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K BH REAT 5 46 KU 7> N, H, S H, CO, Al NH, 55
FE DRI BE o BEAT AN TG & F S A8 2 i i Y5 A
M BRBE A AL SR TS o 2R (5 AR B 4 14 (PNSB)
B DR R AL RG24, C A G & 1 HT S A2 T
A AU CO, [ e 55 LB A 5T I RO 2R
P o HRTET APB R HL L B ST D
A AT As (D) 5 64 1F AR BEHL I 1
RIE . 2006 4, Qin TFAE 73 # Ak D AL 45 S AL Al B
— Bk PNSB i 5g [ I R 3k T i Ik A SE B CarsM)
R/ K B R Ao k2 ) /N O B a1
B o 2008 4, Kulp 45 75 5 [ B0 & BL bR
i 4 v, g L As CID) A5 M — HL 7 44 70 D RUR 41
B R O6 A 7 AR As (T 46 As (V) o ik
A, 1 Chlorobium Chlorobium
phaeobacteroides F1 Chloroflexus aurantiacus %5 £ {4
0 M 2 €0 A o A R DR A TP R L T S AL As
CID) ey [ i 35 A o, £ Rhodobacter sphaeroides [ Kf
PRI As (V) BERHT Y o K SLRFS S KL
il NATTIT U6 35 90 5 vE APB 75 Rl A i 45 26 vh 1 2R 2
FAEHL B H AR APB i AQ 5L B = 42 10 & G2 A
P U H B Z S B 5T . PNSB & 45 21 815 i i, 2
APB ) — AN BE2H B, 1 0 AR B AR A g AR 22 A 5T
fl g Y o DRI Uk, A SCEE 4 PNSB O BF 5
S5 A IR O o A 4k DR 2 ) T A I 4 AR 5 0 A
MEE KK B R GEHE ST T PNSB it A 3 2k DX 7% 11
Gk, AR T AR B AR O R A R AR
R, % B T PNSB #it A J& Rhodobacter FN
Rhodopesudomonnas W] 3 /N B 38 i W 1 1R B X
WPt LA AL, 3E— D850 T PNSB i A 3 A
o AR IR N R AR APB X filt [ Hh 5K 44 2% 4 2R
MIAE I Ba5E T BEIg LAl
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1 MRk

1.1 ##
1.1.1 B PR OV VR4 OO B CQVIT
(Rhodopesudomonnas palustris CQV97, Rps. palustris
CQV97 ), [H % 2 41 134K20 ( Rhodobacter
azotoformans 134K20, Rba. azotoformans 134K20) Fl
S 8 21 4T % XJ- (Rhodobacter capsulatus XJ- , Rba.
capsulatus XJ4) o X 3 NEFEN GenBank % 5% 5 4)
4 EU882154, EU883587 Al HM370064 , A 52 I =

I3 BB I RAF

1.1.2 EEME KIRXF: UV3200PCS %K 4k v] UL 4>
JEH T (MAPADA) o % g N LA 55 9% 41 (ZRX-
300E A1) o & 3l &0 AL (3K30 A, Sigma) o i
550 HL (CS150GXL, Hitachi) « Milli-Q 8 4l /K #l
( Millipore ) « . = ¥4 #% T # HlL ( FDU=2100,
EYELA) o J& Jy# 4% (FA, Thermo) o 7 % W5 fi# 1X
(MARS-X, CES) . HPLC ( Agilent 1200, Agilent) -
ICP-MS ( Agilent 7500cx, Agilent) , & i £& U 45
Hamilton i 4t 4% (25 mm x 2.3 mm) 1 Hamilton
PRPX100 10 pm [} 25 7 48 4 A (250 mm x 4.1
mm) . NH,H, PO, (GR, K4 j=) , NH,NO; (GR,
Fluka) ,65% HNO, (GR, Merke) , NaAsO, fll Na, AsO,
*12H,0 (AR, Merke) » 5 &3 71 24 [ 7 43 #r 46

1.2 ET2ERMAEFT AN EH S0

1.2.1 EFREAFFI IR EF— MM /£ LPSN,
IJSEM. ATCC F1 DSMZ M 35 E Chup://www.
bacterio. cict. fr/, http://ijs. sgmjournals. org/,
http: / /www. atcc. org/, http://old. dsmz. de/index.
him) $445 H 7T A CARIE ) PNSB 9 F . LUE 4 4
<4 37, - NCBI Chttp: / /www. ncbi. nlm. nih. gov/)
M MicrobesOnline (http : / /microbesonline. org/) ¥ 4
JE A8 2R IF AR A BE DR 41 7 4105 0 ik DRI 2 1) — R
HEAT 3R

1.2.2 16S rRNA EFRF A EWBIME:

H ClustalX 2.0 ZK 4 %) 3% £ & £k 79 16S rRNA
LR P B0 JEAT LR 23 7> T Mega 4.0 14 1k H
4% (Neighbor Joining, NJ) 347 2 2570 ¥ o
1.2.3 m{R KX E R R E M DLRkaE r iR
YA S 3 IR g 2 RS T R B 4 2 1N 4
A b &R H bR R K. i GenBank v 3k HL
AH O KL BRI 58 A7 K& Dy g » A BLAST T H 3k B[]
PP 50 Je S DA RS IR 5B or BT BT AR B L1 K &5
PR AE > LA DA S5 DR T B 3 R 1 M At 1 o [ R
I EMBL ( http: //www. embl. org/) 5 DDBJ
(http: //www. ddbj. nig. ac. jp/) FCH & *F 3k I 3L
R B — 2D e
1.3 w0 e 4% it &9 E
1.3.1 $EFFEMBFFFH  RHBREM Ormerod K
Fe3™ W 2.5 g/L CH, COONa #1 0.5 g/L
NH,Cl %48 6.0 g/L C,H,O,Na, 1 0.5 g/L. (NH,),
SO, . BigF 5444 30°C 3000 lux Y PR & B 57 -
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1.3.2 YHEFHRMENE K REANIEIRE 0Dy,
290, 4 1120 B R 0 R B S A AN [ R A 1 s
T O R AURE IR 8 I HORE I e T AR AR )
(L OD o i1) 5 20 il A il 2 o8 577 39 48 Kol %,
SR A A6 41 B P B A K T W ) 50% () i ik JE
(EC,) "™

1.3.3 BN As SR KIER BA WS
0D, 21 0.4, 23 AN As (D) F1 As (V) , H2& ik i
2354 0.2 mmol/L A1 1.0 mmol/L, [A] % & & As
X M4 (CK) 5 4k 4255 9% 80 h,4°C 6700 x g B> 20
min WAR AT R B2 B W BEAT RE B TIAL BRI E B
WA M4 5 As ITEAS

1.3.4 MR RWESRESSE/NE 90155
Fid 0D 29 0.4, N As (V) 5 As (1) & 2k i
J7°0. 10 mmol /L, 4k £ 37 3% 80 h,4°C 6700 x g & .0
20 min WCAR TR A, T3 48 B 2 o LT — 4 N E A
AR As IEEN &R, 57— 5% Takeuchi &
VU P K W 3 UK, B T 20 mL
4l 7K 1, 4000 psi 7 B8 A0 M 40 PR AR 42 4°C
10400 x g &0 10 min 2 bR 41 i f s B FiE W4
700000 x g i B0 30 min, W& b E W (40 R
TR i As BRI &2 .

1.3.5 #HHEMAE: &0 KE LERESES
0.22 pm JERIE 38 5 H T As 1000 52 o B4R 40 il
H gl K de ik 3 I IR AR T -80°C, M 9.7
pa, AW E T4 48 he A% T4 WA M 10 mL
1% (V/V) ff) HNO, 78 47 % fift )5 % N i b 1
TR Y A A b AT B A Bh T AR T R S S R
Zhu %5 77 ¥ ¥ BT o W R O R E A, 4°C
6700 x g Z0 10 min B 35, 0. 22 um i 38 9
T As W o

1.3.6 MESERESERNE: R & 2R AH A
U A SE B T R R BT B R (HPLCHACP-
MS) , Z: I Zhang %5773 HEAT o w5 A0 €538 i
A 4 6.67 mmol/L. NH, H, PO, Fil 6.67 mmol/L
NH,NO,, ] NH;*H,0 % pH % 6. 2. filih5 #EFF
J As(I) ~As (V) \MMA } DMA & & F5 HE W, &
LRI N 10 we/L, 2l AR fE th 2. il I 25
STIBVRSE T A RN e NN IO S =it S SO (i
it .

1.3.7 #EEREE X CQVT & 4k ff H 1% BY 5210 : JK 4
HeE RS F2 2 0D, 21 0. 4 18 41 1 >R G B 2R #E 2h K
BLUEEE 3 RGN E R T AR & A 6 mmol/
L Al 12 mmol/L Na, HPO, ¥ 72 5o 4% b ik B B
Iy B AT 200 WL AN [ 9 B A ) 20 mL R I A
o, Ak 40 IR 4B 9% 60 h, I B AR R R (DL
OD g, 1) o il ST B AR 2B K 0 40 60 R 4 2 50 T
(inhibition ratio) = [1 — (5256 417 #7 W1 AE W & - ¥)
AR D) 1 O AP AR = - Wiis AR D) ]
x 100% #4715

2 iR

2.1 PNSB & #kE FHB— AR FFIE

M PNSB 21 Ja 3 71 A b JE el 21 17 A BAR I
RN FA), KB T 4 J8 6 B, Bk S LB A 1)
—BAFPEIR 1 s Rhodobacter J& 6 T Bk, I
AT 4 BRS A 2 &4t 4k (Chr) , Chr2 K/ 0.9 -
1.3 Mb, Z1 2% Chrl ] 1/3. Rps. palustris %< {0 44 4
XK B BisBS B AR B (R BN AN, e 6 BRGL (0
K K/NZ) K 5.5 Mbe Rps. palustris CGA009 5 Rsp.
rubrum 11170 Az Rhodobacter J& 6 MRV EH 1 -
5ANKPNANEER KL Rps. palustris 3 4k GC &
AN AK > Rba. sphaeroides Y 4k GC & & A X%
By e AEROARAL K K/ TR I B & GC L
19145 75 1 4 A7 BOK 10 22 S, R W] PNSB & — A 2
P AR R . PNSB i & (9 2 #1155 41 1 it 7
F P 55 B SR AR 56 ™ PR I A6 A B K () — A T
BEIAIZR . PNSB — B # A 4 A2 W 5 A= iy 12 4 1 55X
B S WA ) PNSB R Ik 2 IR Tl 4 i 2
DRl T 1R 0% 28 0 22 S A7 B T IR O\ B A% PNSB fil £
AL e LB R &R
2.2 PNSB MG EREKRS

17 Bk C A A4 56 X 41 PNSB TR #k « A A 58 8 1
(1) 3 ANWRFE S 13 Bk C A A R4 P 5 ARG &
PEW 16S xRNA JE [N FP 81 1) 2R 48 % 5 o0 M e 3t
B A A G R D A by A5 R i BT BT e
Rhodobacter J& 1] B & 16S rRNA F: [X] % 41 45 5 1%
57, BRIEE — 43> _E 5 i Rhodopseudomonas J& B £
W R AEA A 1 53 5 L
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%1 BillF PNSB £ 5 ik & F A — AR 1E
Table 1 Genomes features of sequenced seventeen strains of PNSB
Organisms Chromosome Plasmid Size (Mb)  Chr1 (Mb) Chr2 (Mb) G +C% protein gene
1 Rhodobacter sphaeroides 2. 4. 1 2 5 4.6 3.19 0.94 68.8 4,242 4,370
2 Rhodobacter sphaeroidesATCC 17029 2 1 4.49 3.15 1.22 69 4,131 4,254
3 Rhodobacter sphaeroides ATCC 17025 1 5 4.56 3.22 - 68.2 4,333 4,466
4 Rhodobacter sphaeroides KD131 2 2 4.71 3.15 1.3 69.1 4,569 4,638
5 Rhodobacter sphaeroides WS8N 2 2 4.42 3.14 0.97 - 4,203 4,266
6 Rhodobacter capsulatus SB 1003 1 1 3.87 3.74 - 66. 6 3,642 3,740
7 Rhodospirillum rubrum ATCC 11170 1 1 4.41 4.35 - 65.3 3,838 3,917
8  Rhodospirillum rubrumF11 1 - 4.35 4.35 - 65.4 3,878 3,946
9 Rhodospirillum centenumSW 1 - 4.36 4.36 - 70.5 4,003 4,102
10 Rhodomicrobium vannieliiATCC 17100 1 - 4.01 4.01 - 62.2 3,565 3,793
11 Rhodopseudomonas palustris CGA009 1 1 5.47 5.46 - 65 4,820 4,898
12 Rhodopseudomonas palustris HaA2 1 - 5.33 5.33 - 66 4,683 4,772
13 Rhodopseudomonas palustris BisB18 1 - 5.51 5.51 - 65 4,886 5,016
14 Rhodopseudomonas palustris BisBS 1 - 4.89 4.89 - 64.8 4,397 4,492
15 Rhodopseudomonas palustris BisA53 1 - 5.51 5.51 - 64.4 4,878 4,972
16  Rhodopseudomonas palustris TIE-A 1 - 5.74 5.74 - 64.9 5,246 5,382
17 Rhodopseudomonas palusiris DX 1 - 5.40 5.40 - 65.4 4,917 5,082

17 Bk PNSB 38 A LA 4 L As (V) i Jit ity 45
Y7 (ars operon) Sy =44 [ At AR 141 56 R A%, bl 3 715 3
(arsR) \As (V) i& JR {3 K (arsC) < As (D) H
I CarsM)  As (1) 4bHE 8 3 B CarsB 51
acr3p) i Bh A HESR (A EE N (arsA A1 arsD) A PE A1
Ky e R CarsH) R 501 T g 28 D A5 A B A 56
DB 122 4 A $R 0 20 18 A 5] B R AR 2 (8]
WHZ 7. B Rba. capsulatus SB 1003 Jii ki |-t &
A X e FE P DL AR, 25 B PR I B itk 2 R e A T G
4 F o B Rba. sphaeroides KD131 Chr2 b, 76541
WY 4% G (PR TR R P > 2 4% G 0 AR 1) 3 A Ak AU R I
ars operon fig HE AW 45K 53 0y 3 R AL, 4350k arsR
(acr3p) CarsR (acr3p) CDA<arsRM . 7E A [7) [¥) 5 K]
73 AR PN NS 71 N b iy I N T P S I N €
arsH RSN D) RERE DR, B w] LU 51 A8 i P b 28 2 1K)
B R B R R B A TR AT
() PNSB & #k 15 acr3p % i 47 15, 117 T 58 AH [A) /Y
arsB WV Ky 2 W, A A7 AE T Uk P, X R W] PNSB
o arsB RYSE TR 1) #2725 B acr3p BEAL AR XS
B . PNSB AR B op 5 A5 W9 2K Bk b ok U AN F) I
HAH A B A As (V) 138 i (B 1 i 2 1
PR FER) 528 2K arsC R IB TP 5 A& H M
FHAR AL Rt g i i b As (V) (3R Ji (B 1 et
R IRIERD) o [/ — R Bk B AR arsC 1 HRIE
e b FCA 45 R0 P R A T HL e AN . BB 3K

arsC 1E4E T M1 ) & A B AR 55 Rps.  palustris, Rba.
capsulatus 5 Rm. wvannielii & 15 W 2 31k R YE A [
0 arsCo W4, arsH 3 3 /) 4 46 Rba. sphaeroides,
arsM W =53 4 7€ Rps. palustris, {H3X B > 5 KA

T 2 A 4 i PR A T R e ARG R
M7 W PNSB #5547 As (V) 411 Jit3& J5 1 As
CT) A HE Al AR B BL A As (T A6 AR 35 AL
il o DAL » 5 5 AL AL 23 A B A HL R K 98 5 T 3,
IIWTFE T PNSB 3 A T B S fift 1) 5T 78 3 it 7 25 A
i 2 R e A Ak A T A 4 I P TR 3R 20 A s DA B
P 5 08 4 40 1 55 R B0 S M, AR G bR ) T PNSB fi
AR AL o
2.3 WEMHBIERNE

fifi X§ 3 4 PNSB & #k (CQV97.134K20 A1 XJ4)
AR s R 2. BEE R R R T As(V)
B As CID) R FE 1R T s 8 3 AN T B A A g 40481 4
T I 5 (AN [ TR R OR E) pUMEAT BTAN TRL. BL A
WP 8 A K A SR bR, TE 5L T R 3 AN T AR AR K
HIE ECs, f- As (V) X B #& CQV97.134K20 I
XJH ) ECy 439 4 2. 4 mmol/L.1. 6 mmol/L A1 1.9
mmol /L, As (II) XF 3 /N kK 1) ECy, 73 3 A 0.9
mmol/L.0.2 mmol/L F1 0.3 mmol/L. %5% %0, 7
MR R FE T, As (V) A As (T 3 g itk A
0 B v T R AR B AR AR 3 AN RS As (V)
A As (D B BATHUES Hoxb As (V) 19 ek Wl &
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1 ETF16SrRNA EFFFIM PNSB RFE A B XAREMABERZELEW

Fig. 1 Phylogenetic relationships of the members of PNSB and nonphototrophys drived from 16S rRNA sequences (numbers in parentheses

represent the sequences accession number in GenBank, numbers at the nodes indicates the bootstrap values on neighbor—joining analysis of 1000

resampled data sets) and the arsenic gene clusters found in the members of PNSB and nonphototrophys. Bar 0.5 represents 0.5 subsitutions

per nucleotide position.

T As (1) o 3 /N AR B I8 L A3 22 55 CQV9T
Rt As (V) Je As (D) 19 P28 58 1 134K20 Al
XJ4 R As (V) K As () 19 H0 P B A% LA -
2.4 WHEMEESHENIER

3 /N PNSB #H &k 2 HxF As(V) 5 As () 19
BEAWE 3 i E5A As(V) BRERT,
CQV97.134K20 A XJ 40 Mg Sz A W 5% % 9 B (%L
PRk Bos) W B T As (D) 5 78 As () K5 97 44
FP,3 A AR A M S B IR (B R W) R
0 2 B As (V) 33X W B B 78 4 & b 3 R AR
W) — LA (MMA) = F 366 (DMA) 5547 HLA&
MG, a5 REW, /£ IRFC &M T3
PRAER As (V) B 5k As (T » HASFEH As (I
AN As (V) 5t AR AL 28 As (T % 4k 4 ML
ALY . WoRH PNSB B As (V) it ik As
CIU) g ffr AR B A1 i 70 N 38 Ji 38 2 A i 4 it
Jio DR — AT T MR RS &S
I 5

2.5 MR EMNESMEENE

20 AR SR R 0 ) 4 BT R, AE A 0.1
mmol /L As (V) 55374k & p 5 9% 80 h, CQV97.134K20
XTI B AR R R R As & (mg/g DW) 43 5l 4
1.31.1. 14 F1 1.09, Horb As (I (195 5 b 4 A1 0 8¢
15, 43 3k 17% 20% F1 11% (& 5) .3 BR40 @38 e
¥ As (V) B 504 As (T, H CQVIT B FEFL 2 i fi
FAX . fESAT As (D A=K R, CQVIT.
134K20 FI XJH 40 B 82 10 8 As (9 AR T, 2055 &
(mg/g DW) 435 2 0.109.0. 108 1 0.119 (|& 4), A
20 LA RERs As (T #4624 As (V) o

Fot As (V) R TE A M5 hid 2 ik, i
As (V) M RE R4 R PRG3R 10 CQVIT 40 i, 3 — 20
Mo T mh As (D 5 As(V) & & SR E
oA E R As B 9. 7% f7 45 T 40 5, H. 40
Mo As (I 5 As (V) R 5 e 43 50 16%
H184% , S E As (D) 5 As (V) A X & &
EE WA . 25 R W], As (V) AT 38 i 40 i i ik N g
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Fig.2  Growth curves of three bacterial strains ( (A, a) : strain CQV97. (B, b) : strain 134K20. (C, ¢) : strain XJ = 1) exposed to
different concentrations of arsenic (mmol/L) under anaerobic conditions. A, B, C: exposed to As (V). a, b, c: exposed to As m) .

Data are mean + SE, n = 3.

H ars operon LT & o
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Fig.3 Arsenic speciation of cells was performed by anion Fig.4  Total arsenic amount in the cells of three bacteria

exchange HPLC - ICP - MS. (S) Chromatogram of the cultured with 0.1 mmol/L of arsenite or arsenate.

2.6 wEREmENE CQVIT BEHRERKME N
TE&H 6 mmol/L Fil 12 mmol /L Na, HPO, 1% #

standards, including arsenite, arsenate, dimethylarsinic
acid (DMA) and monomethylarsonic acid (MMA). (A,

a) : speciation of arsenic in the cells of strain CQV97. (B,

b) : strain 134K20. (C, ¢) : strain XJ — 1. A, B, C: R, e TR AR X As (T 55 As (V) 4
exposed to As (V) . a, b, c: exposed to As (1) . I COVIT kAR I m, K 6 Fizs. b3k

P 36T I A B 5 As CID) SISk . btk e FERIRIN, X5 CQVOT B e A K 410t 2 1 4 4 K L
W1 6 R S 7 4 1 R PNSB LTI As (V) GBI h vk J8E AT L, 6 W 3 W AR 46 01 L IR AE T A
S5, As () SMHERI AR 85 HUAR, 3% 55 PNSB 24 (V) & CQVOT i Bk 1 2 ¢ 31080 2, 117 As (ID) b
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Fig. 5  Arsenic species in the cells of three bacteria

cultured with 0.1 mmol/L of arsenite or arsenate.

CQVOT Wi bk i AL A il A B A W] A2 PRk &5 RR
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e AR As (V) B HUE, 1A Be il As CIL) BEA
a0, BRI W) As (V) w7 DU i R 46 0 3 R 46
HENBE AR AN B, T As CIDD SO T % 1% 48 1008 & 4
BEANB A, X5 HATOFRER As (V) 5 As
CIL) 23 ) 3 1ok 9% W2 6 360 36 2 (3 A0 H vl —K Gl 3 & A
BN 40 B B 45 A

—e— 6mmol/L. —O— 12mmol/L

A B
60 60
s s
£ 40t g 40r
g g
Z 20| Z 207
£ £
0f C - ‘ ‘ oOr o
0.0 0.5 1.0 15 0 | 2 3 4
c[As(1L1))/(mmol/L) c[As(11])]/(mmol/L)

Bl 6 wERE RG] CQVIT BHREKMF I
Fig. 6 Effect of arsenic on cell growth of strain CQV97 cultured
in different phosphate concentrations. A: exposed to As (III) .

B: exposed to As (V).
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Fig.7  Arsenic metabolism pathways in PNSB. (1) Arsenate
enters the cells through the phosphate transporters and (2) arsenite
through the aqua — glyceroporins. Once inside the cells, arsenate is
reduced to arsenite by (3) the glutaredoxin — coupled ArsC, or (4)
the thioredoxin — coupled ArsC, and the arsenite further extruded
out of the cell by the specific pump (5) ArsB or (6) Aci3p. (7)
inorganic arsenic can also be transformed into organic species in a

methylation
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Fig.8 Schematic comparison of arsenic gene clusters from various PNSB. Lines with

arrows represent translocations and inversion of gene between two arsenic gene clusters.
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Arsenic metabolism in purple nonsulfur bacteria
Changjiang Lv', Chungui Zhao'~ , Suping Yang' , Yinbo Qu’

' Department of Bioengineering and Biotechnology, Huagiao University, Xiamen 361021, China

*State Key Laboratory of Microbial Technology, Shandong University, Jinan 250100, China

Abstract: [Objective] To elucidate the arsenic metabolic pathway of purple nonsulfur bacteria (PNSB) . [Methods] We
investigated the distribution within their genomes, organization, composition, arrangement, core genes and coding proteins
of arsenic gene clusters found in complete genome from 17 strains of PNSB by comparing the genomes analysis, and
studied the arsenic metabolism in 3 members of PNSB under anaerobic conditions by UV-Vis and HPLCACP-MS.
[Results] Arsenate reduction and arsenite methylation pathways mediated by ars operon are the dominating arsenic
metabolic processes. The arsenic gene clusters differ vastly in composition and arrangement. Some members of PNSB
evolved two independently families of arsenate reduction genes (arsC) . The cells of Rhodopseudomonas palustris CQV97,
Rhodobacter azotoformans 134K20 and Rhodobacter capsulatus XJ-4 could reduce As (V) to As (I[) , whereas As (1)
could not be transformed back to As (V). Higher concentration phosphate competitively inhibited arsenate toxicity to
cells. [Conclusion] Our investigations shed light on the evolution and functional implications in arsenic gene clusters of
PNSB, and support the notion that arsenate reduction and arsenite methylation appears to be the dominant process in
PNSB.
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