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ZAH. B MATERRT P SUUA A R 2 HA R N, HOt
WIRHT ST R T ARG . MR 2R 240
BB 2GR,

VTSEAER, 25 Tt 240 TR RIS R AN T A 3R AE [E
AN ZREARIA T B, TR B 22 i 58 5 R
TE OB HTIE T DRE Bl IMA B U 25 S B3 R ol 2 1
NFFIFE b By, C4 & BN IMAES A HE A
W ¥Emam, mms, mad, man, mam-like, lim, feoB, nap,
nirS/N, norC/B, furds, BiEii. AM1EBX LS/
A LA G B PR 28 U HIE 97 T 20 1 2 A R PR e S
MTIREEAL, RIEHIRL MAS BRI T. 140, ma-
mABEEINTF . mamGFDCEEINT « mamXVEY\ T -
mms6IRM T feoABHFY\ T35, ]}, X LE4R A5l
oA — 26T KA L [ ZH B 17— AR PR ST (0 JE PR 2 X
W, WERRIERGIMAL) . AL, AT LA B AMA S
BUAH DG A Lb G fer 555 IE AN TR+ B RE/IMA S
DI . 38 S TS 23 BT R /AR TR O B R T
XLEAER N P 118 5 D] L K /IR B DX s 471 A AE
REER, WFFEE XS WM L B o A AR Rl
PRI HE ) ELAARAE F A S R R ) A A A T ke
TRAR T i

WFFEE Ao RS R IMA G i R AR A S oE
e AR S B R 3 W T E TR i,
20164F Uebe FliSchiiler il 4t #2411 43hy: (1) B/IMARS
T AN B A R A, T SR A AP I B
BIRRENL, (2) TEENFARET S B R, #l/MARE
Pk BB IMARE |5 (3) Btz fin = RN A AL S,
T J5 B AT R ™ A (4) — AR/ IMAE R 4 A
FENL, VAT Ao 24 BRI R IMA S 2505 3l HoAh 2
2 T ARUEA BT X A R 312 R
A RS A Y BT D e SR RN S5 H B, TERE
IMRG R R T R T AR VR, AEHEAA
A0 TR, 20 DR A D) RE A O 3 26 i AR A5 LI
FIHEAT. R, G0 R 5T H AT 2 — B A I L
X/ MG A F A A S R R 20 X . 3+
JUAESk, Bl T 240 A 2 DR 2 P 85 i N g 22 D R A
Yy SEgs AR S BT T AN A R, 254 FE A
FRGNT LA B0 /IR 5 55 35 R A DX 3 /N AR P 1)
Uise SYEgOE SR k.

1 $ESE IMAS I DRI F-RIE
TEAE S 3E T FU /R TR REIE B (Magnetospirillum - gry-
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phiswaldense MSR-1)3E N4 o & I mamA BRI\ T XF
W/ NAG A OIER. TERXM AT, Z2ik171
mamHEH BB HINAE—RL. 8L H B g 40 TR Y R
H, AMTEIMmamABEYF NN FEH (HmamA,
mamB, mamE, mamK, mamM, mamO, mamP, mamQ,
mamI)TE AT ARG R LA TP 30 AE . R T 394>
LA, mam LI PRI WIXE BT 7 A R0 1Y) 240 T ik PR 2
WHBFETE. X SCFE I TE R/ IMAA: W6 U i 78 rh A
THEAEN, HEA X SR A W mamA BT
(35 LK 2H REAS AR R LR 0 AR 0 Y. 201 14F 4
T BRI SE T mamABYEN TR RESRD A= w1k
A TC A AR A O TR X S AR TR R
AIMEE BVE NG LA R KRR — Sk, BA
HEIRE AR\ iG55 i) 20 P 5E DR o A DG B
FH. mamABEEI\ - BRI 22 J R R/ VA B 7
BUIRG, XL RAZ O SEN. E AR TR MRS A
SERA) 7 A R . IR A O R R D RE, A
SN G /IMAS I TE R B U™ . (BRI AR,
ARSI, R S EL PR [ 4 R & AR VR e
AR ZEn]. TE—Se AN A% O SR D RE Y 20k 2 3k
FLCRZ MAGEA B R R, TAE S — S rh ) 25
ffi LR A . X AR 2 it ] —JE DR e B il 2
PRI 742 (8 AN [ 4t B A [] ) R A el 22
VF%J@/J\@IS%&B@#/I\*%D%, mamBIE R TEE
IMEARK ZA W Berb B B OCHEVE L. %R St 1Y
I MamB7E 4 Ji 5T A5 N 3 T2 i/ MR B v Y el AR rh
A ROCHMER. A4E20104EMuratZ A BEST,
MamBRE“Hi M F, HE A Z RGN, LIk
AR, 20114FUebe N R B, MamBik i
MFF IS, (HFe” BT ARG/IMASENL. 1% SEH
TIRE MR 25 3 BURL IR TR MSR- 1P R/ IMAR BROE 25 19 7™
TR, HREIRKREE R (Magnetospirillum magneticum
AMBI) PR ERE MATRES TSR, WRERH 1IEMSR-1+h
WG WA A AR mamMIERHLEAZ O IR, i
BRI HmamBREN B ML, #EA EHFe BT
Ihfe, TERE/ AR BB RRED A w A i ik
B RFEER. 20104F LU /Y 2305 1 /R 76 R 8 0
MSR-1FIAMB- 1 H i [ 12 PR 5375728 i 2 F1MamM
TR, ST AR R VA A g R
%0 JE K mam EXE A8 AL 340 5 R A5 45 1 R 11 52 43
et FE g EEIIAE, AEMSTH R IMA hFe R’
oA, o ReRe ) — L6 2 SR MARE |, I gt
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rPiZ IR D RE R VT LU 8 FAMamA, MamC, MamF,
MamI 754 R 40 T 40 i e f A 20104F Yang
2t NV R DR I S AIE S, FEMSR-1H mam ERER
Dy RE BRI 2 52 IR A k. RN
mamOPIN N B 5 AR I UTTE, T20104F11)
e R 53 52 0 235 SR A S 7 S AEMISR- 1 HR B X RE R A s
B AR, — B BRIZIE, MRk A= m1k
SN B, mamOILR T RE AR . 40
FEH mam Q9 i 85 A S Lo 25 M 7E 20 1 04F 9 & B FILEL
A B IR E B R T BE A Y BR 45 A B H 1 T EFC/
BARZSHIIARMI ™, T [RI4E 2RI K G  AMB-1
TS L K BRI /AT B i BB, — BL%E
AR A BEIE G/ MA TN 4L, BEIREMSR-1
mam Q#5181 & BAE R A WA A AE
JEH[7,19]-

e HRmamL RAE =R @A E A8, &
XRG/IMAETE T A EZEAEA, (EXMERERET
K OAE I AFAE—E AR, DR R 3 R A i R o
MSR-1HIAMB-1H A — R 2257, o
A 2FHINHTEMSR-1HZ L R (/) HOE AR R R 49
A ARG IMAREE RS, B T mam LR R T
O FER AT E . [RIREHL, mamAFER Hmam KRR TE
W/ MAG RS R TP L ¥ T OCEEVE, (HEA)
JE A JE TR0 FE TR ) R T O 2 Y R R A
mamAFER GRS i LA 2 N E AL G0N, BB
HABZEIAEAER, fmamAFER LS H oL
W/ MABE G AR T R FEE AR, Ik, 20184F
TaokaZs \PHA Ky mam AL o] RE JEA% O L. mamK
i PR3 1o i —F 5 L8N B 2R A9 2 FAMamK, AT
LA RN A e/ IVMARBE ) T RE. 5 I MamKRERS F143
FAKFEMamIAH EAER, g/ IMA RS 7EMamK R &1
TE R 22 RAA b, IR shas IMET . ok, /M %
WRALH E A 1522\, 20164FEUebe il
Schiiler SA K AT RES A HAb SCEEPE sk g SE N . HA
PRI XS 5, A4 Be R Wrmam KL H 25 T
RSN LR mam LR B 03 {H2014
4FLohsseZE AR 8 A8 RO o, IR 78 IS
ATy RELEMSR- 120 it PN TR i ph A M S AL R Rk 2
B ARIERE, TR I mamBE R 5205 I ARG IMA S 1Y,
AR B e, R Bl G/ MA A o
IR, A0 3 R 9 Rl B3 2 A A B 14 1] 3

Az,

FEAS A L R G 1 2 1153 871338 22 4 InterPro
B e AT IR TE R, R B B TR 1 B A h k
T LB, A 4EMamB, MamM, MamE, MamO, MamQ
KeMamA, #REIN LR 8 B R IR 205, %4 R B
X A% O BE 5 A R I R e TR i G &R, Herp
MamBFIMamMid £ 2 HA7 58 24 [ 19 2514 5 (R CDF
Coti LB, AR LA I S R ) [R] R G R,
FF T RIS E A PLG A FE R, PR R
MBI, PAFEA U R R AN A, I
AR T MO T R R A K R A A 7 1 ).

B 2O FE N I mamABEEIN TR #E/ IMEG I
W EE, HAAOENRR TR IR E MSR-1HIAMB-1
A R, TR 2RISR A T B S D A P A .
RGBT 782 € B (Candidatus Desulfamplus magne-
tomortis BW-1)3E K 2H w5k [R] At 47 4E mam A B-like Flima-
mAB-like* MR T 20134F LefevreZs NP2 L3 5t
BRI~ 9E Bos 1, B S ERR TR L P 4H 1 mam A B15:
Y rHECERL, FEFEPINT AT 28 03 e R 250
PRLBR B3, 17738 P AP\ L A 00 e 1| 7 2 A TR P 1
BB R B i/ IMAR T i R b R 4% T SR

H AT, 25 FhIE R AR 25 A R SR, mamAB
PO\ F W R sk WhMARRR AR L mEE
UREZ, G AL LA R RE IMA SR LU sE 1. ax
L | K DO R v N N DR o 0 A N R S F 3 & S g
3 A7 AE T2 SR MATE B ) R v

2 W MAET AR R PRI T-HIAE A

B% T mamABYR\ -, WHFEE LA LA PR /M4
BRI T HAh— 2 p RGN T, B ANTFERL IR R MSR-1
R B 55 AhA NI RN - (Bl mam GFDC, mamXY,
mms6, feoABI), EAIHAEAEN g R rh A T I
ORI PEAE T2 R, AR S AR AN
IR L R BT AN BT, 1 AR KR R R
AMB-1H ) limJOERI T2, 30 NS Y\ F-1E
/ARG B P T AR G, R UL EAT]
FIVAH P DR Hr e SRl 09 AE 0 VR A BRI G AR
HFRFEENE, RERMIMEME, mamGFDCEY T
Flmms 6B\ F-H) R AEo-BIE R gk A, IF 7T BETERE
NI P B e R A R Sy /N TR AR e A T AR 1
BEARR ORI AR Kot B R 3E A" 20164F
Raschdorf25 A" BRFY i 1 B JEAZ O I BE 4R
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TFAERE IMARA K a B A 1 A AN ] L mam A B
Proe et SERR b, Xk NgER T B 5T
(LS| IS NAN S IA S

EmamABBI T I, AR ORI T rH A
LA BREG RN, Blimms48, mms36LL FemamX
. SRR A B O DI RE R B LA, AT
file /N IR IE A Bt A B R BB (A 52 AR, FEAZL
BT HARRIE )12, O mamABEEY
A — o SRR AEAZ D EA, e mamJFimamP.
BT A O F B E R L, ANFEZER D)
e B MI2ER. mam YREDITERG /IMARS N ¢ i 23
(I RE R R FEVE . SR, 2010~201 14 1 PR THAAF 5%tk
7N, TEWRGIRTAMSR- 15K AMB- 1 HH I B 32 25 RO REG /M
A i s 55 Y mam B R A i R 72
B IMAEE ) R AAEAE . AEREIE AMSR- 144 g
FR BRI EE A, SR X IMARE B N, S T
I B2 mam KR & i fszmat™ . %340, 20114FEDraperss
NP R BRI B SR SR, mam IR RN T 155 2 [
VESE R lim JHAEIR K RESR A AMB-1 T R ¥ 25 TUARTIRE, 1%
M A EAME, AR OB TR mam HFlmam Z R
TEISHIFe Z /MR FR A  FE b A B SIRE, 10 [
I 3 1 5 PR 2 5 BURE IR IR MSR- 1 IR AR = 9
B iR EERRAEY. 20134ERaschdorf2 AP E 5L B M
o ST 6t dl 7 33K TP A PR PR 40K 8 32 iy D) g 2 AR E
BT TIRED. AN, mamZIER B E A B 5
BRIk JF AL A 25 KR, AR s Raschdor e A 4 ] —
IR, FERGBEMSR-1 9% & [ Geig ¥ A -
it F A AL S L,

BT R DI mamP, mamT, mamXFIH%
Lo mam ER) 4 8 AR RA A5 2D 83 RSF Y
CXXCH B4 il {4 FE haem%Zh & AU BKEESE e, BEFR R 1
AR EER I, NATTHEN i S5 M 38 45 A T AL B 1
AThEERY. sz b, 33 FERFR AT LR A g /M
Fe'/Fe’ Hutil, MITTRRARAE WIm A A R 72 Az Hh Rk
517 2003~20164F 1 22 R SEIN 5828 S0 /R, FEREIE
MSR-1 13X 34~ 358 [ 1) 1) B 37 1008 5 (o R Ak dd AR 1)
TRBAR /N, B As D, IEPEREA BT T 45 A R
€[ R 7 b A

BT I A A% O FE R R AR AT S AT B
AR T R TAER, Horh— S PR SR AR AR AR K,
1717 53— PR DU 17 1] 98157 A AR AR, 2011~20144F 19 JL
AR B R B R mms6, mamDR) LS L& E

466

TR K AR A AR A 1 R M R SR o o AE R |,
PR RE R FRIAE B T A2 I 2R 11 ot 2 [ R A ELAE
P 20144EKashyap5 NP BESEE Bk, A
mamCHFlmms 61 Grht 8 [FAEAR YD S50 T REFER 25 145
A, BXELIL R AT LAIE [T R SRR R . B
FAINHERY ZE IR A mamF, mamsS, mamR, mamNUI
mmsF. ML, 73 A FEH, mms36Fmms48, W7 [n)
P R AR, AR4#20164F Uebe I Schiiler 2 L1
Bl R, TEREIRRMSR-1H K PN SE DR 45 R AL 1 1
T, BESET A3 500 LG IE R AR AR AR 10%H130%.
A% 0 FE PR — 2 1 3 A8 Dy RE FNAE FHAE AT BF5 b i
RAGFBE RN, FIHNEER mamUKemamV. BBV EL
RIS SR bR s, R/ IMAR S B A 32 B 520
32 BRI A s,

B T DA IS, A b A Y AR A O SR A
BN ZFp ARG A # AT (R feoBl, feoB2, fisZm, IRIK
REE T AMB-1454 191imO, limE, limJ5-MERERL/IMA
B R T IRETY . i L PR R/ IMAC B I
rh v B A e, (BTSRRI
B 25 5. RSB D ) T e RN SIS i — 20 oY
FHE7R.

R T AR T EAZ O R G 2 1 T A
ik, FRA K Hrh— L6 88 )7 4135 238 45 InterPro AT, 45
WoR, S/MEEDT R EEA XN EA)THIR
FR AT B 5 (%) 40 e o sl A B B R DX k. R 4R
FT 51 2 AR 1 — B IR 20 M SRR AE i X3k, 5] 4
MamP, MamD, Mms5, Mms6, Mms36%%. AH)z i, A
— U6 )P A ELA K A 40 A B RRAE A X, e
Mms48FIMamC. X $EHE [ 75 2 FfE/MA iR 45 & L
RAEDNREAE, PR M7 i 4 A7 4 B v I i Ak 1y 5
BERAEE B WS S AR A SRR Y
G, AT IZRENS % 3] 5 0 /ARG R AR A G
MR FEIR P AN, MHLH L 48 7= AN TRl i 1 R AR Y
f /AR = A (R AR A SR 3% AR 7= AN R TR AR R 1 1
YRGBT 2

3 RIS AR HAbAE R 4 DX RS A

W ESCHR, 5T A BG4 I BE R ZH N BR T
AR SR MG IR T AL, & BAT— D RE/IMAR
(O FE N2 DI i b SCR A 4 25 BN 18 Wima-
mABSmamGFDCEHRAL T/ IMA By Y XS N, 721X
LEBR A T NI AN T 2930 A RN, dat)e b



[N 2N 3 N e~ JPS PNE | X AT e S S I /N
B T ik SEH N IE R 2 Ah, AT — SO I PRt AT /MR
A A, (HEUNL TG/ MG A R T, X
S DAT P B 8 R A3 AT Ak T /IR I 1 R DRI 2 IX il
2 AT A FE PR AR K R HR TR AMB-1 B mms 1 65
PRI TERG /MRS B Rl 2 AF. eI AR R TR O
LN, ARG/ MRS B R R R T A5 R AR
e, EIRKHERE AMB-1H AL T — 876/
WNG, A E A mamE, mamJ, mamK55773 R )55 2
[RIVREE A (BlmamK-like, mamD-like, mamF-like, mamJ-
like, mamE-like, mamL-like, mamQ-like)"™, ‘E A 17l fig1E
H/ IMAA B A R4 3 R 2 mam B AR L
MBI T RE. SR AN E/IMA/ N B T AN TEAMB-1
(R IMAR B DX . 3 A6, T — SN 7 0 1 240 T
R, AR T —Se 3 0 BE PR 20 IX 3k, 5] 4ns-
ZZTE W (the Class Deltaproteobacteria)F&F 20 H A2~
mad3ERFE, VLR GERERSACIZE R (the Phylum  Nitros-
pirae)EHH LT mamFEH . madFE K KemanSE R (1)
—ANREAMAR S, BT TR A SRR B R VAR (R
B B R A R /AR B A AR PO R E AR
AT (0 T 3 X BRI mad 3 DR Flman 3 D2 75 I T
P T IHEH, AT EIE. madiEFBON AT REA &
1EmamAB-likeFlmamAB-like* i MMEMTF-r01> i B T
BAT AR F manFk U & T A RE S LR E R i ma-
mAB-likelEI\ T HH A0, X PR HA T
B/ IMAR A SR S A PR > — 2%

WENR TR ) AR T FE K mms SN L SCA IR T
H R mms6, mamDINFEAR, FIFHH 65 E AR A BIR
PR IR I A fERE R b, IR R E Rk fb A a
KB AR K REE T AMB-1 70 R IR mms 1 63 5 A
% J i 2 AT GTPREG IS M i B A Mms16, 1] LAFERFFE AL
TR IR B X A 2 B e IR AR
T B N I Mms 166605 5 40 L 4% 4,
B TR BRI NG, 24 B s T isk el ALl
SRR IR G DI RE AL, LAE 2R AR A e h I 1Y
F:FHnap, nirS/N, norC/B, fur, irrB, fur, magAFIHEIEE
MSR-1H 3L K fers, fer6, DL K iR /K BEIZH AMB- 1EEA
()35 Pl A ORSEH- AN T/ IMAR B B AH S HR AT P 356,
B WAANAEREIMA S B XY, R0, I S A
FOSERIVE R, /AR AR R 5% 3 A S A B e o7 4% i
A1FLAEF R HbE AT, 48K, B T X eI i4h, BA
HAh Dy BE ) —Le R /MG AR I, il dNmexA, mpsA

S, WKL T RE/IME G B HER I SO0/ IMAR 5 1 DX 35
WER, BT (55 I se s B A BRI DI fE,
HRLERG/ IMAE B R P 2 1 T 4% R,

YERHT LB I, mad3EH FimanFk N & F AR
DFEH. Z P mad ENTES-SIE T . TEILIRTER . 248
T R A A A P2 P . AR E20134F Lefevre
a5 NPWBSE, Desulfamplus magnetomortis® i firh
M madBE K A FE3ANFE L, Hrh—3 5 mad 5
EJRERRA R/ IMAR R P2 A A R, TS — 5 mad B R
B W/ MABTE A EEAE ], A —5B 5 madFE A
W S ARAT A0 Alast FEER TC O, AR il A 7E T o-2%
JEHEH. BRI TE 2B EmadIE K I TIRE, B
K W mad& Ry 50 FE HT D BE G L KT 81 AN A
fel. SR, A HmadBE ], e limad 1 7555 mad28, JEELH
S HADIE R P A ARRIE, o i ke s
B W/ MASERYE OB A . 20144 Lin%E AP
IEAman = TE AR AL AR TE PR A S R 20 ih AR A, 31X
SR FimamFER . madFeFH AR H 4 )AL BEAHH
. Horp— e B B 5 B Gman 5 Mlman6,  RE% i
A YA B H smeZE B B H BTSN, BATRT
Al 55 /MR G BT SRR A e DL B /AR Y HE 1)
Far B A O 1M o5 —LE B B Alman 138 H, GRS A 1
i Hmad 11405 P A BARBIARIPE, HENIXSERE N fE
bR S R IMA R A HE, RS T
—man LR DIREE B, (FJE T ZmankE i BAK D)
A ENEEUEZTN

Bifi A WIFSE BN T AR S, R 200 TR 1) 91 R AR 5 ke
R, T — LB AN R 2, 191 4B FT B (the Candidate
Phylum Latescibacteria). p-“8JEF(the Class Gamma-
proteobacteria)~ Z A1) A% A ¥)(Magnetotactic multi-
cellular prokaryotes)Z5 i A 45 ). 7T AT,
SR /IMAR B R DG DRI AN B 2 3.

4 W/ IMA IR B
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Figure 1 (Color online) Schematic illustration of hypothesized mechanism of magnetosome formation in AMB-1
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Magnetosomes are natural magnetic nanoparticles with special properties that are synthesized by magnetotactic bacteria.
Bacterial magnetosomes have become increasingly attractive for researchers in biology, medicine, geology and other fields
of scientific researches. It is significant to explore a promising nanomaterial for multiple applications in science and
industry.

Magnetosomes contains magnetic particles that are enclosed by intracellular membrane. These particles can be either
ferrimagnetic crystal of magnetite (Fe;O,4) or the iron sulfide greigite (Fe;S,). Three crystal morphologies including
roughly cuboidal, roughly rectangular, bullet-shaped have been found in magnetotactic bacteria. Magnetosomes are
organized as well-ordered chains which orient magnetotactic bacteria in geomagnetic fields. The question ‘what and how is
genetic material responsible for magnetosome genesis and following diversity’ was raised when biologists tried to
understand the formation mechanism of magnetosome in the last century. Now almost two decades have passed since 2000,
magnetosome biogenesis still remains one of the hotspots in scientific researches. Both bioinformatic analyses and gene
deletion experiments are extensively carried out in the study of magnetosome biogenesis. Consequently, multiple operons
and genes are found to be involved in the process of magnetosome formation. This article introduces important findings in
the field of operons and genes as controllers of magnetosome biogenesis. The mamAB operon is found to be more critical
than other operons to magnetosome biogenesis and it is necessary for rudimentary biomineralization in bacteria. Less than
10 genes within the mamAB operon are essential for the magnetosome formation. Moreover, other four small operons
(mamGFDC, mamXY, mms6 and feoABI) play non-critical roles for magnetosome biogenesis. Non-essential genes can be
found in both the mamAB operon and non-critical operons. In addition, several genes and genomic regions outside of
magnetosome-related operons such as the mms 16 gene in Magnetospirillum magneticum AMBI1 or the mad gene clusters in
Deltaproteobacteria are also related to magnetosome synthesis. These discoveries provide insights into the molecular
mechanisms of magnetosome biogenesis. Some researchers have separated the whole process of magnetosome formation
into three or five key steps, they proposed several hypothesized mechanisms of magnetosome formation in magnetotactic
bacteria by summarizing functional genes and proteins in each of key steps. The Arakaki’s model in 2018 is a relatively
comprehensive model of magnetosome formation and can offer detail information about molecular and cellular
mechanisms. With rapid development of research on magnetotactic bacteria emerging in China in recent years, Chinese
scientists have made various types of research achievements such as discoveries of novel magnetotactic bacteria,
calculations of diversity of magnetotactic bacteria in specific water areas and evolutionary mechanism of microbial
magnetoreception. It is expected that more valuable achievements would be obtained from bacterial research than ever
before.

Natural magnetic nanoparticles have potentials to bring many advancements in science and they can help overcome
technical challenges in various scientific fields. To release the power within magnetosomes, biologists are required to
reveal the genetic foundation of magnetosome biogenesis and help material scientists invent new technology using
biological knowledge. Magnetosome researches are attracting more and more scientists from all areas of science.
Interdisciplinary research has become an increasingly common method of study in magnetosome. How well the material
scientists can cooperate with other scientists will be crucial for important discoveries in magnetosomes in the future.

magnetotactic bacteria, magnetosome, operon, gene, biogenesis
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