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Abstract: Magnetotactic bacteria (MTB) are gram-negative motile prokaryotes that produce magnetosomes and can orient
and migrate along the geomagnetic lines of force. They are ubiquitous in sediments and stratified water columns, distributed
predominantly in the oxic-anoxic transition zone ( OATZ). MTB comprise several morphological types, including cocci,
rods, vibrios, spirilla, and multicellular magnetotactic prokaryotes. Usually, cocci are the dominant morphology. Variable
phylogenetic relatedness of MTB has been confirmed on the basis of 16S rRNA genes. MTB can biomineralize iron oxide
and/or iron sulfide magnetosomes. In most MTB, magnetosomes are organized in chain (s). In this study, we found a
certain amount of MTB in the intertidal zone of Taiping Bay, Qingdao City, where the maximum abundance reaches up to
350 ind./cm’. Transmission electron microscopy revealed that all the MTB were magnetotactic cocci, with a size of 2.23 +
0.69 wm x (1.84+0.47) pm and the width/length ratio of 0.87+0.10 (n=21). Fifty-four percent of the MTB contained
two chains of magnetosomes, eighteen percent with one chain, fourteen percent with more than two chains and fourteen
percent with cluster. All of these magnetosomes were prismatic mineral crystals. There were 7—43 (mean=18,n=21 )
magnetosomes in a cell and the volume of magnetosomes varied between 2.71 x 10° nm® and 1.63 X 10°nm’. Assuming that

all the magnetosomes were magnetite, the percentage of Fe in MTB was 0.40%—6.91% (average 2.19% ) and per square
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kilometer of intertidal zone produced 1.92 kg magnetite every year. This suggests that MTB may play an important role in the
iron biogeochemical cycle in this area. Additionally, according to the statistics for each magnetotactic bacterium, we
observed that the mass of magnetosome increased with the increasing mass of MTB (r=0.637,P =0.002 < 0.05).
Phylogenetic analysis based on 16S rRNA gene sequences revealed that 47 sequences of MTB belonged to 13 OTUs
(XCQD1-18, 1-2, 1-19, 51, 81, 6, 2-2, 4-20, 34, 2-23, 53, 130, 1-21) and affiliated to Alphaproteobacteria. OTU
XCQD1-18 containing 23 sequences had the highest dominance index (48.93%). In addition, 6, 5, 2, 2, 2 sequences
belonged to OTU XCQD2-2, XCQD1-21, XCQD1-2, XCQD2-23, XCQD130, respectively. The other OTUs had only one
sequence. Shannon's diversity index H ~ of MTB in Taiping Bay was 2.64nit, and Species Evenness J' was 0.71. Nine
OTUs (XCQD 1-18, 1-2, 1-19, 81, 6, 4-20, 34, 2-23, 53) shared less than 97% 16S rRNA gene sequence similarity
with the nearest known sequences, in which, five OTUs ( XCQD 81, 4-20, 4, 2-23, 53) shared lower than 93%. It
suggested that they represented 9 new species and 5 novel genera. Our results indicate that there were substantial potential
microorganism resources in Taiping Bay. Compared to the MTB community in Huiquan Bay, a bay adjacent to Taiping Bay,
There were two MTB OTUs discovered both in Taiping Bay and Huiquan Bay. Two MTB OTUs were shared. Jaccard
similarity coefficient was 0.1053, indicating that although the two bays were close to each other, the MTB communities
showed great differences. Comparison of the features of MTB in Taiping Bay with two French Mediterranean coasts, Six-
Fours-les-Plages and Gulf of Fos, revealed that environmental factors may have a great influence on the diversity of MTB. It
is assumed that community succession, seasonal variation, and environmental distinction may contribute to the low similarity
between the MTB communities and features of different intertidal areas. Our results imply that further investigation on MTB

in terms of their diversity is required.
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( magnetosome ) S5tz 7 E"Ji@%ﬂ o T /MR 38 7 S IR HE B R A EpaE  E DL N 258 y ARG A B
Hl /AR B HES 7 W/ IMAI RN AR LA B8 o 8 B Rl 4 S s B MRS KN A 35 nm—120
nm , &b TR E I BRI TR P 7 TR S NIk A N T A | F 3SR TE THIRIR AR BRSO
PR AT s oA AL =4kl S UBAL =42 . B 1975 4E35 [H 243 Blakemore 7E Science FARIE T
RARGEANTR 2 5 Bk RS DO B0 DL B+ AN Rl K i A 35 v B T RGBS R R AN T
BTAEITIN a- B EN y-2 I EHN S 8- EH N AR IEF ] LA M Candidate division oP3'% 7
GeneBank HISGRAEREANE 16S rRNA FEHPHI 94 1200 5% (#% 2014 4F 6 H ) . 7EP | FRLA0 & e L F
AR R R ok B A B FR A A AR DA b X b B P (A0 B oK PEAE ) P AT it ( ith v 4
RTT A ) LI AR SV TR TSI (BRSNS YT A 04 ) DA R g i NP T O AR T T BT
FEASARSE A R SORTR] 2 A R A 2R AT R A RE AN B ) AR SO T 5 ST I DA DU A v A T
TEEREAN TR, WHERE A T TEAS RN Bl /IMA KRN B0E HES 7 2C0L K 16S TRNA BRI R 40 L & T 5T, OF
Xof 55 AN [) b e s 240 TR A Vs A A T LR

1 #MRERFE

1.1 BEfREE

FRE A T 5 BT (36°037037 N—120°2109” E ) K- V25 1 1] 4 (4 by | 45 R0 A I TR) R 68 1 7k
BIREAIKT . 2014 4 3 A7 RER S 3 WCREFRIZVIEYI (0—10 ecm) , 73 1% 7E 500 ml A9 SRR,
EHIUTERIZY 100—150 g, 22 ) [ A i AR K (TR 5 A MK I B 20 1. 1) |35 (8] 5256 28 HE AT
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PR TE KL A AMEE | S D] I USCHEIR . 30 min S, FH 0T A0450 1R BB A BF 0 OO R 0 2 500l T A
100 ml B2 1 B B HEA T R BRI, B P R IR 2 40 ml, AR ) 7 vk X R A WSO P B R B R T AR
ZJE R CT-T7 ikt — 2 S RN 5 ml B TRAR Sk (0 TR A TG BT B0 R, B0 5 B e Sk 1Y
ToU AR 0.22 wm 2 U8 Y TC TR AT 7K K R B SCER T A5 1) TR VR PR A WA Sk R i A RS VRV Sk 1 TE TR
SRR A BT AT (G52 0.35 mT) 5B 0o A8 I i 1 I RH S %) K €0 (9 TR BCE, DU 45 ke B o B
O T e PRV A T S PO R SRS
1.3 TPEC B A UEE S R/ NVA o

{#i ] OLYMPUS BX51 BRI T ¥ ( Differential Interference Contrast, DIC ) A2 | 27 v WL EL #4140
IR, R R TR T AR ) (e T BERM G ARG BRA W] ) | 3% 5 HL 8% ( HITACHI H8100, Hf [ ¥
FERZE AR ) XRS5 0/ MR T T WSS, 60 55 R4 1 40 o TR 2 R/, /MBS LRV B0 H 2 HES O
Ko B PEGE S WU (JEM2100, I 7R K2k 540 T2 BE S #8) i oD bty ) Xhid/IMA 1 43 14 7
30T,
1.4 AR L Z R BT
1.4.1 il DNA Btk

HUT-T Irik W W B, F DEPC ZK PR =Wk, L RBRIBK P BB T 1MiJa FHAS 80 C/KIR I il
IR A A RERE B AHML N DNA B
1.42 X} 16S rRNA FEH PEFT 4

PCR £ M8 Bosshard 20 EHEAT 0 514 :276(5'-AGA GTY TGA TCC TGG CTC AG-3') 55 1492r(5'-
GGT TAC CTI GTI AGG ACT T-3") , PCR MY W 5502 : 94 C A2 10 min J5,94 °C 1 min,50 °C 455,72 C 1
min, JEFF 25 ¥, 72 CHE{H 10 min, PCR 3 8472y F] MR BE R 1% (w/v) (ISR IS ISR e 47 FEL K, I FH 3R IG
BEEERE DNA IS & (Jb st B a2 A R A BR A ) B PCR 724 .
1.4.3 4% A5 vk S DNA P00 E

BB WEEE I P R ) PCR P23 5 4 /4K pMD18-T( Takara, Japan) |, #4L A E. coli Top10 JE3Z 2541
M (At 2R E AW ARG RA T 7S X-gal IPTC 5 8 K 0 SOB [l b: 35 5L | 1% 52802 540
Wi, EEEAETHEERVENETE PO SRR B T #0938 514 M13-47 5 RV-M 17 1#
7% PCR., ¥ 34/ Wt W BN 1% (w/v) WBERE W BRI HL Uk , R 30 O A5 A B o K PHAME Se P 28 T s 4
i A R RS BIHEA I, AT R4S 16S tRNA JEHF51
1.4.4 16S rRNA K5 £ 51 704

F 16S rRNA FE[H #5147 BLAST X (http : //www.ncbi.hlm.nih.gov) , 152 5 556 Fr 5 0945 25 2 51 AHA
Y R E AT, it BioEdit ZR A THRIE 4T, L MEGA3. 1 8K AOAR A AR AT R Gk T

2 HR

2.1 ARG FE
1 2 B B A T, e S DU v A G AN B = B e T 36 350 ind./em’
2.2 JEREHEITE A
I 7 S BTSRRI RT-S B L A v A BT R G A0 v 5 0 IRDE S A v (T 1) AR R/ Ry 2.23
um=0.69 um x1.84 pm+0.47 pm(n=21), 5K H N 0.87+0.10(n=21)
2.3 Hh/IMARI 2R S BT
I 37 S LB BEULEE , T L R Y- VS R i A O ) /NI EE HE S T X 2R /MRS B KON AR K
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Fig.1 Morphology of magnetotactic bacteria based on transmission electron microscopy

A BRELE T2 Bk E Magnetotactic bacteria togethered in a cluster; B, D HLA DY & mh /MR B 1 ja il 3R Magnetotactic bacteria with
four chains of magnetosomes; C B — SR W MRS B R s TR Magnetotactic bacteria with only one chain of magnetosomes E,F:E‘ﬁ?ﬁ%&ﬁﬁd‘
IRBE R G ER T Magnetotactic bacteria with two chain of magnetosomes

2 o 1 ACE o5 DL R L A R G IMAS I A R HES 5 2K, 549 WG RE N T 5 A W 2R/ IMACEE | P AT SOS A
FEHED AL EAT — S Rl /MR BE V) R R AN TR 5 18% , HLA 22 Ak Wil /MR 15 i /)N A ol 2 1 1) 1 s 0 A 45 o
14% , FATRIL, BA 2505/ MRS R G REAH DA, FHLRE/IMAEE KA Z PP HES ), & S B AR 25 R R
A FREA B & W/ NMA BN RE B T 7—43 . B/MAF AR T 2.71%10° nm®—1.63%10° nm’
(ERBREAIME K TTR) o EDS Z0Ar 28 R R B/ VAR S il Sy D0 S Ak =8 A B R il 2 T 5 /K B2 85%
DA 5206 v R 1 20 T8 Y 7 Bk C R (T3 B FIAE 0.40%—6.91% 22 [8], SF-34°H 2.19% (B4 IC i it/ B 40 8
TH)
2.4 EREANE AL Z R S
2.4.1 HREANTE 16S rRNA FE R F51)0

B9 18 i BELL pMDI18-T VE AR ZERER] E. coli TOP10 JEAZZSA0 M T #4458 FH 514375471 PCR 714
155 135 ASBHPETERE . XTIX 135 ASBHPESEREEATI0T 5 Lo o3 i, & BRI 8 TG4 i ¥ 9 47 2%, 5%
J& 13 4~ OTU (AU <97%) , 4351 4 : XCQD1- 18 . XCQD1-2 ,XCQD1-19 XCQD51 . XCQD81 , XCQD6 , XCQD2-
2 XCQD4-20 XCQD34 XCQD2-23 XCQD53 . XCQD130 ,XCQD1-21, HIEsE LRt i, A 23 555t
RIS T OTU(XCQDI1-18) AR IX 48.93%, J&T OTU(XCQD2-2) .OTU(XCQDI1-21) ,OTU(XCQDI-
2) .0TU(XCQD2-23) .OTU(XCQDI30) fFF /3 5H 6 555 45 2 4 2 50 2 45 A% OTU MR A — 4%, &
R BENREVE ZREVEFEBON 2.64 nit, BAITETR BN 0.71
242 FMAWEANTE 16S rRNA FEH RS K B T

HRAE BT A5 77 975 NCBI B4 % Blast (19 LU XTZ5 R 4557 BioEdit 0 HEAT LU XS 2] AL, 4545 2]
) 13 A~ OTU J751) 5 AR B i 143 81 D R € ARAT A5 37 A RE AN TR T 9 AT R R B i
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B2 BEHEFRMETERARNARERENMEEETIAX
Fig.2 Magneosomes organizing in different modes based on transmission electron microscopy
A B2k HE/MABE One chain of magnetosomes; B -47 1 45 /IMAEE Two parallel chains of magnetosomes; C: B{FEIH#E/MA Magnetosomes in a
cluster; D 8 B (0 51/ MA%S% Two unparallel chains of magnetosomes; E: PUZH/MA%% Four chains of magnetosomes

ZEIR R (K 3), AL P & BLA L 40 5 OTU 43 %5 Uncultured Magnetococcus sp. clone MRT130
(EF371494) .Uncultured Magnetococcus sp. clone MRT97 ( EF371493)  Uncultured Magnetococcus sp.clone M- 67
(EF371491) .Uncultured Magnetococcus sp.clone M-52( EF371485) , Uncultured Magnetococcus sp.clone XSE-42
(EF379385) | Uncultured Magnetococcus sp. clone 37 ( EU780681 ) | ncultured Magnetococcus sp. clone M- 40
(EF371486) , F ALl AL 1,

%1 GeneBank R 5ALIFTLZIE OTU SABLLEFF 5
Table 1 The most similar sequences in GenBank to OTUs this study discovered

OTU AT 1] The most similar sequences AR Similarity

XCQD51 Uncultured Magnetococcus sp. clone MRT130( EF371494) 97.95%
XCQD1-18 Uncultured Magnetococcus sp. clone MRT130( EF371494) 96.99%
XCQD1-19 Uncultured Magnetococcus sp. clone MRT130( EF371494) 96.63%
XCQD6 Uncultured Magnetococcus sp. clone MRT130( EF371494) 95.78%
XCQD1-2 Uncultured Magnetococcus sp. clone MRT130( EF371494) 93.88%
XCQD81 Uncultured Magnetococcus sp. clone MRT130( EF371494) 92.98%
XCQD2-23 Uncultured Magnetococcus sp. clone MRT130( EF371494) 91.75%
XCQED2-2 Uncultured Magnetococcus sp. clone MRT97 ( EF371493) 98.22%
XCQED1-21 Uncultured Magnetococcus sp.clone M-67( EF371491) 97.75%
XCQED130 Uncultured Magnetococcus sp.clone M-52( EF371485) 97.74%
XCQD 4-20 Uncultured Magnetococcus sp.clone XSE-42( EF379385) 92.56%
XCQD34 Uncultured Magnetococcus sp.clone 37 ( EU780681) 92.11%
XCQD53 Uncultured Magnetococcus sp.clone M-40( EF371486) 91.56%
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75— XCQDI1-18(KM083474) B
XCQD1-2(KMO083502)
XCQDI1-19(KM083475)

63 XCQDS51(KMO083507)
B Uncultured Magnetococcus sp.clone MRT130(EF371494.1)
38| L———— XCQDS81(KM083495)

XCQD6(KMO083505)
4 4‘} XCQD2-2(KM083479)
Uncultured Magnetococcus sp. clone MRT97(EF371493.1)

XCQD4-20(KM083486)

2761_ Uncultured Magnetococcus sp.clone XSE-42(EF379385.1)
65 XCQD34(KM083492)
71 Uncultured Magnetococcus sp.clone37(EU780681.1) —  Alphaproteobacteria
L—————————— XCQD2-23(KM083484)
—— XCQD53(KM083508)
78 o= XCQDI130(KMO083496)
4’_7[ Uncultured Magnetococcus sp.clone M-52(EF371485.1)
Uncultured Magnetococcus sp.clone M-40(EF371486.1)
100 Magneticbacterium small subunit rRNAgene 1j516(Y13209.1)

XCQD1-21(KM083477)
Uncultured Magnetococcus sp.clone M-67(EF371491.1)

94 Magneto-ovoid bacterium MO-1(EF643520.2)
@agnetococcus marinus MC-1(NR074371.1)
09 Magnetococcus marinus strain SS-1(JN896752.1)
Magnetospira sp.QH-2(EU675666.1)
Gamma proteobacterium BW-2(HQ595728.1) Gammaproteobacteria

Delta proteobacterium BW-1(JN252194.1) Deltaproteobacteria
Candidatus Magnetoovum mohavensis strain LO-1(GU979422.1) Nitrospira

0.02

B3 #MEE 16S rRNA EEFSIM RS E £/ LAY R ALK TR F 1)

Fig.3 Phylogenetic tree based on 16S rRNA gene sequence analysis ( The sequences determined in this study is shown in bold)

TERGHAR 1,13 1 OTU HJE T oI, M Stackebrandt Z=l815) f1 16S rRNA 3 PR LIPE K
T 97% )& T—AFl ,/NT 93%—95%J& T AR J&E . XF 13 A~ OTU AHM: &, oAy 9 4~ OTU (XCQD
1-18 . XCQD 1-2 XCOD 1-19 XCQD 81 .XCQD 6. .XCQD 4-20 XCQD 34 XCQD 2-23 XCQD 53) 5 & Al i%ir
B0 AR /N T 97% | AT RE RSB AR Herh, A 5 4~ OTU(XCQD 81 ,XCQD 4-20 . XCQD 34 . XCQD 2-23,
XCQD 53) 5 O HERAZ T P 5 AR U /N T 93% , AT e 28 i o

T ROV Ay i 1 2 PRV VT P TE A S 11 KR A RO IRV SRR A . KR DU
Hh R R A0 R ) S BE AT 3K 350 ind./em?®, 52 4RGHE 19— B PR BT Aok 0 40 B A9 A0 (10°—10% ind./ em® ) TG
fIETF Files 45 H3HE AR AK AR BT OB 1 A RE A0 B 2 8 (10%ind./em® ) o 5 S4B AT S5 15 R R 400 7 11 2 13
(10 ind./cm®) AR EL, SUHT S T 17300,

FEZ UK B SE MR IR 2 HRE AR 21 —FE S 28 M 1 B R A i —— R4 R Bk B, EA F9E 20, g2
FEMFFEIR SR IRK A 35 v | RS RERR B FE B0 AR O3 27 AR A R B RS RERR BT o A3 35 (>99% )
BEHTHREE T AT USRI RE/ MARHES ) Dr X S8 B & 5 . Pothre b & BRI R LT A 2 mA: 9
R AT o R BRAE P Yy AL IR R 1 OGS AR . L0 TR VR TE A P 5 0T 3R DU i vy T
A RN SO SRR T R T 5 WAk B T, R R AR R T S S A T I
AR O S R R AE T, W NV R R DT R — 4 DL R T 2K ] B IR o, — 8 Ul e B R
UV T R S BRI, T A B EE T RGN B b A W N A A AR PR 5
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B — e RIT R AR TR T Y 2% —3% , XA~ Lo i) L H b A e A Bl Y
AEPUIRE, 509% WA Tt K PEEREE M A REANTA , AL TUUR M B L2 10 em RS 5 UK UL &
A 1000 RGN , BB REAN R 20 DRE/MA, B/ AR BUS 1.25% 107 | 020 B 1A 12
h WU 5 T K T R R 4 PR R Ak 4 7= o 0.95 kg, AR SEE RS 7 JEDOR TR &4 350 A EamE4n i,
B EREANTE - A R /MAR 18 A AR/ IMA V- XA 8.02x 107 um® U4~ J7 T 2K 4] 1] 7 s i 40 T T
FRLERERRE 1.92 kg, 7ERP-E A E) 4 OBk TR AR B ol BB BT 24 R A B 5 15 0 A B P /M AR
ANBARA SR B R TR /AT SRR, RGP ) v A T AR k™ B TROK B A 3
(9 2.02 15, ASEH b R/ AT LI DY A4 =8kt DLARHL 3% 7K 85% 11, Adi Bt P-4 1 1) i e 1 240 1 -
WS YOoTRBUR N 2.19%, 5 SCHRHRGE — B, HeAh, B /A 5T 55 78 1l A0 T A0 TR S5 ek B B . 00 A O
(r=0.637,P=0.002<0.05) (& 4) . HEMTE [ SRR 5 20 B 1 BB RC , ol i 288 708 2 1) g P 0y S ok i B L JRG
TR LR Haz gl

IR A 2 o T S VI S VS L A R 1 e 2

W (FE S 6) IR EREATE 4 8 & OTU(6 &~ & | .
OTU 75 2006 “ER FH &8, LA B 5 KT BB w5 |

BEANTAAIF) . PTALRSREATTATEVE 10 Jaceard BEVERIME 52 |

SH00 0.1053, Jaccard TE 74 M6 HE 45 KL IR 90 L oy %gz'

0— 1, BEET 0, MBEE MBI BAE, KPW5IER 5 |

TEBEVEAITE RS 0N f 0.1053 , 158 1 9 VA 15 i AR 4R 2 00 02 04 06 08 10 12 14 16
LSRR 5 T )40 I S22 TR PO 205 A Mass of magneto e/ (X 10"
LW, XA SR R R A, W
%,?E%i%%#i&ﬂﬁ%%?ﬁ%—7J<‘Z§%,J\%’§fﬁijj B4 #/MERESHERENXEFR(r=0.637,P=0.002<0.05)

Fig. 4  The relationship between the mass of bacteria and

magnetosome ( r=0.637,P=0.002<0.05)

EU A S X (R4 P58 52 T 58 K 5 RSPV 1 SRR b AN
FE ARG N, NS0 Sz b sg s/, 35
TSRS — 3T R K S /K EHER I R IR W [ A AR AR IR K A S A MU FE . 5 = IR T g
LROFLR T ATV 2240 T A S50 4017, 79 b 7K S LS5 A AR S 30T B I Skt Y S 9 i) O 4 B 1 R
FEJETE 2006 AR 11 H AT VS R R A0 R i ISR AR JRAE 2014 4E B 3 A A S R 2 R7
0, AT SR 1 R VA e A D s A B2 S R B A

5 RV A b P T S D0 100 0 e 0 B RV PO IR SR 485 L L A7 7E Six-Fours-les-Plages ]
)77 (43°06'03" N; 5°49'20" K, 32 Bk & E PR BT B I RRER AR Y 19— A I A 15 4, R B R A ) BT
BRI BICIR FFIR SEEIE 1 R G A 0, B/ IMAR TR A S T 8 7S BeA e NIRRT 12 A
WEANEE OTU , Hor 11 A28 OTU (MIRIE<97%) o RT-V5 & Rl AN bl R IR S S G/ MR TE R F— | &
P13 ASEREATE R OTU, Horp 9 A58 OTU (MPE<97%) . HHILER , Six-Fours-les-Plages #4140 2 AL PE
W, B—EEHTE Gulf of Fos BT (43°26' N, 4°49'E) 32 (1 S b 5 Mk G 4% sh g s |, 78
R I TEIE SR FRAR RN TS, 8/ MARTERACH S 8 AUR B 4 AR TR OTU (A <
97% ) , Uk B FRIE 175 e 1T B 23 R i 200 7T 1) 2R 1k

DL T, AN ) 358 R (] 2745 25 53 ) B2 it AN () 60 R DX s 4 P 8 0 o 2 5 1) D AL X 3¢
REREAN TR I Z FEME R 25, A BRI T o 2 i PR A A T MR IR B IR R YRR

Brigt G b Rl B PR AT ST BT R R A Gt J7 w4 (4 A4 4 B Sl e [l R R 22 S I 5 1L AR A
E Fi W5 L IAE L7 G B A 0 P _E B AL Py 5 B RO R S DR A S T T B (A i B
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i|——MRT— 130(EF371494.1)
99 XCQDS1(KM083507)

XCQD1-19(KMO083475)
52 —i83 XCQD1-2(KM083502)
82 XCQD1-18(KM083474)

XCQD81(KM083495)
XCQD6(KMO83505)

XCQD2-2(KM083479)
T@T—W(EFWH%. 1)
100 L MRT-100(EF371484.1)

XCQD4-20(KMO083486)
XCQD2-23(KM083484)
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Fig.5 Phylogenetic tree of magnetotactic bacteria in Taiping Bay and Huiquan Bay based on 16S rRNA gene sequence analysis ( The

sequences determined in this study is shown in bold)
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Fig.6 Comparison of magnetotactic bacteria communites in Taiping Bay and Huiquan Bay
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