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Abstract: Manganese oxides are a type of high-reactive minerals that formed from biochemical and
chemical oxidations of manganese(1I ), which are capable of influencing significantly the transport and
fate of many major and trace elements in the biogeochemical cycles. Increasing evidence is showing
that microorganisms, especially a variety of bacteria, play a dominant role in the oxidation of dissolved
Mn(II) in natural systems. In this study, a soil-borne bacterial isolate with a maximum
manganese-oxidizing activity by 65 umol/L (it was apparently higher than that of other isolates by us-
ing the standard leucoberbelin blue assay procedure), was screened from the Fe/Mn nodule-surrounding
brown soil samples that taken in Queyu, Shandong Province, China, and was identified as an Es-
cherichia coli strain (named as MB266) according to the morphological, physiological and biochemical
characteristics, G+C content of its genomic DNA as well as the 16S rRNA gene sequence alignment
analysis. Subsequently, the multicopper oxidase encoding gene (mco) of MB266, which was thought to
involve in manganese(II) oxidation, was cloned and characterized (GenBank accession number:
JF682492). It showed that the corresponding protein, MCO, was highly similar (by 99.0%) with the
previously reported E. coli-harboring type I multicopper oxidase at their amino acid sequences,

whereas the similarity of amino acid sequences was very limited (by only 19.2%) with a currently
well-characterized bacterial manganese oxidase, manganese oxidase CumA of Pseudomonas putida
MnB1. However, the conserved structural domain analysis using online tool CDART revealed that two
conserved copper-oxidizing super family domains in both proteins, together with two conserved
Cu(II)-binding sites in each conserved domain. Additionally, it appeared that multiple B-sheets in both
proteins that were able to form B-barrel domains in their predicted secondary structures. Thus, the
structural intercommunity between MCO and CumA might contribute to their similar biochemical
activities in manganese oxidation. The manganese-oxidizing activity of an E. coli wild-type strain is a
distinctive feature that has not been reported prior to this study.
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J& (Corynebacterium) . %% %5 I J& (Streptomyces) Fl
Chrysiogenetes/&; 73 5lJ@ To-. B-Fly-25JE 5 2K
(Proteobacteria) 1 £F- /% T4 J& (Leptothrix) . i 5L Hf 1 &
(Pseudomonas) . -+ f# i J& (Pedomicrobium) . 740
J& (Erythrobacter) . IV.fiFf {k. £ i1 I J& (Nitrosomonas) .
¥ B it B )& (Aurantimonas) . H3J% 1 J& (Rhizobium) |
Hl OBk J& (Paracoccus) . PESIL
(Oceanospirillum) . Geobacter& FlCaldimonas/& 2!,
8 H R AT b A A A 20 TR RIS T AR D
WA HTAESE LNES, HEPHEANES
VY VR ZK 1 i AT A T 1 A AR ML TR T R A AE
BRI 25 RABIIE 340 A AL A0 B 1) A 5%
A FVEACHLT, o B e - 39 200 58 A0 B AL Ak A

FEAEAR SRR R IT 2R B A W s BR AL A0 3 T A4,

A E RN E L,

A SCHR TE D] A —Ab A 4 A% 1 3 o3 2 A
S — AR LA A e A AR AT P A TR B L 2 AR A T
(Multicopper oxidase)ZfiH 3 Kl (meo) 1 SR 45 2R . 28
A XPZE AR M (DAL S PRI TEPE L AR R
meo i Bl & 25 #4055 18 B9 I 2 5 43 B, IFAELR G e
HARIE R . F6 50 Az BAE AR RE M R T AR 2
FEUE LA I, B U8 8 R FF B (Escherichia
coli)Bi ik o A DKM T4 B A= A B ik B A B A A0 TS
PEAYRRME,  H BT AR DT SO

1 MBE 5%

1.1 £#

- SR A ML R W I R R Y R — o R
SERRAERR)Z (0-20 em)#rfef 13, %2 LR T
B FHE A5 4 + (Calci-Aquic Vertisols) . R 5 1) +£f
BE W B EAS T4 °CRAFE, HHELEE
A7 20 o TR A Y 40 5
1.2 BEHRFEFE

121 fREEW: A TSNS EHEASE

FIG+C mol96illl 72 i b 1 2 IR T MR AT TR K o T PR,

rh & [E HR 4 K24~ CGSC (The Coli Genetic Stock Cen-
ter)

1.2.2 FFE: FABHEAKRESRE: FRES0 g,
H1P710.0 g, NaCl 5.0 g, Z£#7K1 000 mL, pH 7.2,

PI1x10° Pa’K %30 min, JH T 445 ib AR5 3% 40 1 Y
4% 85, Luria-Bertani (LB)JGF5L: M 1)145:10.0 g,
P RF4REUYI5.0 g, NaCl 5.0 g, #%1%7K1 000 mL, pH
7.2, LA1x10° Pa’K#30 min, T4 B A4 A k40
WK, KIGFRE: A A NR2.0 g, BERHEERY
0.5 g, FeSO4-7H,0 1.0 mg, MgS0O,4-7H,0 0.2 g,
1.0 mol/L MnCl,-2H,0 1.0 mL (FiH FHlEhFeSO, .

MgSO,FIMNCI,3) k75 15 57 Jk K B i 38 2o TC T D8 2
I A), Z£487K1 000 mL, pH 7.2, D11x10° Pa’k
P30 min, FH 4 AT M AR Y o3 B R AT
PERI E o R ES 7R 5L AE LR A5 B R T s
1.5%1) B Hg 1T A o

13 FH&E

131 AN EFEREHKAFE: WL g FEHKH
ddH,O Fit & 1 1% (W/V) £, 5 BCH: 107 H B
100 LA T4 R H 2 RS 72100 mLA s 42 3%
F24 h, SRJFBOLL107 R R 100 uLvk A T4 N 4R
AR, 30 °CHEFR 0 2 BB TR Ja A T X0 e o1 125 2
fb, MERM e R RO B e e A A RS A
1 mmol/L¥# FEMN(I1) LB -4 |, 30 °CE;3%3 d)
WEZ I 5 AR Ak 1

1.3.2 HBEHESELEEMNE: AES
1 mmol/L Mn( 1) ¥4 K& 37 3 b T30 °CHR 7 84
F23 dE P HE KL mLE.L, X LIEWR, niEEm
10 mmol/L HEPESZ: il iF WA, SR J54%1:5L0 )
(VIV) Bl A #& £ 4 0.04% () LBB  (N,N’-dimethyl-
amino-p,p’-triphenyhnethane-o"-sulphonicacid) i 51 ,
FAMRA, IR T TRAL 30 minjs, 28 SCH
(4164 77 3 ) LA S AR TG PR I BRI 5 B PR S5 2R, O
FHKMNO g7 7 [ 4 325 2 000 s BH P D e 1) A AL T
‘f&"{ﬁmo

1.3.3 HKMZME: Koo o 37 Wik ol Hwh
FHA0ML mmol/L Mn(11)#J100 mL LB AR 3¢
JErf, 30 °CHRZ MR, RERR2 hHUREDN & H ODgoofH,
oA 2, S0 E A 3RS (E .

134 NBEMHESABEEEEMFENE:
Sy BT ARG AT B | S RS B E BT
LT B 45 (ISM-6390/LV HY, HAS NTC)MEE, LA
ST AR e B < FLBE A e | Y RS0
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V-P SEHG | WM A L SRR SR L 7T H,S SR AR A B
A AGAEAE B4 I 5 X538 SCHR BT s 14 vk AT B0

1.3.5 G+C mol%HyiMZE: 4553 25 7 Bk 1) E.DNA,
FE A 15 05 15 1 W A e AT A B iR T, fil
OD30:0D 260:0D 60 % 3IF F°0.454:1.000:0.515, R )5 1%
M s k8 i Beckman DUSO00H 435t J3 11
FE X DNAIE I EE (TmfH), ARIGAT B K o B R AE
FARMES IR, 15/ G+C mol%=51.2+2.08x
(T ms—Tmk12)(0.1xSSC VW ) T4 45 25 T bk 14
G+C mol % & &,

1.3.6 2 DNA BJ#I&. PCR # % 16S rRNA E &
S5F5I9H: MR EKNES DNA 6l 42 MR
P T DI 45 B0 5 DNA MR, 5149 27F
(5-AGAGTTTGATCCTGGCTCAG-3")#11492R (5'-GG
TTACCTTGTTACGACTT-3")i#1T 16S rRNA J&[H )
PCR #"3 hii . PCR KW 45442 94 °C 5 min; 94 °C
30 s, 55 °C 30 s, 72 °C 45 s, 30 MEH; 72 °C
10 min, FH 0.8%3 g W e I F Uk K PCR 74, JF
FH PR P s T A 00 5 (o R 28 v A 35 IR e
ARA R A By 384724, S805 b st = ek
VIR A BR A ml AT I o 0 45 5 FH BLAST 4K 4
55 GenBank 1% FREHE 2 H A SCFI @ 1) 16S rRNA &
P57 [P L8, SRS T MEGA 4.0.2 B ff
21 Phylogeny DA%k (Neighbor-Joining) i 17
RGR BRI, R E 7% (Bootstrap test) X
Gy SN BT EEHEA T IR, SR HEECH 1000 IK,
A Kimura-2 2508080 gt £ 7 st A4 i g 3130

137 HBEHMmcoERAMY EERFINSH: HT
O3B AR B meo i A 19 51 1 /& 2 B GenBank 1 kK
i FF B 1) 22 4l S8 AL T 3 (5] cue O )7 41 (GenBank & 5%
‘54 NP_414665, NP_285819.1. YP_003043351.1
FIYP_002925318.1) # 47 Alignment Ht % Jim H3 95 44 51
FPyk ittt H EFL1% AP 5-ATGCAACG
TCGTGATTTC-3'; T iif 51 ¥ 4 Py: 5-TTATACCGT

AAACCCTAAC-3', §"#imcodk F HIPCR W % 4 :

94 °C 5min; 94°C 30s,53°C 60 s, 72 °C 90 s, 25/}
PG, 72 °C 10 min, PCRY # p= ¥ e 4lifb [ J5,
At =i A A YR A BR A wl R T I0 o E 4
RTEGenBank%i 4l i 17 BLAST 4347
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A — R R A5 LR WA AR R 2 £
B v 5 2 8 ik HL A 4 AT T R R, 4 AR
AT PR B I e B, H o — k43 1 A TR Min(TT) Y
AL B iR, BmMn(IV)HE EE K365 pmol/L, K
LW MRTE R R A T i 5%, BFR24 hHUHE AILBB
8 P A I R A 7 A A B [MIn(TTD) B Min(1V), #1],
IEI e ARV FE ) AR fh i 2 (12) . FR DL S5 2R ]
HUZ TR NA8 hi5 I Ih S Ab A, 8 A [ A 3B K A
AR R BT, 5 dEk BRI TRE.
AR FENG 2 R R FH T 10— 20 1) 6 o PR S A A DG 3
K3, A4 MB266.
22 HKhZNE

XF 43 5 Bk MB26643 1| 7E & 4 04111 mmol/L Mn
(IR 2Rh B 75 5540 S AR Rt AT 1 I . an &l 2

1 2 3 4 5

Bl MB266H ik 874 & 1L i MBI LBBAR I f i 45

Fig. 1 LBB analysis of manganese-oxidizing reactivity of
strain MB266

M1 BAPERTRE; 2:1d;3:3d;4:5d;5:74d.

Note: 1: The negative control; 2: 1d; 3:3d; 4:5d; 5: 7 d.

40 ¢ 180 2
35 1 U900 el Mia [4di1h v ¢
3.0 | —a—3.0 mmol/L Mn A 1T e 50
75 + w-4.1mmol/L Mn 1 50 E =

< 20 | ' 14 2§
L5t E 30 £3
10 + 1 20 g 5
05 r 110 8
0 0o 3

0 4 8 12 36 60 8 108 132 156

Incubation time (h)

El2 MB266 EHHIERENEMETMREKL

Fig. 2 Determined manganese-oxidizing activity and
growth curves of strain MB266

Wi, 2n AR 3. 4 HALIE AR L.

Note: 1,2: Growth curves; 3,4: Manganese-oxidizing activity
curves.
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7, MB266TE #&7EA & Mn( 1) 85 35 41 F R e
1 2Z 10 A K R W KT B MIn( D) Bs 7= 5 b i A=
O, DI — 5 Y Mn(IL) B A 7E 40 18 2 K
() Ui B B — e FR B LA TR AR 3 d
Z IR IEA R T, (BAE & Mn(11) 35 55 &1 F
A T T Bk S AL Mn(T1) A= B 4R A0 T LA W Y (i A7 52
I, 5 dif ik Bl K, HEMRRHRE . LBBR:
ISR v B R B, AR K B AR E )R, A
FREIF R IR BT, U6 B MB266 X 4% 1Y & ik & A 7E AR K
AR E 9

23 S EE MB266 RHIEE

231 WEESEEFER: SEEE MB266 7F
LB Br3fdk L 2R A6, BE, Wik%EsT,

A T BRI PR
3! koo ‘ngfﬁi
i F”*j? ‘ g
“«"‘;’; P " .

3 £ 3 'f
b 3 . t- el ?
I ~

- f -

R

o ...“" l'.:’. P

; de 3 3 -
A T i 3 - 9\}
'.? :"'?P' 5(\- -.:'z-‘ “'.‘,b? f E \_“. e

TG, I, XFMB266 T MR IE S AT T Yt
R R A R B g, SR ILKZ, K IMB2667H
PREEFR, JCHFM, FAME, 52 P a0,
DL b BRI 25 s 5 RRAE A5 & SCHR [5] 1 e 4 3 19
U AR e IR AR I TR A 2 TG T AT T 28 TR A T
YRFHIE o

2.3.2 A4 MB266 bk fRE A KR E
37 °C, ZERERD 2 AR R ILE L IR 72 h
Jo, R Ry EA K, HAERE IR K
AAK, UL A SR IR A, 1 H B A iE 8
Yo LIRBATE Koo 1F 00 E 055 fE S B K,
MB266 [ Pk L & AR A AR R 5 bR o TR AR — 2
(# 1),

X15 000 1 pm

E3 HBEEHRMB26REERE . EFZRIAGMAMBEURMES
Fig. 3 Microscopic photograph of MB191 by simple and Gram stain, and SEM observation
TE: A TR (AR A (x2 500); B: T 22 [R YL @A (x1 000); C: 4% FL BT W% (x 15 000).

Note: A: Simple stain (x2 500); B: Gram (x1 000); C: SEM (x15 000).

F 1 MB266 HHkBIER D £ IBAE LAFMEN E

Table 1 Determinative biophysical and biochemical characteristics of MB266 strain
F#fE Characteristics

T H Determinative items

MB266 E. coli Ky,
m5[EF= 4= Indole production + +
F 2T %2 Methyl red test + -
V-P JlI%E V-P test - -
H,S;/=4: H,S production - -
iz s Sports test + +
W N .\
Acid production from glucose
WA= . .
Gas production from glucose
FLE IR . .
Acid and gas production from glucose
D-TH s A H . .
D-mannose utilization test
D-TH & B A . .

D-mannitol utilization test

TR+ SRR, — BITRER.

Note: +: Positive; —: Negative.
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2.3.3 G+C mol%HJ M E: i P % Bk MB266
AR E M, B EERN T Ty EN
80.25 °C, Tfii AH 7] 2% 14 & W % %) bk E TR Bk K i AT
W Ko AR T {2 80.20 °C, Htbif5
Ay B HE Mk MB266 19 G+C mol%f{E & 51.30%., ¥
SCHR[B] MR 2 3R, 43 15 T Ak MB266 FJ 25 7 31 K
FFH8 & o

234 16S rRNA ER¥ &, FINESRFEHK
S LA MB266 &L DNA A, LIANE 16S rRNA
SLPRE A5 PpiE1T PCR 714, 133129 1.5 kb 194 44
FEY . KB PR TN SE T 8 #E GenBank B4 %
thiEAT BLAST 40#r, KT H S KB # bk r
16S rRNA JEH AT 99%, X BLAST 455
FLAT S5 e RR AR 7 3 SRR SR AT 3R 4 Ak 43 BT UL A
4, 4553RW], MB266 7] J& T KIZAT i & AR DL P
AFHRAE | A2 BRAE ARARAE | G+C mol% & & 2 & 16S
rRNA JEHFF1 04T, For stk MB266 % bk
JAFFI

2.4 MB266 E#k mco EE I IG5 F IS
LIMB266.5 DNAJg#id, B FiF5 [P HIP,
HEATPCRY 1Y, HLIKSS R W R1851.5 kb R/ o
e 918 7 BOEETEMRN ¥ 5 &3, ¥ 3R By —
MR g HE, HOR/hA1 551 bp, £
BLASTZr#r, %5 BeJ¥ 9155 GenBank i 2 1 K
FF T T 22 0 4 T Tl 1 2 i TR () U1 35 99%, iy 44
himco (GenBank 5k 51 JF682492), 4 Alignmentlt
StA3HT &2 B, mcoZi i AIMCOHE 115 5 5L A8 B0 i B
(Pseudomonas putida)fd & fbAH I F cumA (Gen-
Bank# 551 AF086638) % it 2 [ /it 1Y) 22 SE R 7 51
(R B A5 19.16%M1([&]5) . XFMCOFICumAf)
T F 45 7 5 R FINC B L& Ji )5 /4 T. H.CDART
(Conserved domain architecture retrieval tool)i#t 17 1
530, R IMCOFICumAH AT 2/ (ST 14 S Ak
W, AR A BN A 24 PR~ 1O 25 45 &
fale BAR LR T S A APETRAR, (H2 0
SF G5 F S A R AR DL TR A A T RE A AR LY

100 IEschertchm sp. B4 (EU722735)
g9 L Shigella flexneri strain 1-18 (GU586143)
93

Escherichia coli strain BE42 (EF560785)

£

Py

fge b g L T2 NA QL NERL
Lrovacier jreundil Ivi-o \LuUsuou

1007 Caldimonas manganoxidans (T) JCM 10698 (AB00880)

100 liBacillus sp. MB-11 (AF326360)

Arthrobacter crystallopoietes Epl (AF329834)

Pedomicrobium sp. ACM 3067 (X97695)

1001 L vB266
99
a Pseudomonas putida MnB1 (U70977)
L Leptothrix discophora SS-1 (Z18533)
100
99
o Erythrobacter sp. SD-21 ( AF325445)
o7 Aurantimonas manganoxydans SI85-9A1 (U53824)
—
0.02

El4 HETFMB266E#k16S rRNAEREFFIMRFEH KO TLER
Fig. 4 Phylogenetic analysis of MB266 based on the 16S rRNA gene sequences
TE: AR A4 5 55 N BB GenBank (98 545 4330 55 BT Dy >R P EE AR 12 00 43 S 9 T 2 S HOECHy 1000 YR B 19 815 B2 (%),

e I RZNEF R A TRF 5 0 2% 25 5%

Note: The numbers followed the species names denote the sequences accession numbers in GenBank. Numbers near the branches are boot-
strap probability values (%) with 1 000 replicates. Scale bar represents 0.02% differences in nucleotide sequences.
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o T
“PSIPRED”
Ty B,

o XTMCOR IT 254 FH7E 2 T. &
(http://bioinf.cs.ucl.ac.uk/psipred/) #t 17
£ IMCO 5 CumAfH 11 z& *mﬁsu

AL ANTE 15 AL, WMnxG . Mof% (1) 2451y
JeApl, X LEZE b Ik AT RS B AT X B X
Mn(ID) 9 EARTEVEAT 5 o F AR SCRI 25 8 70 B T

AT ZAB-Tr BIFIE L2 B-HR 4 F

XHHE PR EmeoE SR AL AR SC R L A

Mco.seq  MQRRLCFLKYSVALGVASALPIWSRAVFBAERPTLPI PDLLTTORRNRI JTI G. AGGSTF 59
CumAseq . ... .. MSFTRRQMLKGL TGEVVVGLGRGGAARYWLGKVECCNEGHDYE[ll AAPLDVELV 54
Mco.seq GEKTATT!GYNGNLLIPAVKLQREKAVTIDI YE(J]TE..LLEVEG@V@GE B 116
CumAseq PEFKTEARAFGPSAPETELRVRQETWLRIRFI BHIP VI EINEE! RLELEVBEVEYVSE 114
Mco.seq Gl I PPBGKRS VTLNRDCPBATCRF EBEQHGKTGRQVAMEIIABL v VI BDOE! LKLM.PKQW 176
CumA.seq LpVKIEBEYFDYKFRRPL. BGS YRYBREVS. . SSEELGREIVEPL] VBEREPTGFLHERTL 171
Mcoseq  GI COVPI VCKKF SADGCI EYQLDVIVTHAVEV&FIDTLLTEEAI YPCHAARRE wLEL@E 235
CumA.seq SLKNWHEDENG. . . . . . AVILPFSI PREABRNETAERLI TI BECACS VTELFAECVVIRVIRE =~ 225
Mcoseq  [BNGOBARSLNFATSONRPLYVI BSBEGLLXEPVKVSELPVLMEERFEVLVEVNDONKPFDL 295
CumA.seq [BNLONTWT YRLNLKGNCEAKI YRLEENPVTP. . RPLEDCYWLEPGMRI CLAIR. . . . . . . 276
Mcoseq  VTLPVSEMEVA] APFEKPHP VMEI CP1 Al SEBGALECTLS SLEEESLEGLTVRKLQLSM 355
CumA.sseq . .. I PMABEEN SLRIBG. . . FVINLGTLRSVERNDAESDVP. . [JENEPNP. . . .. . . .. 1A 318
Mcoseq  IMECMMVGMQMLMVEK YGDGANAGMBHS QMVGHMVGHGNINHMEHBGKFBFHHANKI NGQAF 415
CumA.seq EDBENAEKLNFNFEWAASVTVTPBPLKPS. . . . .. SHVQI N. BGAVBI TCKTCAD. . .. 367
Mco.seq  CVNKEMFAAARRGQYERWVI SGVGDMVLERFE! METUERI LSENGKPPAAHRAGEKDTAKY 475
CumA.seq | R ATLQEGKS YI FELKNV. TQYQRR! ELEEVSEKVI GSBR. . . HOI KEPFFTCTYL 420
Mco.seq  EENVSEVLEKFNHBARKEHA YNARSEL L EEECIREMYL GF T 516
CumA.seq  LEKNERAQALVARNY. . GTWYFEMEVI DEMVERELYAAL Ay 459

E5 BE¥kMB266HImcoEs E A1 R R 2 M E A cumAR E R 473 E B S 58 F 5 R Blast 5 4
Fig. 5 Blast analysis of amino acid sequences encoded by E. coli MB266 mco and P. putida CumA

3 Wit

H AT 9T I 2 B SR A P 32 28 2 AT /K IR 7K

B rp oy ARG, i A A A A B A B T A

Ao AR RIT, [FFP A0 0E ) A A A
JE AT REAFAE RS R 25 5, DRI - 3 40 7 SR b 4 1 40
HLI AT BB 598 5 MR K H I A0 B A BRI ], AR
5T 55 R 25 A% 1 A 8 v 2 2 81— o o e S AL T
PEBE PR, 28 %% R 1T 25 4 SRR AE R A B A fh 4R AIE
FIMLEEI E, IE45 4 G+C mol%illiE . 16S rRNA Xt
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