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[ Abstract] Objective To investigate the regulatory role of the non-canonical candidate gene Rv1372¢ in delaman-
id (DLM) susceptibility and its underlying mechanisms in Mycobacterium tuberculosis (MTB) , based on whole-ge-
nome sequencing (WGS) analysis of clinical DLM-resistant isolates lacking known resistance-associated mutations.
Methods Clinical MTB isolates were collected from pulmonary tuberculosis patients between 2022 and 2024. Phe-
notypic drug susceptibility testing (PDST) and WGS were performed to identify mutations associated with Rv1372c.

A Rv1372¢ knockout strain and its complemented strain were constructed using the pJV53-mediated homologous re-
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combination system. Growth characteristics were compared under both standard culture conditions and media con-
taining oleic acid as the sole carbon source. The minimum inhibitory concentrations ( MIC) of DLM were deter-
mined using the microplate alamar Blue assay. Morphological alterations were examined by scanning electron mi-
croscopy (SEM). Furthermore, transcriptomic, lipidomic, and proteomic analyses were integrated to systematically
evaluate the effects of Rv1372¢ deletion on metabolic pathways, cell envelope structure, and drug susceptibility.
Results A total of 341 clinical MTB isolates were included, among which 37 exhibited phenotypic resistance to
DLM. WGS analysis identified Rv1372¢ mutations in three DLM-resistant isolates, none of which carried mutations
in the known DLM resistance-associated genes ddn, fgdl, fbiA, fbiB, or fbiC. The H37Rv ARv1372¢ knockout
strain and complemented strain were successfully generated using the pJV53 recombineering system. SEM revealed
a smoother cell surface and reduced extracellular secretions in the knockout strain. Growth kinetic analysis demon-
strated a shortened generation time of the knockout strain in liquid culture, whereas no significant difference was
observed on solid medium. Drug susceptibility testing showed that deletion of Rv1372¢ significantly increased the
MIC of DLM under oleic acid-dependent growth conditions, while no obvious change was observed in OADC-sup-
plemented medium. Integrated transcriptomic, lipidomic, and proteomic analyses indicated that Rv1372¢ deletion
did not alter the expression of classical DLM resistance-associated genes. However, it induced the upregulation of
efflux pump-related genes, particularly those belonging to the ATP-binding cassette (ABC) transporter family, and
affected pathways associated with lipid metabolism, cell envelope remodeling, and redox processes. Conclusion
Deletion of Rv1372¢ confers a non-canonical DLM tolerance phenotype in Mycobacterium tuberculosis under oleic
acid-dependent conditions. This phenotype may be associated with efflux pump activation, lipid metabolic remode-
ling, and alterations in cell envelope structure. These findings provide a potential mechanistic explanation for
DLM-resistant clinical isolates lacking known resistance-associated mutations and expand the current understanding
of non-canonical mechanisms contributing to reduced DLM susceptibility.
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ddn fgdl D} 25 F420 A=W 6 B2 1Y fbiA fbiB
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£ BSL-2 5L b A7 s RIREE R IR ) K75
fehr S Je (BT R T 22 ) 5 Middlebrook 7H9 | Agar
Middlebrook 7H10, OADC ( BD A &) ; K # H
D5Ha B2 55 kk (R4 ; Sacl . EcoRI Fil Hin-
dIIl NI (NEB 23 7)) 5 pJV53-che9 Jikr . pUCI9-
cs-zeo-hyg JFURL 2 pMV306-Int-plefi-hyg-mscarlet J5i
R PO PG BE B2 A2 AT 5 25 0

1.2 M REHKRR ABIEIAREHZ BT
I R 7 BRI T 2022 4 1 J] 2 2024 4 12 J
T SRR B T B B ALY A T 45 4% 8 3 o TRk
H B BARA LIy B HRAT  HF E R E #A
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1.4 Zi&%
1.4.1 #5% H37Rv ARv1372¢ DI B A
PRtk H37TRv BEPRIZH DNA 8t , 97314 Rul372¢
EFUFETEE (F1 F1 F2) . % EcoRI #1 HindIII
XY pUCLY ok, [ 84K v Be s, 4% pUCL9
AR B Rul1372¢ [R]JEE F1  Rvl372¢ [R]VEREF F2
S KanRCS Hufk i Beak A7 [F 5 d 4 % 4%, Ay it s 2
Jiiki pUC19-Ro1372¢ , I 28 I ) 55 ik 1E #ff J ¥ 2 41
JERE 2 BRI YT EcoRT-HindITT XUGHIZE 4L,
FEAE ]I, B 200 ng BkiZE 2.5 kv HEFESRIF N
N 335 pIV53-Zeo 1) H3TRv Bz 24,
WG G T 37 C 280 T S i, Bl 5 U Al T 25
pg/mL RIREEZR Y THIL AR B3R SR, e
SOV S , PRI e TR ik, 40 )il 3 7 PCR
qRT-PCR J—fQilp Xt Rol372¢ PR m BRI k4 T
Bk, I3 1% BRI HL UK AT 374
1.4.2  f4g Rl372¢ [IAbRR  DLGSIZ 3 BOFT AR
HEPE H37Ro JEIRIZH DNA Syt , 73 Rul372¢ 42K
FEF B, ¥ pMV306-Int-pleft-hyg-mscarlet Jii ki
VEREAR, 2 Sacl F1 Hpal XD [0 2 Ak 2k
R B IS Rul372¢ 350 A Bt A7 IR 4
B A TR, S BRI R S
W EATRZ 2.5 kv U S5F T LR A5 A% 50k
FFR H37Rv JESZ A 0M Gl 25 R e i
PAFIITEvERE , IR PCR K& qRT-PCR X 1]
MR AT RAIE o
1.4.3  H/MIEHEE (minimum inhibitory concen-
tration, MIC) & ¥4 DLM %25 2 5, 42l
Pl 0. 016 ~8 weg/mL, KL% AT AR HERK
H37Rv ., &} B ¥k H37Rv ARv1372¢ J% [A] #p #f H37Rv
ARv1372¢ . Rv1372¢ 5537 F TH9 + OADC Z 554 K
T5 I THO YRR 3 U IR 200 L. EEAIA
20 mL 7H9 + OADC =% 7H9 + i BR¥% 7% 3k F % B 100
{45 WSR2 1 X 10° CFU/mL, JL100 L
PR T B IAA R EE DM 1) 96 fLARkHr,
TAHBE 3 MY FER, T 37 ChOGHIER TR 2 JH
J& RN A AR REAL LB 0B b R A A BT [ 45
FLINA 10 L 0. 04% JTIREHW, #OCIEE 24 h,
PRSI AN R A ARG O -l iR (8 £ a3k
PN A A, PR3 W €00 D 2 I 200 oy A= 2 3 ol
MIC & SCNRERE 58 44 20 60 H 3 € [ Ry 21 (0 e A8
HIEARZ AR . AWTTE DLM 25 WU S ik 4
(HF T AE A 20 (WHO ) B0 45 4% 24 ) 24 B0 36 b 7
(2023 Jji) ) Bz ( CLSI M24-A2 45 1 ) H 1 F & b
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HENT s DLM AU ST S BEE N 0.06 pg/mL, Bf
24 MTB /4 MIC >0.06 pe/ml 5352 i 2454k, MIC
< 0.06 pg/mL BPFE AEUEkk, KA Baso 96 £1.2}
TGS 341 BRI IR 725 MTB 347 PDST,

144 ARl AU 73t # 13R 3 A
BRELE THY + OADC AR IE IR (37 °C,100 r/min
PR SR B AR KIS 4% 1100 1 L4
R ZE THO + OADC J2 LAHI R Ry W — Ak YR 1)
THY WA FREE D JRERI UG ODgoly 0.01, HRH IR
B3 MY EEE B2 RIRE T YR ODgy (B, PN RE T
BT Ao IR EIR 2T, IF 6 27 G B3k e S e T
10 ~20 YRASTELIA AL, H90 53 ODgy 23 il A= 4 i 2K
{RH} (generation time, G)#HRUN T ARGHITIE.,

G= (tz -1 )
~log, [1og(ODg, —2) —log(ODg, —1) ]

1.4.5 [EAFRAERKEETI 0T B EaR Rk IR
EXHERBE, ULEKH4& 10 2 107 R
GIRBRERG BEW . R REREH 2.5 wL i 4 Fp T
TH10 + OADC [E{A3EFRH & THI0 + B [ {435 77
HRM, T 37 CHEFE 14 ~21 d J5 , WETFIC R

AR DL B A T T SR AIE

1.5 34F5d AR EO4 R4
Wy B Je B2 015 B 2 o B A = e IR 55 DLk |
T R A i R R B B SE AR, T AR 55 ER
BRHEYIRH A PR A 4R

1.6 %it 54 KM SPSS 29.0 #4140 iH% 0
Mro Wi sEoa i 2 /0 iidy 3 W B, Bl LA
PR bREZE (v 25) T AR HEEBCR A FRIA R
J7 25381 ( One-way ANOVA) , 3f: K ] Tukey £
OB B0 R 1 7 4 B R 1 b A, DA IE 2 o b = A
B 1 2485, P<0.05 S HAZIEE L.

2 H#HR

2.1 R BRAMNIEED RARLSIT 341
MTB ff DLM MIC 435 3 0. 015 ~ 1 pe/mL, A
H1,304 £5(89. 15% )MTB f§ MIC < 0.06 pg/mL,
H5E K DLM SU8HE 37 #E(10. 85% ) MTB iy MIC >
0.06 we/mL, $H5E N DLM fif 254k, 1E408 MIC 4y
il 1,

&1 MTBIaKRSBEEERLE MIC 57 ( pg/mL)

W MICWREREE > 1 1 0.5

0.12 0.06 0.03 0.015 <0.015

DLM 0.015 ~1 1 9 6

15 57 63 43 141

2.2 WA BHK WGS &R oh  IEEAMF
SIFTER R TE 37 BRI R 7 25 DLM it 24 T ik
(MIC >0.06 wg/mL) H A 3 BRAE AN 3] 2 Hit
DLM FHICRAF ST , 4 TB Profiler (v6.4.0) &
AT, AR Rol372¢ FERH Y 2 AR R L5EAE L
H.c. 1056T (p. Leu352) Fl c. 584T (p. Met195) ( I,
% 2), BERIUR, Rol372¢ HY5E T REAGR | Rt
FIARBERIE R MTB X FERL S JE it 24 A L8 VA

R2 IGRTER DM EZS RITE S BHR$ Rv1372¢
REFMERES MIC THXF

N L st g c. 1056T; c.584T; MIC 754k
B BRBICIER ) a5 L Metl9s g
1 lineage4. 2.2 0 1 2
2 lineage2.2. 1 1 0 1
3 lineage2. 2. 1 1 0 2

0 :RZXARE;1 A ARE;MIC TAAEH AR T
B A A A bk 04 AR T R EAS B R A
2.3 @ik p]VS3 A-FHI R R THERAME
H37Rv ARv1372¢ Bf4: BRI #k H37Rv 3 14453
294 100 bp MYHF SRS, TR E B T 91 AR
MR R PrE R, HA 1S 7 Be /N2y 2k 4 400 bp,
SIS U2 (& 1A) o X PCR 414 7 il
I3, G5 R H LR Rul372¢ W REIRE E40
PESRE RN 2 48, TE S R BR AL ) (&1 1B) o i
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T A 35 5 R AR 2 o [ A 5 R 3k b i A KRR
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BRI T B A= B B Ak H37 R, 171 [8] &k Bk H37Ry
ARv1372¢: Ru1372¢ WA 55 BF A BU TR AR A LL 22 5
TG (B 3A.C) o FE LU R A Ml — B 5
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o [ A 4 T BB A U B vk H3T R, T [0 i 5 B A 784
W2 2 RIS 18 L. 5 OADC #i3: 5%
PREAEEL, SR 3 A R ARAE T R 25 1 T AR B Ak o
o A T PR Z 18] 9 A0 X A2 fb ot S5 Al [F] . 76 2 Fb
THIO [EAFAREESs 2 JRE R (B4 A B) BIR,
FURBERREET 3 FI BRI AT B R AR PT DL B 7% o



TH SORIESE - IMBRBRIEARME T Rol372¢ R S AR T8  JE iIE 22 St 25 4L

A M F1 2 F3 F4 F5 F6 F7 F8 C
: - 1.5
<
=
=<
12 000 Z £ 1.0
ER
S
o
=% 057
= £
d <3
%
v 0.0~
N
4v$
ﬂ;\‘i‘
L
&8
&
B  (221..240) seql'w insertion sequence:1S6110-2 seqRv (4293 .. 4312)
L I
L _ - ——== —
1000 2 000" 3 000" 4000
</ _E[Eﬂ- ]
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PRIRR I % 0 257, kGl F8 SN BF A RUZKAH s B Rol372¢ LIRSS 1% /0 B H B H3TRy LR 4
A 5 % [ 5 T A AR D T L5 2R 5 € 2 qRT-PCR KA [RI R B b Ro1372¢ AR X235 7K
Sy s, 15 EFAE ) H37Ry . H37Rv ARu1372¢ %, P <0. 001 ;ns: 5 574 % H37Rvv &5, P
>0.05;n =3,

1 Rv1372c ERE RIS B #MENEESWIE

SED 10.0kV WD
STD 3104 Dec.

: ; 3 >
< 500 nm :
N . Pl
m Std.-PC 400" HighVac. @ x 10,000 @ SED 100KV WI - Std-PC 40,0 HighVac. @ 30,000 @
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TE 5 G, WA 53U B L B Ru1372¢ S5k T R 52 1) 0 6 AR D R 400 4 1 PR T A
2 Rv1372c AN ER S BT RS ERH M
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3 20 S
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Time/d
ARIE B BRAE THO + OADC YIS TR B ) ODgo A5 HIZR 5 B AN ) B A A T TR o PHE — BA 8 1) VR A 5 7 i
) ODgoo A2 K ZR s C o HUES FRACAF T 45 TR AR AR LA D MR YR A5 1R T 45 TR AR AU LLAG; 0 P < 0. 015 s
P<0.001;ns;:P>0.05;n=3,
3 H37RvARv1372¢ £ 7TH9 + OADC 5 7TH9 + ihifgiE s B A K& R KR o9

A 10 107 1072 107! 10° B - - 102 10!

A e THIL [AF B 75 25 0T, AN ) R 86 B A B P A R A B8, B T 4351 O [e] #h Hk H37Rv
ARv1372¢: Ro1372¢ BiFbk H37Ry ARv1372¢ Je A=) H37 Ry 3 B 75 LR Jy ME—BRUECEAR AR AF T, A ) B bk A B
R RETHE A B

4 Rv1372c REMEEGEFE LNEEERKRN

2.5 Rvl372c $:k % 2 A5 5 BAT B A2 b B8R
TFatigdn D RAGHECRE  AE LLTHER R WE — B R 1Y)
B 4K, H37Rv ARv1372¢ %t DLM [ MIC
0.5 pg/mL, & F B4 %1% & H37Rv 119 0. 06 pg/
mL, T} Bl &Mk H37Rv ARv1372c¢: Rul372¢ MIC & By
AT R 25 5 (K SA) o HHELZ R, 755 OADC
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Rv1372¢

H37Rv A Rv1372¢:

N Rv1372¢
H37Rv

NEG 8 4 2 1

0.5 0.25 0.125 0.063 0.032 0.016 POS /(g/mL)

B 137Rv A RVI3T2e

N H37Rv A RVI3T2c: [

Wl H37Rv A Rv1372¢

B H37Rv A Rv1372¢:
Rv1372¢

H37Rv ARv1372¢c:
Rv1372¢

H37Rv

0.5 0.25 0.125 0.063 0.032 0.016 POS /(ng/mL)

A TELLIHER R M — BRI A5 T, SR A i 188 70 R A D AS [) B A o by 5 JE A MIC; B2 7 FLBAAR 8% 37 451
T, R AR B ) K P A6 I A 5] 3 bk X 47 D J2 1 MIC; 47 B AR I R B X B8 ( NEG) | it & B H37Rv
ARv1372¢ Jal ¥hBk H37Rv ARvI372¢:Rul372¢ S BF2E R H3TRv ;51 4 h JE e B BB 1 (8 ~ 0. 016 wg/mL) \NEG; L4 &

W ORI A S ], R O RR MR A

B S ARREBREREFHET Rv1372c RAMERS BATEEH D RHUR R IT

2.6 ZAFBKAESHBT Rl372c A Fo9EL R
DIM it ALl R qRT-PCR 4G I A [] S HE 5
AR IR TE Rol372¢ i 5 Ak v AR A 3k 7K P22
fbo G5 LIAHXS T BF 4= 7 H37Rv ) LogFC /R,
TR I 32 R 424 Rv0167 . Ru0168 . Ru0565 . Ru0849 |
Rvl145 . Rvl272¢. Rvl273c¢. Rvl202¢. Rvl626L.
Rul747 Ri2400c . R12459 R2681 } Ri2936, 45H
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