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i E: (X1 EABKRRT LALLM R SBRATE, KIF 2B E (Mycobacteroides
abscessus) B R AR . Bt 2h S R B ATIE Rog 77 89— Kk, VEA S BAT R IRFIETHRAF—4K
FI) KA B %, HAAFH % (mycobactin, MBT). # k 5#A4F i % (carboxymycobactin, ¢cMBT)
SmBRatATd ey &S, mHEFEmML. [A6] F%5H4FH MBT. cMBT £H#M##E, KA
MBT /& 2 & 5 BAT B AR AR 7 49 3 WHLAE . [ % 1 £ MALDI-TOF-MS 5 FT-MS/MS f# 47 ik it
MBT. cMBT 69 kah b, st—FFRELEESITEEME AR KB RR A>T, [4R]
B IRPRAT > BATH MBT. cMBT BAZMEARAL X 5 i 5 HAT B & A814, R1. R2. R3. R5 F/2 &
WIS T AR, WIS R T Re 12 B (2l Bk K & RFI[C10~17 (MBT). C4-8
(cMBT)], A# 4 #. Fe-cMBT FAVAREARH 7 KRB KM o HATH A K, mEAHARXELFH
# T FeCls, #8% % R K MBT-cMBT A JRAF 2 HAT B & ORI AF ) X4 R %. 5 MBT 44
R —3, mbt-1 KB KL RSB mbt-1. mbt-2 % 5K T A4 R RN 5 HATE 5 iF*
D ARATE (M. marinum)3F % k% % R, WmAELEAZ S ARATE (M. tuberculosis) 3 Bt 36 2 B AF & (M.
smegmatis) (& F 16S rRNA KB 5 3| 547). ¥t —F 547 LI, M. marinum. M. tuberculosis. M. bovis
SRBOBATA R Bt K E TTEEA 4 C, #1 M. abscessus~ M. fortuitum. M. avium F= M.
smegmatis 55 R 5 EBR R ISR KE TALTEE A 7-11 C, B MBT R 2 %08 rBRst Kk
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Abstract: [Background] As one of the common non-tuberculous conditionally pathogenic mycobacteria,
Mycobacteroides abscessus is a major clinical challenge because of its natural multi-drug resistance.
Mycobactin (MBT) and carboxymycobactin (cMBT), the crucial systems for mycobacteria to acquire iron,
one of the limiting nutrients, are closely associated with virulence and drug resistance. [Objective] To
reveal the structure of MBT in M. abscessus and explore the evolution of MBT in pathogenic
mycobacteria. [Methods] The structures of MBT and cMBT were analyzed by MALDI-TOF-MS and
FT-MS/MS. Further, the biological activities of MBT and cMBT were determined. The MBT biosynthesis
gene clusters were compared between M. abscessus and several representative mycobacteria. [Results] M.
abscessus and M. marinum had similar modification patterns of MBT and cMBT core structure. In
particular, the modifying groups at R1, R2, R3, and R5 were exactly the same, and the fatty acid chains
were both located at R4. However, the MBT and cMBT of M. abscessus are a new structure because of the
different lengths of the fatty acid chains (10—17 C for MBT and 4—8 C for cMBT). The growth of M.
abscessus in iron-deprived media could be significantly recovered by supplying with Fe-cMBT in a
dosage-dependent manner, and M. abscessus can much efficiently absorb Fe-cMBT than FeCl;, which
proved that MBT-cMBT system was vital for M. abscessus to acquirie iron from the environment. Synteny
and phylogenetic analysis of the MBT biosynthetic gene cluster mbt-1 showed that M. abscessus was
closely related to M. marinum rather than M. tuberculosis and M. smegmatis (referring to 16S rRNA gene
phylogenetic tree). This result is consistent with that based on the structure of MBT. Further analysis
revealed that the variation range of the fatty acid chain length of pathogenic mycobacteria such as M.
marinum, M. tuberculosis, and M. bovis was only 4 C, while that of conditionally pathogenic and
non-pathogenic bacteria such as M. abscessus, M. fortuitum, M. avium, and M. smegmatis was 7—11 C,
which suggested that the range variation of fatty acid chain length of MBT might be associated with the
lifestyles and habitats of mycobacteria. [Conclusion] As an important system for obtaining iron with
unique structure, M. abscessus MBT deserved further study, especially its roles in pathogenesis and drug

resistance, as well as its evolution in pathogenic mycobacteria.

Keywords: Mycobacteroides abscessus; siderophore; mycobactin; carboxymycobactin; phylogeny
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J7, RACEB A 30%-50%"".

BOURS S MR . DNA 5 &% A H
SEbREEE AN, FkSHm Y. K.
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USRS C , TEAEE pH AT, Fe' IR
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TERGETE DL, ARKE S e 4 i wT LUJR 387 A=
FUEREE 11 . A 2R S5 1 il JR e w5 4 1 %) 2k 1)
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FecB (R FECX T8 R | K B S5 2 b
PUk R USRI

IR TR IR S1EH, HAT,
AR HTA R S U BRI, DR
PLA= 2RI TARRCE T2 TR A 2Rk
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FEBRER AT T, A3 RO I 3 2 o e
JK B9 23 K AT 18 & (mycobactin, MBT)PHIZE K iy
¥R FE 4 BT 1 2R (carboxymycobactin, ¢cMBT)f
TS SN ELT 0 5l ok i I 1 AN D)
cMBT #4455 , 1t HupB ¥ Fe* #4510 T
JAiZs AP i) MBT, Fe-MBT it ka4 iz
HE M ItAB KT R 2 BN, (HEPOTE M
HupB ##% MBT [HLE i AEREP, 4585
AT MBT AE )65 LR % HH mbe-1 F mbt-2
PB4, mbe-1 FEREER mbtd—mbt] 55 10 4
SRR RY , FE A7 5 MBT BE 14 %Y mbe-2
SRR LG mbtK—mbtN 55 4 A~ 71 5¢ MBT
K BE Wi BR B 0260 g5 4% . BEIRSF R
MBT 5L R, 43 BT MBT . cMBT
B as b s AR ST (8 1), MR ER | R1-R5
S BB AR X % R i R A R 0 LA
SSEVEFERT A MBT 4544 B B A 58 A9 43 B AT 1
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Figure 1 Schematic representation of the core
structure and key modifications of mycobactins/
carboxymycobactin from mycobacteria.
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R3, g i ek fy MBT [#1% T 4 &% IrtAB
¥:i2 MBT Frab@ ™, MR kB, WS H
— R YR WilRss K A —B MBT Fil cMBT, 1
458 MBT A C17-202%* ffifHik-35 lgy C9—1912%31
{HHA Y2 D RE S R AT A

EEXTAEAR . AR S5 L2 R 3R 5E Hh 1]
A K BB A% 1 S0 P Y e i BERE TR
MBT Z5# (BF5T, TCBEK Xt T8 7 o BT A ik
JCE AR H A E

W EERE

1.1 EtRSiERE

Fitk: M. abscessus ATCC 19977 Btk H 48

R gidk . M. abscessus K THOPOF 37 °C |
120 t/min ¥53% 2-3 d £5E ODeoo fl, FT)5E
SR . TR ARSI, SR A BRERRARE
FEREFRIED BRI ACE TR IR I P AL
2 RZJE, Lh05%Hfi4ER 2 500 mL BREK A
ERRFREPEFE, F 37 °C. 120 r/min 55
% 14d, 25°C. 6000 r/min .{> 30 min, 435l
B MUIRE T cMBT 5 MBT 25,

1.2 XWHE
1.2.1  EREFAIERL

M. abscessus BRI IS BOSCHR[32] 07 15
HAT
1.2.2 RIS
MALDI-TOF-MS: ¥ T 2 i i k244
5 HCCA SRR G, AW TG, #1747,
m/z K lE R 700-1 100,

FT-MS/MS: #§ZIAJiHE : 5250 kPa,
BRI : 1 750 kPa, BAEIRE . 350 °C,
SR BEE . 120 000, MS/MS Bk =X
SRS 7500, WEEHIE: 4.0 kv (FHEF)EL

-3.8kV (FHEF).

1.2.3  Fe-cMBT &R 8k ik B o7 45 4T B 4 KWk
S1ER S

L Z BT R RIS SR b SR B S S
25 L H% 1%45 D T8 € VR FE VS N Fe-cMBT
FeCly BUAF AT ddH,0 I AIE TR E5 775, 37 °C
120 r/min $53% 4 d, 4 12 h U2 ODgoo B
124 RGRBEFNH

H NCBI (https://www.ncbi.nlm.nih.gov/)5
KEGG (https://www.kegg.jp/kegg/kegg2.html)>
B PE BE R # M. tuberculosis H37Rv . M.
smegmatis MC2 155 M. abscessus ATCC 19977,
M. marinum M., M. canettii CIPT 140010059 .
M. bovis AF2122/97. M. avium 2285 (R). M.
fortuitum subsp. fortuitum ATCC 6841 %5 [# kA0
MBT A¥)& MRS, MR TERE R
M. tuberculosis WA X H bR & & F AR
81T BLASTp, AHMLE R . E-value<10™
R EE X ZERAAE IR 1, BAKJF 41 accession
SN 1 AR A MEGA XPTHE A B K AR
ROMERAT R R E W, @i 1 000 KA
2 H ALY R
1.2.5 HZHFESHR

WA R Ny 3 YOS SR ME, SR
GraphPad Prism {4 paired ¢-test F e /E1 12 [H]

SGitE AT, P<0.05INE NS B,

2 BERERW

21 KHMORITFESBATE RGN

M MALDI-TOF-MS i & (E 2)H a] LAULER
F| MBT. Fe-MBT 5 ¢cMBT. Fe-cMBT HJ4>+
BT, RHMEWRAYS FE M4 AREN.
MBT HIRNi&EK A E o Clo0-17, Hr
BEERRYEEK A Cl10-13, C15, C17, i*
UL 2A. ME 2B HHRTLIEE], cMBT A&t
KERAM C4-8 A%, mFEEAS MR N
C5-8,
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Table 1 Accession No. of mbt gene cluster coding proteins for phylogenetic analysis

M. canetti

M. marinum

Coding protein M. abscessus M. avium

MbtA WP_005088755.1 EUA36076.1
MbtB WP_005110650.1 EUA36980.1
MbtC WP_005080165.1 EUA39465.1
MbtD WP_005110643.1 EUA38842.1
MbtE WP _005110645.1 EUA38931.1
MbtF WP_005110647.1 EUA39107.1
MbtG WP_005086054.1 EUA37716.1
MbtH CAMG62331.1 EUA36332.1
Mbtl WP_005096783.1 EUA39884.1
MbtJ WP_005098458.1 EUA39656.1
MbtK WP_005076691.1 EUA40352.1
MbtM CAM64737.1 EUA36117.1
MbtN WP_005082911.1 EUA39862.1

WP_014001248.1
WP_014001247.1
WP_003412278.1
WP_014001246.1
WP_041180111.1
WP_041180276.1
WP_014001243.1
WP_003412265.1
WP_014001250.1
WP_041180112.1
WP_003406956.1
WP_003406950.1
WP_003406953.1

ACC42114.1

WP_012395305.1
WP_012395309.1
WP_012395310.1
WP_012395307.1
WP_012395306.1
WP_041324786.1
WP_011741377.1
ACC42122.1

WP_012395313.1
WP_012393422.1
WP_237708340.1
WP_012396082.1

Coding protein

M. smegmatis

M. tuberculosis

M. bovis

M. fortuitum

MbtA

ABK70627.1

WP_003412282.1

MbtB WP_011729889.1 WP_003899299.1
MbtC WP_011729888.1 WP_003412278.1
MbtD ABK75467.1 WP_003412277.1
MbtE ABK72785.1 WP_003899297.1
MbtF AFP40852.1 WP_023637453.1
MbtG WP_011729884.1 WP_003899296.1
MbtH WP_011729883.1 WP_003916994.1
Mbtl WP_011729893.1 WP_003412287.1
MbtJ WP_011726795.1 WP_003899300.1
MbtK WP_011728178.1 WP_003406956.1
MbtM ABK75882.1 WP_003406950.1
MbtN ABK70771.1 WP_003406953.1

WP_003412282.1
WP_010950705.1
WP_003412278.1
WP_003412277.1
WP_003899297.1
WP_031657277.1
WP_003899296.1
WP_003412265.1
WP_003412287.1
WP_003899300.1
WP_003406956.1
WP_003406950.1
WP_003406953.1

CRL54347.1
CRL56150.1
EJZ16316.1
WP_003879643.1
WP_051018853.1
WP_003879641.1
WP_003879640.1
WP_003884873.1
EJZ16323.1
WP_038563859.1
WP_003879974.1
WP_003879972.1
WP_003881372.1

AT HE FT-MS/MS 2% o i it 1 43 A 4 5l
WhE T M. abscessus ') MBT ,.cMBT ) R1.R2,
R3. R4. R5 FBMiEL R (5K 2). HAG TR,
i b 53 AT R B T FR % 462 T R4 A2 &, RIBRRAZ Y
HhC P 3 A1 5 ok e S A 2 TR (] 3)

2.2 Fe-cMBT & i Bk B 43 5 #F B 7E R $k 15
FEPWEK

I 4 ] IFE S|, Fe-cMBT 0] g E{¢ vk
M. abscessus £, EFEZE 72 h, BN 1. 5H
10 umol/L #J Fe-cMBT £H ODgoo fH43 5] L XF R

ZH 7 37.8%. 120.7%H1 178.5%, 84 h J5 43l
10.7%. 56.0%F1 105.2%, 96 h J5 4> 5l 9.4% .
61.9%71 100.8% (I8 4).

XL cMBT &85 WA AT LRI, B
SRR B T8N E I 10 pmol/L), Fe-cMBT
5 FeCly HIL B & E R (B RAER), HZ
5 umol/L Bk FYREE T, 1535 % 60 h B Fe-cMBT
2H ODgoo E 55 T FeCly 2H 21.1% (P=0.012 4), 72 h
I 14.7% (P=0.003 9),84 h /& 16.7% (P=0.052 7),
96 h & 15.2% (P=0.112 7).
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Figure 2 MALDI-TOF-MS mass spectrum of MBT and ¢cMBT from Mycobacteroides abscessus. A: Mass

spectrum of MBT; B: Mass spectrum of cMBT.

23 O EHEE MBT 4ERERKL

BREFEE ST
23.1 OEMFERE MBT &RERE K& M

vaki
MWK 5 e[ LIER], BIR M. smegmatis

mbt-1 FERFEAS B 67 3 R 4L P A HES O 1] 5
M. tuberculosis .M. canetti Fll M. bovis %5 & 1 )2,
M. fortuitum ) mbtB 5 mbtC [M}#HA T 2 5
MBT & e 3L K & M. avium ) mbtE FER 1
K BE HH A A BT R 9 mbeE K245 1 500 bp,

B X SETR mbe-1 BRI L 5T ¥494% mbtA—mbtH
N Fy-HES o M. abscessus Fl M. marinum 1 mbt-1
K% H L D-C-E-F-B (HESINF AH IR, At
FERHESN P IEAAER s 1 H M. abscessus 1)
mbt-1 B B, Hr I AHRR 100 2~ JE A H 4%
10,5 —A~ mbtE.,
WLEE mbe-2 AHICFE R AESE R 20 B 431 AT LA
FH i, M. tuberculosis .M. fortuitum .M. smegmatis
M. bovis Fll M. canetti %5 % i) mbtK .mbtL .mbtM .
mbtN TEFEH2H P ZELEHES) s M. avium B mbtL
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£ 2 HIATE MBT/cMBT #4181 £ H
Table 2 Variable residues of different mycobacteria’s MBT/cMBT

Strains R1 R2 R3 R4 RS Pathogenicity and Reference
MBT/cMBT MBT/cMBT MBT/cMBT MBT/cMBT MBT/cMBT growth speed
M. abscessus H CH; CH; C10-17/C4-8 CHj; Opportunistic This
or C3-7 Pathogens (RGM) Study
M. tuberculosis H H/H,CH; C17-20/C3-9 CH; H True Pathogens [29-30]
or C1-9
M. smegmatis H H/H,CH; C9-19/Not CH; H Saprophytes (RGM)  [29,31]
available
M. bovis H H/H,CH; C17-20/C3-9 CH; H True Pathogens [29-30]
or C1-9
M. avium H CH; C11-14,18/C1-9 CH,CH; CH; Opportunistic [29-30]
or C2-5 Pathogens (SGM)
M. fortuitum CH;/Not CH;/Not C9-17/Not CH;/Not H/Not Opportunistic [29]
available available available available available Pathogens (RGM)
M. marinum H CH; CH; C15-18/C7-9 CHj; True [32]
or C3-6 Pathogens (SGM)

H: cMBT B9 R3 = R4 FKifH A RILRCOOH)F H I (RCOOCH;) i FlJE . RGM: Rapidly-growing mycobacteria;
SGM: Slowly-growing mycobacteria. FTA3 B9 JFME RO B 4 Sk 18 AR K Y
Note: The R3 or R4 terminus of cMBT have two types: carboxyl (RCOOH) and methyl ester (RCOOCH;). RGM:

Rapidly-growing mycobacteria; SGM: Slowly-growing mycobacteria. All pathogenic mycobacteria are slowly-growing type.

MsT, Higy 3 AFEREZEHES s M M. abscessus
1 M. marinum AL mbtL $5%, HA 3 AFEH
B 5D (% 3).

232 POERMNENKREKE mb-1 EREREAE
vk

X e I S TRT (1) mbe-1 35 R 3 DR S B 1) 2
HIETRE LT A, M. tuberculosis 5
M. canetti, M. bovis TxA{l, M. fortuitum 5
M. smegmatis FA{LL, 1 M. abscessus 5 M.
marinum FAIPLH 0T B (F 6A).

HF MbtK. MbtM 5 MbtN 1) mbt-2 R5E
KBS EI(M. abscessus 5 M. marinum Jo
mbtL), mbt-2 HACW LK S mbe-1 FHEL, M.
abscessus 5 M. marinum %% % Z 5T (K 6B),

3 wE&#

AWFFEXT MBT 5 cMBT Z5H) %0 IR,
M. abscessus MBT. ¢cMBT #:4#% R1, R2. R3.

R5 S5 PR 5 W T o B AR ], AR
iFRBERAL T R4 i E; {H MBT. cMBT Jlig/lij
FRAE 40 C10-17 FI C4-8, X5 AR I,
iRl . Fe-cMBT AW iEMEsr AT &AL, ¢cMBT LA
e BEARS Ty AR EBER M. abscessus A, T
H M. abscessus ¥ ¢cMBT F| HRCR 8% & TG
Pk, ERSIREIREN, MBT-cMBT R4
M. abscessus 1= BRI BERIC R 1 KR S

TEEA MBT S5HHRIE R BT R, M.
abscessus MBT BB 518 4 KB A M.
marinum I, (HRE N7 RREE K K A2 A0
NS5 ZHENR2ZS . X e T sl
PAKIL, M. marinum . M. tuberculosis. M. bovis
SN AR g SR A AT B DO i R B
JEAR AL AL 4 ANk, T ARFBURE, ik
TEEARBE M. avium & ZRAERKAIR M.
abscessus 5 M. fortuitum FNAEBIRE M.
smegmatis 55O T B BE 7 R 4 AR 1k
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Figure 3 FT-MS/MS mass spectrum of MBT and cMBT from Mycobacteroides abscessus. A, B: Mass spectrum
and speculated structure of MBT; C, D: Mass spectrum and speculated structure of cMBT.
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Figure 4 Effect of Fe-cMBT on the growth of M.
abscessus in iron deprivation. *: P<0.1; **: P<0.05;
**k*: P<0.01.
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M. tuberculosis, M. canettii, M. bovis
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Figure 5 Alignment patterns of mbz-1 synthesis gene clusters in different strains of the mycobacterium family.
The mbtA—mbtJ genes are labeled using different colors from top to bottom: M. tuberculosis, M. fortuitum, M.
smegmatis, M. avium, M. marinum, M. abscessus. The gene clusters alignment patterns of M. canetti and M. bovis
are same as M. tuberculosis.
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Table 3 Genes in mbt-2 cluster from different mycobacteria

Strains mbtK mbtL mbtM mbtN

M. abscessus Mab 3125¢ - Mab 4668c Mab 1070c

M. avium Mav 2875 Mav_0029 Mav 2874 Mav 2876

M. canetti Mcan_RS07180 Mcan_RS07165 Mcan_RS07170 Mcan_RS07175
M. marinum Mmar 1587 - Mmar 3272 Mmar 4532

M. smegmatis Msmei 2080 Msmei 2083 Msmei 2082 Msmei 2081

M. tuberculosis Rvi347c Rvi344 Rvi345 Rvi346

M. bovis BQ2027_RS07055 BQ2027_RS07040 BQ2027 _RS07045 BQ2027 _RS07050
M. fortuitum Mfort 06229 Mfort 06214 Mfort 06219 Mfort 06224

. —: it BLASTp Hext)a Jopkdk B 5t i i [l Y5 KL K (E-value>1072")

Note: —: The corresponding homologous gene cannot be found after BLASTp alignment (E-value>10"2°).

A 99 Mycobacterium tuberculosis H3TRv (GI: 444893469)

100 | Mycobacterium tuberculosis variant bovis AF212297 (GI: 1185580147)
48 0.211

0J035]

100 o1 Mycobacterium avium 104 (Gl: 118462219)

Mycobacterium canettii CIPT 140010059 (GI: 340625033)

0.203

————  Mycolicibacterium smegmatis MC2 155 (GI: 118467340
100] 0192 s & ( )

0.118 Mycolicibacterium fortuitum subsp. fortuitum
0.184 DSM 46621 ATCC 6841 (GI: 987010091)
Mycobacteroides abscessus ATCC 19977 (GI: 169627108)

0.310

0203 L Mycobacterium marinum M (GI: 183173361)
0.227

0.1
B Mycobacterium canettii CIPT 140010059 (GI: 340625033)
100
0133 Mycobacterium tuberculosis variant bovis AF212297 (GI: 1185580147)

Mycobacterium tuberculosis H37Rv (Gl: 444893469)

0.098

100 o1 Mycobacterium avium 104 (GI: 118462219)

0.641 100 g5 Myeolicibacterium smegmatis MC2 155 (GI: 118467340)

0.147

Mycolicibacterium fortuitum subsp. fortuitum
0.118 DSM 46621 ATCC 6841 (GI: 987010091)
Mycobacterium marinum M (GI: 183173361)

Mycobacteroides abscessus ATCC 19977 (GI: 169627108)

0.568
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Figure 6 Phylogenetic analysis of proteins encoded by MBT synthesis genes from representative mycobacteria.
A: Phylogenetic tree of mbt-1; B: Phylogenetic tree of mbt-2. The number in brackets is the GenBank accession

number of the strain; The value at the branch point is the confidence rate (percentage value) of 1 000 times
bootstrap verification; The value on the phylogenetic branch is the evolutionary distance.
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