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FEE . 548 & ESAT-6 & & 7 # 9 ¥ (Mycobacterium marinum) & 5 R B m b ey EEZE A, K% A A
EMERFWM TR ESHATE ESAT-6 EAWEAE R TapMsf Fadl 4% EFaRNEELHTo0N. %
MizEaNGRER, ZEXH.ESAT-6 EEHLZ —£HA 10N EEBRARNEABRES. N TARRE. 2L TAR
EmBF R B R SRR KREH, Motif 24T M ESAT-6 ZEEH 3NMNEF . 5& R 2 BATH. ﬁ}?&%‘réy\&ﬁ%%ﬂ\‘ Vi
AHAFENXELEUY L NETZEOLARGHRTE, ESAT-6 EH Y esxG.espAespB EE A HEBEWEE. LT 5
CFP-10 Z AW RE G MAEER, ESAT6 EAWh i EEREMMWBE LW R FHRILE R i, LI o m ki, F
RARHATE, ARERT AT R BT HEREE TN FREERRKE.

KB ELQHAAEESAT-6 E A EW1ERF

hE 4SS R378. 9 XHkERERD A XEHS:1672-6693(2026)04-0117-08

/@/\ﬁ*zlzI(Mycobacterzum marinum) 20 BT W B (Mycobacterium) W — ¥ Fh 722 BROK B A 4016
AR e 2, 2 3 A o JER Y AR R 2 ) R A i N 26 D B R B R RN AR AL 2B Y L U A R T
(Mycobacterium tuberculosis) 5 45 ¥ 43 R FF B 78 AR K 32 5 B A0 3 75 T2 508 % 26T a0 76 B 6B T IR X L) X
G SRR 1.0~4. 0 pm 5 0. 2~0. 6 pm 1 TEAT B, JC2F A A, MR Yo €0 1 1k S 20 0 Sl Sl v
S RCFE R 5 5 BRI A RO RO R R S AU W ik 95 %61 A ML BOR HLEES T 4 B AT
BRGS0 ML G o A AR G Lo A A A e Y S A0 AR ELAE T R T e R AN Ry S S RE L A S e
A0 P AT L B R EE .

BT B ) EXS 23 245, BV B 4336 R 45 (type VI secretion system, T7SS), BA 5 # A [F M ESX 43
WRG 53 ESX-1,ESX-2, ESX-3,ESX-4 Ml ESX-5, H o, ESX-1,ESX-3,ESX-5 1£ % J) 7 i & #5 & Z AE
FIT . ESAT-6, 78K EsxA,J& ESX-1 REE4F W A9 —Fh/INEE 1, H AT IE B 12 26 1 76 40 B85 ) 40 W J T O 4% o 8
YEHT. ESAT-6 (a3 40 il TLR {5530 H 54 S D87 3 300800 I 261 St il 4 6 A g I 24 ik n]
Wb T 40 TEN-y 4300, E A T i . Munked 5 AU (9 6F 5% 26 W L 188 43R 47 86 e 32 T 1) SR 40
I A T Y P A B S S A AR L B AR MR AR T AL A S RSV IR TRy 1
SR, AN ESAT-6 F R HLAT S0 08 vh MR 40 A S i 7R A

AT A A WA B2 078 g 20 BORF T ESX-1 73 i 5 G2 G B A800 H 5~ ESAT-6 45 [ B0 e 51 FRRAIE L 4544
SUIREBEAT T ARG . AW IO I 3 AT ESAT-6 &5 1A BAR P 5 L DR <7 45 4 308 B AR R 4% L B ESAT-6
FLR SR AS AR W) 22 Jm v T 45 & A BLE X B DI BB #E T I IE S M . IR A 248 ESAT-6 45 (1 78 B i 72 b i v
TEAEH] LA 78 ESAT-6 8 11 AR 927 3 S0, DT Sy B2 At ¥ 53 ST T 1) B0 AL T B2 4187 i 2 R S 0F 58 U7 1)

1 R 5F*®

1.1 ESAT-6 & A5 5l B9 0 i
M NCBI B M (www. ncbi. nlm. nih. gov) & & 73 B AT 16 (19 4 H 40 8 1 S0, 78 Uniprot Ml (www.

x  WeFs HHP:2026-01-28 &5 H#J:2026-03-12 [ 4% 4 R Bt 18] = 2026-07-22T09: 49
HRETA : HEKARBF RS H LS TH (No. 32202971 ; H K T E Z 51 AR HOR W58 1) # K5 H (No. KJZD-M202401301)
E—EEBN IS BB B P T K = A )R S E-mail : sunhanchang199@163. com
[ 4& R b 3k < heeps: //link. enki. net/urlid/50. 1165, n. 20260721, 1907. 002
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uniprot. org) ¥ F| PFam % PF06013 Jf 1 b af A, F 2% B i) HMM SC#F. FH TBtools-11 i {4 i 1 H} AT RE &
ESAT-6 # F1F5, Pk th E-value /NT 10 ° M9JF 51, 78 NCBIL B M i iff — 20 0 S 8 A, e 5 R FH MEGA 11 3k
PRiEAT 2 7 HBRTC R B3 15 A K B S R P 51
1.2 ESAT-6 ERHRIF IR &S

A Y B2 T B ESAT-6 28 (/Y 7 41 147 BRAK R 5T 0Bt N 3R £ 457 A T L e J5E 390 00 ol 7 e o7 1t
TR IR 22 1 0 b ARG A 0 U VTR B TR (- = S B ES 3 0 TR EP A e 7 R D S e 3 T T G L U

K1 EYEEESWELIR

Tab.1 Bioinformatics analysis online tool

THAK e 5 ) 35t H &
ExPASy https://web. expasy. org/ BRALE G (S5 8 o TR EBLK D
NetPhos-3. 1 https://services. healthtech. dtu. dk/services/NetPhos-3. 1/ Tl R Ak AN 257, 7910
NetNGLycl. 0 https://services. healthtech. dtu. dk/services/NetNGlyc-1. 0/ N4 FEAR A7 i T30
Deeploc-2. 1 https://services. healthtech. dtu. dk/services/Deeploc-2. 1/ V41t R A7
MEME 5.5.7 http://meme-suite. org/tools/meme Motif 43 ¥t
SOPMA  https://npsa-pbil. ibcp. fr/cgi-bin/npsa_automat. pl page=npsasopma. html gk e T
Swiss model https://swissmodel. expasy. org/interactive R T
STRING https://cn. string-db. org/ HAEE H M 4%
VaxiJen https://ddg-pharmfac. net/vaxijen/VaxiJen/VaxiJen. html o JE T
2 FERESMH

2.1 ESAT-6 EAMFETISH
k2 Pron, ik th 14 4% ESAT-6 AWM ER )T, AEMRIT I K E RN 94~117 DMEFER, 5 A8
4.57~6. 42,50 F B 2924 10 000 Da, X UL 8 1 BT A7 7E 22 5, H 40 B0 &t (9 K/l o 5 8 18 0 09 454 52 2% 1k
I RE Z AR A G . ESAT-6 25 [ 2 A7 76 T 20 I J5 R 240 A2 vh , B J 700 45 SR e B 4 R Z 5O Pl . ESAT-6 &
FIRY N-B A A7 00 2R BH L 7 14 257 80 AUH 4 4% & 8 3R A0 07 50 B 3 A0 07 25 0 T2 B 1T RE 5 8 (1 I 45 4 B
IEL N REAT A —E KR,
%2 SEBBEAHER

Tab.2 Physical and chemical properties of amino acids

i AFER R/ S 4y F it /Da N-H B A A7 A5 B J T
WP_012392186. 1 95 4. 67 9 871.75 ¥ s
WP_012392192. 1 100 5. 40 10 928. 20 ¥ Pls
WP_012395207. 1 94 5. 64 9 956. 02 ¥ W
WP_012395281. 1 98 5. 44 10 884. 14 I s
WP_020727682. 1 95 4. 68 10 275. 42 ¥ Bls
WP_020731141. 1 95 4. 68 10 038. 95 el Ei
WP_020731160. 1 96 6.12 1 046.73 H Bl
WP_020731989. 1 98 5.51 10 947. 24 ¥ s
WP_036455447. 1 103 5.58 11 098. 28 T Bl
WP_038580099. 1 100 5.13 11 090. 32 G i
WP_038581209. 1 103 4.57 10 418. 49 ¥ i
WP_038582374. 1 98 5. 44 10 939. 06 Jc s
WP_038582377. 1 94 4.97 9 847. 84 H s
WP_050674485. 1 117 6.42 12 603. 03 ZEl bR
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It 39 A~ I A R R AL A

ESAT-6 # FH () 2 502 7 5] b A7 15 1) B TR AL A7 I IR s 1R A 22 IR 076 1k 114 1) 1 91 o 7 1 o 7R 1 O e

k7

W SN

A L FRBERR AL 5 I8 AT 59 4. ESAT-6 AN FAKMEE A, 3k 3 Fiwm. o

{6 0 IEARRE B R AP BO BK 0 (B 8 AR S B B PE O 2ROk . di 3R 3 T DL, 2% ESAT-6 8 H ¥ 41 5%

KA B K P B B e S AT R — 67 B, X AT RE S A R IR B A A K

R 3 ESAT-6 EEMFEE KM
Tab.3 The hydrophilicity and hydrophobicity of ESAT-6 protein

Gt ' R BT R I L 5 E B AR AR
WP_012392186. 1 K 24.25 0. 844 33 —2.100
WP_012392192. 1 JEK 53 1. 844 84.85 —2.600
WP_012395207. 1 ok 35 1. 544 71 —1.678
WP_012395281. 1 ok 69 0. 889 83 —2.778
WP_020727682. 1 FK 11 1. 944 54 —2.111
WP_020731141. 1 FK 13 0. 989 58.59 —2.056
WP_020731160. 1 ok 34 1.433 56.57 —1.456
WP_020731989. 1 Ik 75 1. 656 59 —2.211
WP_036455447. 1 ok 96 1.556 87 —2.233
WP_038580099. 1 JEIK 45 1. 000 88 —2.911
WP_038581209. 1 JEK 71 1. 622 62 —1.344
WP_038582374. 1 FoK 69 0. 889 83 —2.778
WP_038582377. 1 ok 35 1. 567 71 —1.689
WP_050674485. 1 Sk 43 1. 667 103 —1.989

a1 s D ESAT-6 35 Y20 A FR AR E & i i H 2 IR | 22 20 R A% S G e S W 1k 2 R TR DL R B 2 Y TN
R A AR LR AL B B A I R R TN TR 4 AR B P e R TR I R L DL R L R S M R
MR, XK W] ESAT-6 3 H B &Ry 5 Rk X8 L, B BA RIS 5K X LR . X T fE & 3
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Fig.2 Subcellular localization prediction of ESAT-6
2.3 EERWEBSHN
ESAT-6 3 H & EE R IF 5] —REH LA o R0 T i A — 26 p-3r & MTC AL & il . 18] 3 7R . ESAT-6
P SR TP 91 14 o MR E S Fhy 2 ik I A 5 T 3 S0 B 45 s A B A TR Ay . ESAT-6 5 1 10 2 6 R il 5 — 2 4%
WA Z I R e 8k B = Ra M JE5e 4 — 3. X AT AES ESAT-6 & HAF A R 802 © 4 #5358 A Rl A
Ko ESAT-6 f B = a5 PE T8 a5 BRI b 5 HAb 2> 7 A EAE T NS0T A 5 B AR )2 T RE .

79

C

WP_012392186.1 WP_038580099.1
B 3 ESAT-6 EBH =R LT
Fig.3 Prediction of the tertiary structure of ESAT-6 protein
2.4 Motif 43 #7
ESAT-6 # 1 #Y Motif 47 3 ', 3 filt Motif B)— @ 51 W&l 4 h FroR . 7RG E 9 14 5% ESAT-6 8 741

e, R 2: P AR A Motif 1, Motif 1 & H &R A 22 2R 1) & 48 X, 38 4 11 BT 1A 2 M4l A R K M L 3X 7T g
HEMBMREA K. Motif 2 FHMEAR AR TRES SRS 7455 F SEAMEEN. Modf 3 PR
K AR A AR, X S SRR T LA N 48 11 5T A4 SR K M O 32 s SR R B URE T

HFR p-value Motif locations

WP_012392186.1  837e-21

WP_012395207.1 1.09e-19

WP_012395281.1 5.16e-88 | 1

WP_020727682.1 3.78e-17

WP_020731141.1 8.42e-20

WP_038582377.1 4.08e-19

WP_038582374.1 6.19¢-86 | I

I

WP_038580099.1 4.17e-82 | 1

Motif symbol Motif consensus

I. BB WGGSGSEAYQDVMQOQMNSAFQNJVNMLH
2. =3 MVTRFMTDPHAMRDMAGRFETHAQTVEDEARKMWASSQNI
3. B GVRDGLVRDANNYEQQEQASQ

B 4 ESAT-6 & B K Motif 5>
Fig. 4 Motif analysis of ESAT-6 protein
2.5 HEMESH
SRRk S A7 3 T RS0 35 P £ ] ) PR ST A L TR S R A BT T R R R B S I O R
(Mycobacterium kansasii)™ 1595 53 A F B (Mycobacterium ulcerans )™ Wy 2 Pk 4y Brah 5, Horp, i 40 BT
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B G BT R ESAT-6 S A 10 X8 FAF7E BRI Z M SC 2 X ST W 72 ESAT-6 1Y AH G 2 N 7% v
A B B RS AT REAEAE AR UL BOR BLA . I 0 AT RS BRI 0 AT R ESAT-6 A 11 X E AT
TE BRI AN G AR LRI AR = T 704 2 1L aREIX 2 SRl ESAT-6 S E MR R #E L G R B B R .
RTE I ESAT-6 FH 5507 0 BT E B ESAT-6 HA 9 X EB A/ BRI R BV BA —E MR
S

NZ_HG917972.2 NZ_HG917973
SRR < — - P
(M. marinum ) — Sy ~ it \
SRR : N \
( M. tuberculosis ) NC_000962.3
NZ_HG917972.2 NZ_HG917973
V3SR B -
(M. marinum ) . O - T
SR AT I =
( M. kansasii ) NC_022663.1 NC_022654.1
) NZ_HG917972.2 NZ_HG917973
T - 5
( M. marinum ) '\'\,\‘ i B |
. \ - =
e
by
Bt SR NZ_A P017625.1 NZ_AP017624.1

(M. ulcerans )

Bs5 fHeEam

Fig.5 Collinearity analysis

2.6 LB

AL T TGS RS BOFF B AR OC EE 1, R 4T 22 e 91 K IS0 A R A R 0 A 25 SR I 6 Pz o b T 3 BSORF T RN
5RO BT R ESAT-6 3 N1 HCB I S 10 00 SR U I P B 7 R A o6 R 1 BoAy B0 10 [ R 5t A1 3
o3 e A 5 IR R AR AT B R T A T A5 A B R b BE AR ST T EL

M. marinum WP 012392186.1
[ M. marinum WP 020731141.1
M. tuberculosis WP 003399963.1
M. marinum WP 020727682.1
I_ M. marinum WP 020731989.1
1 M. tuberculosis WP 003900059.1
M. tuberculosis WP 003418122.1
— M. tuberculosis WP 019830732.1

M. tuberculosis WP 003899750.1
] |— M. marinum WP 012395207.1
M. marinum WP 038582377.1
M. tuberculosis WP 003902172.1
M. marinum WP 020731160.1
M. marinum WP 012392192.1
M. marinum WP 036455447.1
M. marinum WP 038581209.1
m M. marinum WP 050674485.1
M. tuberculosis WP 003400035.1
I— M. marinum WP 038582374.1
—_— M. marinum WP 012395281.1
0.50 M. marinum WP 038580099.1

6 ESAT-6 & B Kyt L #
Fig. 6 Evolutionary tree of ESAT-6 protein
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TE, BHZE I B S esxG.espA . espB S8 A HEM EAE. ESAT-6 MY esxG AW EAE AR S TH1E £
o A5 5 38 B T T S I e e kiR A ¢, ESAT-6 R 5 CFP-10 I BRIE W E &%, W B 43 W 5 1 I+,
ESAT-6 x5 MMAR 5451 . MMAR_4596 .espA.espB.groEL2.esxU 2585 [ 17 75 40 36 Pk , X Rl Af ¢ ¥ 7] g
5 ESAT-6  H X B DI R L A %,

MMAR_5451

B 7 ESAT-6 EEHHIE(EEHE ML
Fig.7 The interacting protein network of ESAT-6 protein

3 iieSER

T 53 BORT B — Fif ] 5 A P 3 SR A S A DU RAT T . 3% ) ol 200 M B 3 T A7 A A R A SO N TR
St 3 49 TV LR K B 3 A TR IR IS 5 I 5 B 1 U O A R R L K — o B TR R TR I R A
ESAT-6 /& W2 73 22 48 b ESX-1 70 Wb &R GE Y S SERUN 26 F 3l X% 8 i A 45 B e A il e 2 — ik
BEBE R AR AR S BRHCBE 7 I 8 1 . ESAT-6 & H A& AL IR 7 41 & % 1 2R L 22 F R A &t e FT N &R 1X AT
AES %P A I K KA 2\ BAT EVR S5 5. e 9l o A ik — 20 R W1 L ESAT-6 38 F Bk = 25 1R 45 44 38 A4 31
SR K X B R S R KM L A U 4 7R ESAT-6 2 1 35 4 A T A0 M R4 A%, L A A A
X ] o, BLIRE K e g5 ML WS CFP-10 B R — RIR R HE e, EAEEE MR, ESAT-6 EH W5
CFP-10 # H 19 73 3 AH H DG I, By & 19 20 IS MO T ) 2 (9 A7 A 5 3 P 3G [ O 5 6 B (0 A 4 BR TR Esx A 1 EsxB
A SR WO AR . CFP-10 2 (R 4 1R . 5 ESAT-6 & (A B S 97 8, B iU E 1 5 08— R
PRET BRGSO T AR AT R TR TS L BT A R T SR L R DGR Y R B L C R 3 1 5E
HPEIE Mo 75 WERAB 5 . P9 28 08 ORI 55 0 BT 75 108 31 o R G R & W RIF 4 He X 43 1t & B ¥ 3 R FF
W5 S5 BT 1 ESAT-6 & FIAEEL R B RN

g Modf 70 Mt & B ESAT-6 S 3 MRS AL X 3 3704 15 26K A ¢ A T e
BEETEBA K, Motif & Rk BoR, JF AT A 1 ESAT-6 3 HAR SR AL B X 3 D AT, Jkor 3R s v
ESAT-6 ZEliik Cimnl 221X . X Al REZ N T Ak B B D 6E . DU 2 5 46 & B3R5 19 H i . Motif 2347 Bl
T WA RS R S T RESCHK L O B ESAT-6 8 1 SR SR UK . LA AR A A B A T BORT LSS
I3 ROAT T BB 30T 20 BT T8 A58 97 3 AT B Y ESAT-6 25 1 A AH SC ik R vb L 38 20 BAT 5 19 DR ST L B 1 ¥t
O BORF I 0 Ay kA I 7

254 HAE R 48 2 BT SO OGSk, AR BF 98 IA O ESAT-6 25 110 ¥ 3 BUFF R I T 23 1 W 7, R BUR T R
AR 5 CEP-10 8 F A8 HAB RE ) D7 B[R] VR A3 5o B3 7% . ESAT-6 & H il a5 1 40
L 1 200 6 S 2 T P R EL AR P T 0 e L3 B T 8 75 20 A0 A1 308 325 8 K, DA R 0 AR 9 e ML i
S ESAT-6 8 (AT R 16 477 A RAE OB, 808 A 80287 . ESAT-6 Ak 1 Aa sy T 4nfadi s
8 2o 10 A A A D S 3o A Y D BE BELAT T 20 M A, DA TR B B D K ol G RE S BR . ESAT-6 H W] LI
S RE AN IR T S 0 R RE s . ©A BT AR WY, LA b A R S AL AL RS A R A P BT AR DG
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Characterization and Functional Prediction of ESAT-6 Protein in

Mycobacterium marinarius Based on Bioinformatics

SUN Hanchang', CHEN Qiangian'?, SUN Yue', LUO Zhang®, LI Fang’

(1. Technology Innovation Center of Ecological Fishery Industrialization, College of Smart Agriculture,
Chongqing University of Arts and Sciences, Yongchuan Chongqing 402160
2. Laboratory of Aquatic Animal Nutrition and Feed, College of Fisheries, Southwest University, Chongqing 400715;
3. College of Fisheries, Tianjin Agricultural University, Tianjin 300384, China)
Abstract: To reveal the important roles of the ESAT-6 protein in the virulence, immune response, and cellular functions of
Mycobacterium marinarius, this study employs bioinformatics methods to analyze the physicochemical properties, subcellular
localization, protein structure, synteny, and protein-protein interaction network of the ESAT-6 protein {from Mycobacterium
marinarius » and to predict its functional roles. The results indicate that ESAT-6 protein is a hydrophilic protein composed of
approximately 100 amino acids, serving as a T-cell antigen, is predominantly located in the nucleus and cytoplasm, and possesses a
helical hairpin structure. Motif analysis reveals that the ESAT-6 protein contains three conserved motifs, and synteny analysis with
Mycobacterium tuberculosis, Mycobacterium kansasii » and Mycobacterium ulcerans shows a high degree of conservation. The
ESAT-6 protein directly interacts with proteins such as esxG, espA, and espB, and can also form a complex with CFP-10 protein to
exert its functions. The functions of the ESAT-6 protein mainly involve the formation of specialized pores on the cell membrane to
disrupt membrane, facilitate immune evasion, and induce cell apoptosis. etc. s providing theoretical basis for studying the
mechanism of Mycobacterium marinarius infection in hosts.
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