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AL X . REREHE E K 640 2R
X o 3 [ 3 A K 7 e K PUVF HH (South Mid-Atlantic
Ridge, SMAR) X3k B T 2481 IR X, Hop,
i 1 SR IXM, {7 F Cardno-Saint Helena Y%
A A SR TR A E RN, XN
FEAE R BTG S BAL Y MR A, F2E0™ ) ek
W -V - N, FOR Ak b &8 TR 3L
Fe. Zn N+,

P XL S O BIF ST, % T B B TR Ak
Prh RO RGN A i R A R
X, R ER RSP, BET, B RBE S
B b J5 Bk 4= W) (Dissimilatory iron reducing
microorganisms, DIRM)RZ I FIR/K IR
WHTRRMIK . TR . MENE . EhERN . PUR
WEEVIOR S A BT . R, B2
BT, FEASTEE ] (Proteobacteria) R BE
W ) (Firmicutes) , WA /0@ F W& AT 5 1)
(Deferribacteres). WRAT 1 1(Acidobacteria). $UFF
W ) (Bacteroidetes) FIZE i | ] (Actinobacteria) ; 7V
BB Tl RS, R TR O
(Pyrobaculum)®' F1 ]~ 7 7o A
(Geoglobus)® . Horh, S FAIRIKIFLUTE ) 1 L BE
W 1% 5t 4 JB H AT 5 (Geobacillus metallireducens
GS-15) 52k HIRKMIA KRR A8 TE T 1 G B4
iK%y B IR T (Shewanella oneidensis MR-1)4& H Hij
VeI JFEHL T AR RS

DIRM figfls) M F Z R AT L A o v 1
ek, TSN Fe(llD)id )5t iy Ak ik s/ ]
UK B K AR AR 5 L DURRIARY Fe. Mn
SETCEMGIR L) KA N LD, Bl S s Bk Ak
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1, RIRADFFE A X DIRM AL 5 PR
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L AR
1.1 ZE&BEMAYELRE

2011 4 4 J1, “R¥E—S AN TR R
A 1 S AR XU R R X 545 A T
(B KPR DY 22 LR IVALEY) , it Fe Al
PICEFBUR T 1 2l B BB R BERE S (B 1, 3R 1)
SRAE R BT AR FF Y, E [BISCR F AR E ARAA
e, GRAEG 4 TIRWIREE T, BER
TETF 4°C UKAE .
1.2 SEFREEAEC T RACHl

KT Fe-Ac KiF#IEVR Fe-Gly Hige3t, H
HL R o B B A H i, BT 2R
FeOOH. JiF & i) FeOOH A FeCl; 4 NaOH i &
Z pH 9.0 3RAF , 2 TE A AR W R 2K Ve s
Fid % 450 mmol/L (L) FeCly 1)K B & T H &
M. Fe-Gly §iFR3ELETE Fe-Ac REFRFLAY LA ok
1, KLY R S H I (3.00 mL/L)
1.3 SrEESR 5IRE

TEPRAEREFRA T B 1-2 g FERR 2R 3T 50 mL
Fe-Ac J Fe-Gly MiMAIE 5L, FIRERZE ST
BmMEEARE, TR 60 °C BHE R SR, W
PR AET R IR R, 72 IS R A7 A
IKARSE G, SR DG it rp 282 ) K AR A B 4 G
ORI 2 E IR PR, MELATE B IR A .
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Figure 1.

& 1. SMAR EFHRBRXTRUMERER
Table 1. Sample information of polymetallic sulfides
from SMAR

Station name

Longitude/W Latitude/S Depth/m

DY22IV-S003-TVG03 13.3564° 15.1656° 2875
DY22IV-S008-TVG06 13.3556° 15.1661° 2737
H IR FeOOH #4745 MR, R HE

WL S R A BT, s S B R IR Py dE A 4 o
PR I R A £ (o — U S R S 8 72

P AR BRI S e ki A A = B, DR
ATREI DA R o R R M A s X

Location diagram of the Deyin-1 hydrothermal field "

PR, Horb g AU B R R R
BB 5, RN R R RATAT B AR I . B SR P fh
BB R IR 2%-5%, X TFRCE A
IR IR E] 10%. 55 1 KA Fe-Ac Hi3/Y)
25d, Fe-Gly H3:%) 22 d; 55 2 IRFLHEIT ] Fe-Ac
B0 44 d, Fe-Gly B354 20 do M5F 3 IR¥E4%
JhifR, BRI R WO A Lo A R
(L-Cys) LAPREFHE RS, BN -2,6- — R PR 7Y
(anthraquinone-2,6-disulfonic disodium salt, AQDS)
VERHL T EE R
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14 VP AE . SESHERTIEEE

K Fi PowerSoil “if 7] &1 (3¢ Fl MO BIO 22+,
Cat# 12888-50)F& HUEK A I 15 72 1) DNA ., 439 H]
TR 16S rRNA FitE5149 [27F (5-AGAGTTT
GATCCTGGCTCAG-3") . 1492R (5'-ACGGCTAC
CTTGTTACGACT-3")]FITH i 16S rRNA $r 75|
YI[Arch21F (5-TTCCGGTTGATCCYGCCGGA-3'),
Arch958R (5-YCCGGCGTTGAMTCCAATT-3")]#i
X519 34 16S rRNA ZEHF(Y H CE T, M H A
5, C), PCR ik i3 YR RHABR A
H AT R, 45 R AE EzBioCloud %ic#E '
P4 et
1.5 Y Fe IS BT

K JE 7% W& (Ferrozine) i 121 78 2 i RE i vh
A M8 & & % 7 DA Ferrozine-HEPES V5 ¥ (it
J7°M Ferrozine 1 g/L, HEPES 50 mmol/L, pH 7.0,
DA R FR“SEIS RIE I  B ORISR SR
IV £k 48% (INH,],Fe[SO4], 6H,0) A £5 B2 (0.5 mol/L,
DUT TR FRFh R VAW )W WO Br TRE T U o 005 I
B 0.1 mL &2, AR 5.0 mL 3RS,
PRFHIRSEHE 20 min, BRI 0.1 mL il A S|
5.0 mL R, I 15 s, ##E 30 min,
858 45 I E H ODsgr o HRHEHR TR 1E B bR
W2, B2 0P Fe R .

WU R 535 359 4000 r/min (1717xg) B L
10 min, Z35ICER B IE BANTTUE I (AR Bl AR
. FRIHFREEE R ZRE R . DT R T
PRI T8, B A R OB R B SR AR $h R
b, AR 2RI, TUTE AN TCTE B AR,
AR BB SAET 4°C %1,
1.6 B L=

1.6.1 SEM F1 EDS 4M#r: BUEkiR 715y
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4000 r/min (1717xg)E.L> 10 min, WA TTHESF 4 °C
5 HH o A FUBE AR S BB DT VE A BRI JE R K
T T R, B S L AR i BRI, 43 HICE 200 pL
CBEEW(T5%, VIV), ¥R 3] 0.22 pm IRET4E R
PENR b, TR SRATE R IR (H A 1
JFC-1600 Y)M5 5% 41 4 J& i 1E(50-300 A). R H
ZEISS /A #] SIGMA 500 %! SEM W22 .

1.6.2 TEM Hl SAED 4r#7: kA 4000 r/min
(1717xg)i5.0> 10 min, BUILIE FH S AU 2l K Uik
1R, 74 °C Mo it ARAT i I U D BT
Sy ECENJC KR R R, R 5 pL AR AR
YR 200 uL ZEEE TR (75%, VIV), #ERE 2 RAE
Z ¥k, WEL 20 pL A A FRBRIRES B, 1
o 1R/ R B RS T B — AN 7K o U] P fof G 1 T
SR 1) SRR . R R 20 (Z 10 s)JF U 35 o R
FA 3¢ [# FEI /A 7] TECNAI G2 F20 TEM, JoUlsgis
SHEN . B PR TR AN, PR
TRTEH 3T RE S Al AR S5 1, d5cJ5 8 A EDS (BB &>
PR ~130 eV) I HrFE i TR 4

2 ERFAHN

21 EEFREWE

Fe-Ac }557:¥) Y5 Fe-Gly 85372k T Z R HA
T E AR L A, 2800 60 °C RS 1
g7, R T 139 M bR iRy . E
o IR R B a8 4, HIWTERIE R AL,
itk FeOOH AR ifiR | 5557 W% MR s i Juc
iR

Giit R, XEEEFRYR R R EER FeOOH
58 A I (A8 B IR PR ) B 75 i e B TN 3 d #
54 d AR5, FEEPRL 11-20d [5 44%,(61/139),
% 2],
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xR 2. TEEFIRBRE LSRR ERE
Table 2.
cultures to form mineralized products

Minimum time required for different

Minimum time/d 1 2 3 4 5 6
<10 11 4 7 10 0 10
11-20 41 22 19 20 1 19
21-30 6 4 2 9 8 1
31-40 15 10 5 1 1 0
41-50 19 14 5 0 0 0
51-54 0 7 7 0
=55 0 0 0 0
Total 92 54 38 47 17 30

1: Sum of total cultures from DY22[V-S003-TVGO03; 2: Sum of
Fe-Ac cultures from DY22IV-S003-TVGO3; 3: Sum of Fe-Gly
cultures from DY22IV-S003-TVGO03; 4: Sum of total cultures
from DY22IV-S008-TVGO06; 5: Sum of Fe-Ac cultures from
DY22IV-S008-TVGO06; 6: Sum of Fe-Gly cultures from
DY22IV-S008-TVGO06.

A YGRS TR Y AR 37, AR
o [Al AR SRY), SE kL I B s /Y
I 22 SR . HRTREMS i ad 10 IRBFIRATIREAF IS
G FRILA 13 DGR 3). USRI
R 3. HEROREEE 10 RNKIE[RIEFY

Table 3.
transfer times

Iron-reducing cultures with more than 10 of

Culture No. Minera.1 ' Strain age before Times of
formation time/d cryopreserved/d transfer
224T3A12-1 11 11 11
224T3A13-3 14 36 10
224T3A14-1 16 21 10
224T3A14-2 17 58 10
224T3A14-3 10 14 11
224T3A2-1 20 21 11
224T3A4-2 9 34 10
224T3A5 4 4 14
224T3GL2 4 4 12
224T3GL4-2 7 7,56 12
224T6GL2-2B 5 5,6,7,8,28,51 14
224T6GL2-2BP 5 5,9 14
224T6GLA4-2 5 25 10

TG M REARZAL AL, X ATRE TRE AR kA5
Ji AL 1 22 S 28 AU o
2.2 DIRM 3554 A Y4 BT

X R A% 1 ) 15 55 0 R 3A J BE R vh B B A
R T RIS o th T 5 4549 DNA $2HUA
e, AUSERL 4 1~ E W 16S rRNA JEBH I ¥ 24
RGP RIS 0 PCR 74K 1500 bp,
W PCR P2HIK 939 bp, 45 EzBioCloud H#f&
PEU2RE B X, R BR 224T3AS & 40 1 Al T
PIFRGLAE Y, AT SR A XVI KRR
Carboxydocella manganica SLM 61" (NCBI No.
GUS584133) AN 89.95%, HHE5 Geoglobus

acetivorans SBH6" (NCBI No. CP009552)AH bl A
99.57%; 224T3GL2 H5HX K Carboxydocella
manganica SLM 617 (NCBI No. GU584133)AH {44
M 90.74%; 224T3GLA-2 S MRAR I 49 1k
Bk W Bl B Desulfotomaculum thermocisternum
ST90" (NCBI No. U33455) #H{PIE N 89.01%;
224T6GL2-2 S5 E R Anoxybacter fermentans
DY22613" (NCBI No. KC794015) #H ol ¥£
99.52% (F 4). LA EXEFRYIP, 224T3GL2 (2
I RUEE TAEIETE R
2.3 DIRM #:5%%) Fe* & BT

XFHH FeOOH 4wl 78 T A0 i 1 5%
YIFFIE Fe™ i, S5 RRNE R k™
YULTE) R Fe™ S o BRI A 1 TF, #E0t
W P RIS R . Fe EE ATk
PP, B FRY L P RN TR
Hi 2%-14% . Fe' &t m o k=9 h
224T6GL7-3 (1620 mmol/kg), KA N 224T6AL
(618 mmol/kg). Fe-Gly # {br=#y Fe* & &3 i 45
Fe-Ac H5(% 5).
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4. ET 16S rRNA EERBERNKTREFIHMEDS LD

Table 4. Microbial diversity analysis of iron reduction cultures based on 16S rRNA gene similarity

Culture No. Sequence No. Most related type strains NCBI No. Similarity/%
224T3AS5 224T3AS5 Carboxydocella manganica SLM 617 GU584133 89.95
224T3A5 224T3AS5(A) Geoglobus acetivorans SBH6" CP009552 99.57
224T3GL2 224T3GL2 Carboxydocella manganica SLM 617 GU584133 90.74
224T3GL4-2 224T3GL4-2 Desulfotomaculum thermocisternum ST90" U33455 89.01
224T6GL2-2 224T6GL2-2B Anoxybacter fermentans DY226137 KC794015 99.52
%= 5. & DIRM ¥EFHYH F EE

Table 5. Fe”" content analysis in DIRM cultures
Sample No. 1 2 3 4 5 6 7
Fe-Ac Control (Blank medium) 198.56 0 0.17 0 23.83 1.58 0.07
Fe-Gly Control (Blank medium) 386.05 0 0.20 0 46.33 1.73 0.04
224T3AS 1043.28 2.94 0.17 0 93.90 1.62 0.02
224T6A6 964.62 3.45 0.20 0.19 106.11 2.17 0.02
224T6AL 618.30 1.34 0.74 3.51 55.65 7.96 0.14
224T3GL2 1468.25 4.62 1.74 7.82 132.14 18.79 0.14
224T3GL4-2 932.52 2.97 0.26 0.33 93.25 2.83 0.03
224T6GL7-3 1620.03 5.20 1.61 7.17 145.80 17.71 0.12

1: Fe** content in precipitate (mmol/kg); 2: Increasing multiple of Fe*™ content in precipitation; 3: Fe’ content in supernatant
(mmol/L); 4: Increasing multiple of Fe?* content in supernatant; 5: Total Fe?" in precipitate (umol); 6: Total Fe*" in supernatant (umol);

7: Ratio of total Fe*" in supernatant and precipitation.

2.4 DIRM 558 =Y M5 Hr

8 MR T, 2 440 BIJE Fe-Ac 25 G 7R
FEF Fe-Gly 25 [18557 5, 3 1~ Fe-Ac R0 k)™
Y14y ok A & WY 224T3AS . 224T6A6 FlI
224T6AL, 3 A4~ Fe-Gly RN LYo 5k B &
HEY) 224T3GL2 ., 224T3GL4-2 Fl 224T6GL7-3, 7E
SEM T, Zil& 0 b9 F 2L A AT s ek
R, f£ TEM T, SAERBINIES, 54
LR s A REMBAEEN R ZER ., BT
FeOOH 4 B B A {55 A 45 fh S A7, ks (vt
HEAh S B — 0 I AR RRAE . 2 EIERTS, 17
HERIE fBIRE) FeOOH %Ak R LUST 5 A TE
ErFem s 2, K 3).

Z IR 3 > Fe-Ac FEh Y, 224T3AS5 51674
e R4 d), HA Ayl WARIE 5 57 Jy (i
AR RKREGAE—E, DRIEESHERRZ,
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SEARER R . 224T6A6 B AL I ah AT A fiedis
JUP- AR T ARTE R dR iR, O R ST ek Gl
T 17.5-20.0 nm) H 45 & B 5 (AT 0L R 335 Wi 1)
AT G BE a5y, HAk R H A BE 2 T 3 (Fe/O Hy
1.39)(Kl 2, C1-C2), 224T6AL 45 FhEER, SR
R AT A s, AN ] SR AR TH S 25800 T A
FIAFE(E 2, D1-D2) &0 b P 2218 DL L3R 6.

ZAA 3 > Fe-Gly RIS, 224T3GL2
LRI SR (4 d), RS AT S B 5
W, D UFPIREER , 4558 . 224T3GL4-2 B
YIanRIES A, HA A EEY], JLT-4i e T
TIRTE ) A, e LA i 5 A B s (11 3,
C1-C2), 224T6GL7-3 &7 IARTE fhiA, 18 ILAT
MREEH, FLARAR RS H LA 5 1 5 (57 D 1Ak
K 12.8-15.0 nm)(& 3, D1-D2), &8 k771 a5
iR L3R 7,
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& 2. Fe-Ac RINFLYHIESTEBER . EXEFITHMEEEN I
Figure 2. TEM, SAED and EDS analysis of Fe-Ac series mineralized products. Al: TEM CK of Fe-Ac samples,
blank medium; A2: SAED CK of Fe-Ac samples, blank medium; A3: EDS CK of Fe-Ac samples, blank medium,;
Bl: TEM of 224T3AS5; B2: SAED of 224T3AS5; B3: EDS of 224T3AS; Cl: TEM of 224T6A6; C2: SAED of
224T6A6; C3: EDS of 224T6A6; D1: TEM of 224T6AL; D2: SAED of 224T6AL; D3: EDS of 224T6AL.

%} Fe-Ac 251 Hl Fe-Gly 2551k ¥ TEM
SIRTEEIRRY], R CRRIE i HUARE, 1k
P BRI TR AARGA KR 5.0-20.0 nm),
DB PR IE (B 42 3.5-4.0 nm, K 12.5-26.0 nm)
(F 2); SHmE o AR, 59 LT 4

IR TG A RGO Kl 6.0-45.0 nm), U —
MR ERBRIE N ENESG347 nm, K
14.7-33.0 nm) (& 3). Al WL, &4k = e ki AR |
s T ) LT R, AT S PR S8 SR e 5 T, 0 HRU
TR XM FeOOH a2 Wt F e il 92 A=
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T BRI Y. EDS s RSN FEEoLE C3. D3; F 3, A3, B3, C3. D3). &G0 1L~
YRR, 074k W) 224T6A6 FIERAE LA T WIRES Wi me e 5| W e, w048 KT H 40 S
SRR B AN S22 0AKR(E 2, A3, B3, i (Fes04) 525855 (FeCOs) HITRA ik .

12000
A3
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g
2
© 4000HOQ
FFe Fe
e
e Fe
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Energy/keV
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B3
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Fe
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3. Fe-Gly RFIT L MRIESTBR, EXEBFITH GG
Figure 3. TEM, SAED and EDS analysis of Fe-Gly series mineralized products. Al: TEM CK of Fe-Gly samples,
blank medium; A2: SAED CK of Fe-Gly samples, blank medium; A3: EDS CK of Fe-Gly samples, blank medium;
B1: TEM of 224T3GL2; B2: SAED of 224T3GL2; B3: EDS of 224T3GL2; C1: TEM of 224T3GL4-2; C2: SAED
of 224T3GL4-2; C3: EDS of 224T3GL4-2; D1: TEM of 224T6GL7-3; D2: SAED of 224T6GL7-3; D3: EDS of
224T6GL7-3.
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T 6. & Fe-Ac IBEFREEEVNT U= YRES R

Table 6. Crystal parameters of mineralized products from cultures of Fe-Ac

Sample No. 1 2 3 4 5 6 7
Control /o + 0.54 Fusiform Diameter 3.0-4.0, 0.31 Parallel to the long axis
Length 10.0-18.0
224T3A5 4 +++ 0.53 Fusiform Diameter 3.5-4.0, Dim Always parallel to the long axis
Length 12.5-26.0
Cubical, a few Side Length 8.75 0.25 At an angle of 45° to the side
224T6A6 14 ++++ 1.39 Cubical Side Length 17.5-20.0 0.25-0.29 Parallel to or at an angle of 45° to the side
Rod, occasionally Diameter 2.5-5.0, Not observed Not observed

Length 37.5-100.0
224T6AL 39 ++++ 0.59 Cubical analogy  Side Length 5.0-7.0 0.25-0.36 Parallel to or at an angle of 45° or about 80°
Rod, a few Diameter 2.5-5.3 Not observed Not observed
Length 20.0-225.0
1: Time required for mineral formation (d); 2: Crystallinity; 3: Fe/O ratio; 4: Shapes of crystal particles; 5: Diameter/Length/Side
Length of crystal particles (nm); 6: Interplanar spacing (nm); 7: Direction of lattice fringes.

#z7. % Fe-Gly BEFEEEVNT LYK ESH ST

Table 7. Crystal parameters of mineralized products from cultures of Fe-Gly

Sample No. 1 2 3 4 5 6 7
Control / + 0.56 Fusiform Diameter 3.5-5.1, 0.75 Parallel to the long axis
Length 12.0-35.0
224T3GL2 4 +++ 0.57 Cubical Side length 7.5-45.0  0.21-0.50 Parallel to or at an angle of 45° to the side
Rod, a few Diameter 3.0-6.0, Not observed Not observed
Length 17.0-45.0
224T3GL4-2 7 +++ 0.57 Cubical Side length 6.0-23.0  0.25-0.50 Parallel to or at an angle of 45° to the side
Spherical, a few  Diameter 10.0-23.8 0.26-0.31 /
Rod, occasionally Diameter 5.0, Not observed Not observed
Length 50.0
224T6GL7-3 5 +++ 0.63 Cubical Side length 12.8-15.0 0.25-0.50 Parallel to or at an angle of 80° to the side
Rod, occasionally Diameter 4.0, Not observed Not observed
Length 20.0

1: Time required for mineral formation (d); 2: Crystallinity; 3: Fe/O ratio; 4: Shapes of crystal particles; 5: Diameter/Length/Side
Length of crystal particles (nm); 6: Interplanar spacing (nm); 7: Direction of lattice fringes.

3 itib Py A L T A B A S R SR kU™ Sy
— AR S G W AE O DR PR 5 v 9 03 A
SIREEVERT, A5 IR R PG v Ak X T e 1 4k
TR 1Y A NS IR X 3R75 T 139 > DIRM

S AL R T FH B 3k DA A S — P A Py I
WA AR R Y, e KR PR
Tl SRR R R R B B T

DIRM. AR MR K PIRR KRB hy 0 1) RISHDRBE AL 1020 d M)
B H B DIRM Bt 5] i s S b4 JE i WGEFEIE , Y 2R 28 00 B A IR

TR LR L RERUEI SR — | TR

Caloranaerobacter ferrireducens, 'Y Be
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Dissimilatory iron reducing microorganisms in South
Mid-Atlantic Ridge hydrothermal fields and their mineralized
products

1,23

Guangyu Li'"*?, Xiang Zeng™’, Zongze Shao™"

" School of Life Sciences, Xiamen University, Xiamen 361102, Fujian Province, China
? Third Institute of Oceanography, State Oceanic Administration, Xiamen 361005, Fujian Province, China
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Abstract: [Objective] To obtain the dissimilatory iron reducing microorganisms (DIRM) from deep sea
hydrothermal fields, analyze their mineralization ability and mineralization products, to further understand their
role in iron biogeochemical cycle. [Methods] We enriched and cultivated DIRM from polymetallic sulfides of
South Mid-Atlantic Ridge hydrothermal fields with FeOOH as an electron acceptor, and acetic acid efc. as electron
donor under the constant 60 °C temperature anaerobic condition. The morphology observation and elemental
composition analysis on mineralized products were carried out by scanning electron microscope, transmission
electron microscope, selected area electron diffraction and Energy Dispersive Spectrometer. [Results] We obtained
a total of 139 iron reducing microbial cultures from 2 polymetallic sulfides. All of them could transform FeOOH
(Fe’™ 90 mmol/L) into mineralized iron products with obvious crystal structure, mainly in cubic shape with side
length ranged from 5.0 nm to 20.0 nm. According to Energy Dispersive Spectrometer analysis, the elements of all
mineral crystals were iron and oxygen, presumably a mixed mineral composed crystal of siderite and magnetite.
The time of formation of mineral crystals varies from 3 to 54 d, and most cultures can form crystals within 11 to 20 d.
Microbial diversity indicated that the dominant microorganisms in the culture were mainly Firmicutes and
Euryarchaeota, including Carboxydocella and Desulfotomaculum, a new species (16S rRNA Homology 89%—91%)
and Geoglobus. [Conclusion] At 60 °C, bacteria and archaea in hydrothermal fields could transform ferric iron to
mixed iron oxides mineral with the simple organic compounds as electron donor. These results supported the
potential of microorganisms to participate in the biogeochemical cycle and mineralization. However, it requires
extensive research work to verify their roles in situ.

Keywords: South Mid-Atlantic Ridge, hydrothermal fields, polymetallic sulfides, dissimilatory iron reducing

microorganisms, mineralized products
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