(B) Phyc Plink Phyc Plink Phyc Plink
7 0 17 6
8% (M) (18, 3% (10/0) (OA,
(o%) (0%) 0 s% (0%) (o%) %
17 26
@ (44.3%) (18.3%) (28%) (10%)
10
s @
u
GEMMA GEMMAS GEMMAS_
All known resistant- All known resistant- All known resistant-
related SNPs related SNPs related SNPs
©) Isoniazid Rifampicin Ethambutol
100 39.65 93.51 94.31 | 93.50 92.00 ™= Sensibility

Percentage/%

GEMMA  Phyc Plink GEMMA  Phyc
Isoniazid Rifampicin
2.

Figure 2.

87.25 mm Precision

Plink

GEMMA  Phyc

Ethambutol

Plink

GEMMA. phyc. plink 77511 EE1SM 75 SNP K& H e FE 14
The sensitivity and accuracy of drug-resistant SNP calculated by GEMMA, phyc and plink methods. A:

Number of SNPs acquired by GEMMA, phyc and plink method; B: Number of SNPs acquired by GEMMA, phyc
and plink method and their overlap with all resistant-related SNPs in database; C: Sensitivity and precision of the

SNPs acquired by GEMMA, phyc and plink method.

Sensitivity is the proportion of the strains with

resistant-related SNPs in all resistant strains. Precision is the proportion of resistant strains in the strains with the

resistant-related SNPs.

LMty FA, MK SNP 5254 %, XthikE
T phyc JT5 R B R BRI N T 24 SR i 24
B, MELAGE T ELLE R, 1 GEMMA Fl plink
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s 738k, phye FETHA A EAEIUCR T 2
Y 3 ) SNP Mg AL RO REBERLANEE , X 75

HIHFER B ElIE KT GEMMA 1 plink (% 4).
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x4, TRAZERER LR

Table 4. Comparison of three methods for the calculation of resistant-related SNPs

N . . . Calulation
Method Method of eliminating population stratification . N Phenotype
ime
Plink No 10 min DST/MIC
GEMMA Calculating sequence similarity matrix 10 min DST/MIC
Phyc Using convergence as the signal of positive selection and the specificity of convergence to cases 144 h DST

MIC: the result of minimum inhibitory concentration. DST means the result of drug susceptibility testing.

3 b

AR S 3 HE P 1504 MREE R A3 BT B 9 7 51 1
FAEAG, A 3 Rl R TSR 2 4 G
SNP, T a] LIRS A 25 4H5¢ SNP, &
I 250 SNP % H , DA FH X 2L SNP 3
T 55 T A T 245 3 28 I ) SRR Mk R R S BE L, RBR
phyc TEFFRLRMME . FIAEF- . LM T R 2580 ¢
SNP I ] DASE H B 22 RN 25 A 5C SNP B EEA+7
-, i . phye A 254056 SNP HA H AR
SE BB RV S (T2 KT 52.49%); BAR
GEMMA F1 plink 75 2| it 2546 SNP X 1 1
SRR FORE S BE A I R, (ER s BT
40%HI 50 . BT GEMMA W% [ T 384 eIk
HEBR T — SE W TE A EAR 43 2 55 R i AR PR
UUAE 2B T e p 3R 2 0 B AN 254056 SNP H0Fn
phyc $R ) SNP %5 (& 2); 1M1 plink H 481 A]
DALE RS Hh R BT GEMMA il phye, {HH T
B 2% JE LD 0 CHk,  FUR N S50 BE R R A8 552
TFEA M, THAEH % B RN 25 4026 SNP B /b
(®l 2, & 3).

Fi4h, GEMMA Fl plink 2345 K 2L F1 A 24
B AHSCHY SNP IR 254 B8 A C, Hedn
katG  Ser315Gly . rpoB GIn432Lys . rpoB
Glu460Gly . embA -43G>C. rpoB Ser450Trp. rpoB
11e491Phe, SZ56FI 3 iE 4 UE B £ 15X 28 SNP 3

i 25 1 A O, Horp karG Ser315Gly fii T
OIS SRR B TE TE SNP, B BRI ULIA S
SRR 25 9T 2 & A 545 rpoB GInd32Lys
Glud60Gly .Ile491Phe 251, T RNA A B ZrfiB X,
TTREY RNA REWMEEHEA P, embA-43G>C
AL T 2 M T Tt 30 ) 19 BT r A8 e A T 9 0 3l 1
DX, P REE L 3 a0 TR P B
A B2 5L 2 CHR 40 B B 258 A s 4R A1k Y
it 25456 SNP 5t 2545 5, phye H R 4
Al A HAE TS B R AT il B T 24 TR AR
eI H AU IE A IR B i H R BUARAR R 1 ITUAR 73 3K
A9, mAEUNE plink A1 GEMMA B4ligs 143
i 25 FIAHUR B R 4571 SNP (8 H 2010
A FE IO B 2540 56 SNP R 22 5 4R
FEECAARAR . A0 MLBE RS A (R 3). serdl TE
L5y SR b R 2 ARG, TEAR KPR
A/, SNP Al g 1ot iU £ A R SER  , 2E T
S 22 A pyrG T EAY CTP A ALY,
AHY T S 3 ok 4 e PR 4 DG IR 43 B AR AR AR AR 4
M pyrG AIRESH 2546 K, fusAl JfE 5 A
1] %) 4iE {1 K] -7~ (argyrin B targets elongation factor
G), FEFEBRZ7E (A P443 L) & I AT LA 41
HEAE . AW IRAH OB SRk ek s, JFH 5 2%
a2 [RBA B0 TR B 2T 2R L R AR R L
AR A LT, BRI X T R3S %o
FHTN 2 HRIE o phs 12 FIR RS, il
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B LA A 3 UM TR A0 i BE 06 55 B IR 2R (N 25 2
% dimycocerosyl phthiocerol), £ #¢iERH 5 [& 4 i
2547 P8 Caed a0 AN i BETE BSAT 56 B 26 1
it BUIE B 5 4542 23 RO T [ AT i 24545 0%

7% &3 phyc Jy id R AVE A RS
a4, HIFERTLISE2E GEMMA Al plink.
[F4FHCE T phye THEERRIGT 4 1 AL, KT
GEMMA Hl plink (3% 4), 1 EL7ET 25 B MR FEAS 2
KE 879 WS, BURHE | R
4 ELAITR 25405 SNP 2 H X BIA R (18 2), B AYN
RS T 1000, °] LITESFFF phyc 1145
RayglEs, Jeffi ] GEMMA . plink #)5 55 A%
B T 25 4H0C SNP, B4R phyc TERUSRE FIFs 5
P F R, (B &3 AL Hr th b 5 AR
i S 2 SCHEAR AR B B i 245 0 SR EUR )
BB TC kP R B /N B YR (minimum
inhibitory concentration, MIC)i%ZLHE s . It
mOBE 5E R By 25 W sk kI IR (drug
susceptibility testing, DST)FEEEILF IR AP AR
WL B 25 W ORI 3, e R R A
TR o3 A% 53 BORF AT SCBIF 9 R FH TS 245 PR A AR
YO0 02481 AR A BT A 40 VR T A R e
P B E IR ERTAR, =Rl R m e,
TR T 245 14 w5 R S IR e A S BB
MO TS VT (0 B AR B MR B2, a3 ™ Bk
F 25 R R S R B T RETE , JF B2 W U
It A T A M 215 R R SR F B AL
T /NI TR R U S e 4R B S S R A 7,
PRI AS B FE N h o5 A doe/ INIT T e ) i, 1
phyc AT 2 GEMMA . plink 245 LA IE,
B AR o/ N TR M S R/ IV T 245 7 53 S AROK -
iy 25 A AP 24, FFHE phye FA4E 253 2
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NP I 53 Ay VR KT 245 43 SRR AP TiR 2443 32

AR SCHER A CL RN 25 4H5C SNP 7 3 Rl o8y
P Es R R 5t 25 000K 2), T AR
B BB 25 ARG SR AR (3R 3), FTRESE Hh Tl 24
FREAR R K/NVEBR, i B 25 2878 (T B4 5 %
FIBEA 2T, RELFMER Malawi
Hb DX R PRAE HEAL DG 2R HECH IR, ATREFIEAT]
MLIC R &1 SNP 8 IA A ST 2545 (1),
PR 30T A B T AL ORI AT e 25 . 5 1R 3]
T 245 35 [R]85 32 B S i b R ), AEZ
(R BIF 5 Hh AT DA B E Al B 1 0 (I TR) S o8 Bk
DA TR] SC AR 3 M e 46 R 52 B 1 e 45 T ) Y ik 1A
DK, I AR AV I i 245 A DG 98 A8 [ BB
PE— WA R B SNP 21 2541 3¢ SNPPY; Hok,
2/~ SNP B ZA8 LA S MRS A% 1 00 i 25 P g 2
[vi] 5 Mt 17l AL, AR & B ethambutol
SEAF O Y S A AE U i A (K 2), Sk
WdE HHA SNP RYZRAE(UN embB 25 306 2k
M) FEAN SR — 2 IRAS 5 7K F- 1Y) ethambutol i 24
PEUO RIS K R 2 AR S katG Y
55315 NSRRI AAAEAE Y 23 AR UK B 7Y
A DA RE T 8 1 4 b @A A T B R R
A5} K [ 5 s 2,

i BRI IE TN 2580 SNP
I UE o VA R B A B SRGE . RTRE T & e
ONTF I ZE A% 5 BT T 3 TR 4R SR B R 50, R
PRAUER B A [l DBl 3 5 R REA R H -, il
S5 /NP B 0 2 2, T 24 S R
B SGia 4T phye Jik, 164 it 8 45 R
GEMMA #l plink TH5 5 8 & T 25 A0 5C FH 2)
JCok SNP #iE A PE BB, R
77 38E G AR BH P RV B, [ B 3 i 2 0 S 3
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Abstract: [Objective] The emergence of durg-resistant Mycobacterium tuberculosis brought a tough
challenge to tuberculosis treatment. [Methods] Considering the lack of homologous recombination in
Mycobacterium tuberculosis’s genome, the mutation strongly related to resistance could be efficiently
confirmed by genome-wide association analysis. However, many resistance-related mutations had yet been
found by existing methods. To calculate resistant-related mutations, researchers commonly used some
methods similar to genome-wide association analysis (GWAS), which mainly included genome-wide efficient
mixed model association (GEMMA), phylogenetic convergence test (phyc), plink. To find the better method
among the three methods when calculating resistant-related SNPs on non-mobile antibiotic resistance gene,
the genomes of 1504 M. tuberculosis strains from Hunan province and National Center of Biotechnology
Information was obtained with their phenotypes of three first-line antibiotics (isoniazid, rifampicin,
ethambutol). The three methods were performed to calculate the association between phenotype and known
or novel SNPs related to resistance, and their sensibility and specificity were evaluated by the
resistant-related SNPs got by the three methods. [Results] Phyc was able to search more known
resistance-related SNPs with the sensibility and specificity higher than 52.49%. [Conclusion] Phyc is the
most accurate in predicting the SNP related to drug resistance of Mycobacterium tuberculosis, but
considering the update of running time and phenotypic data, the results of GEMMA and plink should also be
used as a reference.
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