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Accumulation and Transformation of Different Arsenic Species in Nonaxenic

Dunaliella salina
WANG Ya', ZHANG Chun-hua®, WANG Shu', SHEN Lian-yu', GE Ying'

(1. College of Resources and Environmental Sciences, Jiangsu Provincial Key Laboratory of Marine Biology, Nanjing Agricultural
University, Nanjing 210095, China; 2. Demonstration Laboratory of Elements and Life Science, Laboratory Centre of Life Science,
Nanjing Agricultural University, Nanjing 210095, China)

Abstract: Algae and bacteria are usually symbiotic in the environment. The algae-bacteria consortia have a good prospect in the
remediation of polluted environment. In this study, we isolated a bacterium from nonaxenic Dunaliella salina and identified it as
Bacillus solisalsi using 16S rRNA sequence analysis. The uptake, adsorption and transformation of As by the nonaxenic D. salina and
the concentration and speciation of As in the culture solution were determined after 13 days exposure to various concentrations of
As(Ill) and As( V). The results showed that D. salina had a high As tolerance. When the algae was exposed to 250 wmol-L ™" and
500 wmol-L ™" arsenite, As accumulations were 3. 78 g-kg ™' and 4. 56 g-kg™"', respectively, but the As removal from the solution was
7.9%-8.3% . B. solisalsi did not show a strong ability to clean up As either (6.1%-19.9% removal rate ). The consortia of D.
salina and B. solisalsi showed a higher As removal ability. Moreover, 0.99-2.79 g-kg ™" and 1.22-3.46 g-kg™' As were absorbed
when exposed to 25-100 pmol+L™" and 25-500 wmol-L™" As(Ill) and As( V), respectively. More than 54.3% of As were taken
away by the consortia from the solution under the exposure of 25-100 pmol-L~" As(Il) and As( V). Various pathways of As
detoxification were identified for the nonaxenic D. salina; As( 1l ) oxidation, As( V) reduction, As( Il ) methylation, and efflux of
As from cells.

Key words : Dunaliella salina; Bacillus solisalsi; arsenic speciation; accumulation; transformation
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F1 B. solisalsi ARFESEALKFED
Table 1 ~ Morphology and physiological characteristics of B. solisalsi
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ggttaccttgttacgacticaccecaatcatetgteccacetticggeggetggctecaaaaggtiaceccaccgacttcgggtattacaaactetegtggtgteacggecpgtototacaaggece

gggaacglaticaccgeggeatgetgatecgegattactageaaticeggeticalgtaggegagligeagectacaatecgaa tggctitttgggatiggeicggectcgeggcticg

caaccetitgtaccacccattgtageacgigtgtageccaggtcataaggggcatgatgatiigacgteatceccaccticetecggittgtcaccggeagteacctt tgeccaactgaatget

ggcaactaaggtcaagggttpcpctegtigegggacttaacceaacatetcacgacacgagetgacgacaaccatgeaccacctgteactetgtececegaaggggaaagetigateteteaag

tggteagaggatglcaagacciggtaaggticttcgegiigeticg cacatgelecactgetiglgegggeceeegteaattectitgagtitcagectigeggeegtactceceaggeg

gagtgcttaat tcageactgagggtggaaccccccaacacctageactcategtttacggegtggactaccaggglatctaatectgtttgetecccacgetttcgegectcagegte
agllacaggecaaaaagecgecticgecactgglglicetecacateiclacgeatticaccgetacacgiggaaticeactitictetectgeact teccagtilccaatgaceeiccacgg

ttgageegtgpgctitcacatcagacttaaaggaccgectgegegegetitacgeccaataatticeggataacgetigecacctacgtattaccgeggetgetggeacgtagitageegtggcttte

tggtcaggtaccgicaagglaccggcagtiaciceggl tctgad

ttacgaccegagggecltcategetcacgeggegitgeteggteagactitegtecattgeeg

aagalticcetactgelgectecegtaggagtelgggeegtgleteagleceaglglggeegateaceeteleaggleggetacgeateglegectiggtgageegtiaccteaccaactagetaat

gegeegegggeccatetgtaagegteagecgaaaccgacttt ggegctictegttatcatceggtattagetecggtitcecggagttatececgtettacaggeaggttace

cacglgttactcacceglecgeegel gaggagcaagelectegteattegetegactigeatgtattaggeacgecgecagegticatcetgagecaggatcaaactcta

B 1 B. solisalsi # 16S rRNA %!

Fig. 1 Sequence of 16S rRNA fragment of B. solisalsi
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Fig. 2 The Dg;, curve of nonaxenic D. salina exposed to the

indicated concentrations of arsenite for 13 days
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Table 2 Total arsenic in nonaxenic D. salina exposed to various

concentrations of arsenite and arsenate for 13 days

As( 1) i SRS As(V)BMOWE  BRh AR
W%/ pmol - L' /mg-kg™! /pmol L1 /mg-kg ™!
25 990.5 +14.9 25 1223.1+13.8
50 1496.9 £22.4 50 2084.3 +£38.2
100 2787.5+139.4 100 3390.0 +141.2
250 3775.0 £226.5 250 3460.7 +211.8
500 4556.3 £91.5 500 2475.0£180.9

1) G55 LU FHE + brifETr 257 (mean = SD) #IR
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B RGIRZE.

F3 WEHEBMESNMRERRE"
Table 3 Recoveries of arsenic species spiked

in the nonaxenic D. salina

WA FEMPIR AR bR i3 Gy AR
e /gL /gL /gL /%
As(1D) ND? 40 39.9+0.6 99.8
DMA ND 40 38.220.5 95.5
MMA ND 40 37.8 0.5 94.5
As(V) ND 40 38.120.4 95.3

1)éﬁ%u“qzﬂ‘]ﬁi*ﬂ?iﬁjfﬁn(mean +SD) #E/R; 2) ND ERRAK
IR TR LR, T R

2.4.3 AHHERET LS

PR AR BRI S RS | B i R AR IR
Fed. AR F)FH 2K G B R Ok 4R G
PR 3 AR O A B ORI R A (89.0% ~
104. 8% ) , JC P &5 3 1) 1 42 IRl 96.5% ~
106.3%. 25 ~100 wmol-L™" As( ) 8 F, fi 5
oINS TR R R S A R 2 A TR R
WAL AR BRE 285  4 DA PE AR X BRI A As (V) B
BAETE(100 pmol - L™ "R BEALBERR AN ) | [A] B A A7 AE
/b B — LA R ( MMA ) JE2S , AN FELE W SL 0 iR
(DMA) JEZS , WNEE ST H 7 B 6 T e 1 i 1
seR FL XA A A F VR D (4l fk . R 4k ) B . 250 ~
500 pwmol L~ As( TN) WML T, JC TR 5 786 200 Jifd P4 f e
PIAs( V) TEA T (58.4% ~68.8% ) , 1 I 3h 85 41
Mt AAs (1) 5, # RKER 43 As (1) Ak M As( V),
X—Z5 R Gk A BRI 4518 — B0, TR T
SEMIFEE ( Synechocystis sp. PCC6803 ) Xif fifl fit) Wz U &%
b, 255 B Y B M 3 43 ) B2 8 T 2 pumol - L' Al
100 pmol - L' A As( D) FIAs( V) 14 d J&, £ ig 8
AN HIE S BILL As(V) M, JFH R EM
BXTAs (V) WZEFITERTFAs ().

As( V) JBRET , B 2 W38 v B i 38 T, 5 o SR
PR B HE Z2 | 7E 250 wmol - L' B 1K Bl B K
{8, BlJS TFAR I AIK. 5h e b i 8O 28 8 o LA M
FHXT B AR B As( V) B BAFTE, N AETE MMA Al
DMA,{H & W 77 75 0 & ( < 4.0% ) FEPEE w1
As( D) JEZS, PTRE & B AR SO 043 As (V) 8RN
As(I) ,ix—45 585 Folgar 26161 Foster 251 A
FEER—E As( V) B JFE R As (M) 2 fale e 40 i Al
FEm AT 70 o B As (D) 7 LS /N7
BHEH IR, HPEE & R ER IS ZR
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PRIA I e 2 , A0 20T R] IRF B4 58 R A9 As (TID) TRCAR,
AN, T AsCID) FEAs( V) BFEEE R, HhlE a2

R4 K- BURH BN IRBURIREE

Table 4  Arsenic speciation and efficiencies of the microwave-assisted water extraction in nonaxenic D. salina

BT E A0 AR A9 As (I Y00 56 5 40 i
HEL AT, By USSR P A E) 1 As (1) .

HEFHESSERERYE

WA 5 Bk WS pe L o i G
/pmol -L ! As(1D) DMA MMA As( V) /mg kg ™! /%
25 281.1+4.2 ND 11.0 0.1 539.2+7.5 907. 1 91.6
50 492.4 +7.4 ND 27.6+0.3 646.6 £9. 1 1342.2 89.7
As( 1) 100 1267.6 £19.0 ND 30.00.3 736.4 +£10.3 2523.7 90.5
250 759.1 9.1 ND 25.4+0.2  1067.6+13.9 4013.9 106.3
500 651.7+7.8 ND 25.1+0.1  1438.0+18.7 4398.4 96.5
25 29.8 +0.4 ND ND 874.5 +14.0 1137.7 93.0
50 43.7£0.4 ND ND 1610.2 +25.8 1854.0 89.0
As(V) 100 119.4 1.4 ND ND 2629.8 +42.0 3199.0 94.4
250 133.6 £1.9 ND ND 2688.7+39.8 3367.5 97.3
500 90.1+1.1 ND ND 2156.1+28.9 2593.0 104.8

2.5 Y pEER iR B R AP S

HPLC-HG-AFS 5 iy TR Fh e M B iy e 28 S
H(F5), 458K 25 ~100 wmol -L~" As(Il) 38
T, AR BRI M A RIE A A (V) (5 46.5% ~
67.3% , % A DMA F1 MMA. 250 ~ 500 pmol-L ™"

As(ID) BB R, B. solisalsi YIBET, £ 75 3% 11 W% FfT )

s WEEHE

LS EAs( V), JeAs(II) . DMA F1 MMA , 15i8H
ERPRARM R I As (V) , BEE TR As (I AR
As(V) 1M B. solisalsi IR W [T As (1) F1As( V)
JEASHRR. As( V) AT 77 TRk 5 3R T W BT A e 1
AFEEEA(V), DEAAs(I) (4.9% ~10.2% ) 1]
RESR A Tl RS I S AR .

% Bt B B 7S 25

Table 5  Arsenic speciation adsorpted by Nonaxenic D. salina

ol T 2 B vk S HIEZS/ ng L Bt
/umol -+ 17! As(II) DMA MMA As(V) /gLt

25 1284.4 +£25.7 ND ND 2640.6 +39.6 3925.0

50 6021.6+121.1 ND ND 5328.6+58.6 11 350.2

As( 1) 100 11604.7 £15. 1 ND ND 10 104.6 +100.3 21709.3
250 ND ND ND 2544.8 +30.2 2544.8

500 ND ND ND 8938.8 £116.3 8938.8

25 ND ND ND 2529.3 +35.4 2529.3

50 365.9 +4.8 ND ND 7097.5 +99. 1 7 463. 4

As(V) 100 541.8 +7.0 ND ND 9597.5 +134. 4 10 139.3
250 2060.0 +22.7 ND ND 17713.7 £265.7 19773.7

500 1178.3+18.8 ND ND 44 416.4 £533.0 45594.7

2.6 R EERT SR T EIE A M 5 FRA R 25 325 2L As( V) #l DMA F77E. 250, 500

FEE As( 1) Ir30 & BE B8, B, solisalsi W%
G H AT, B RO R THAER A () 7
HBWEAN. 25 ~50 wmol-L~"As( 1) fra T, K535
WP AT F LI As( V) (71.5% ~81.3% ) #1 DMA
(18.1% ~25.4% ) IEBAFTE(FK 6) , As( 1) F ik
b RTEAE MMA JEZS. 250 ~500 wmol-L~" As( 1)
Bl R B R P AL S L As () A 3 (50. 4% ~
58.0% ) , HATHAs( V) , AF77E MMA | DMA. Ui
FEAs (D) il R, o B e A 44 L 480 A0 R R 64k 1
O As () fif 25 5 HE 20 A, i h 38 B B i 5 DL AR
3. 25 ~100 pmol-L~" As( V) A T, B35 W

pmol - L™" As( V) Wil T, 35 5% W h ¥ & D
As( V) NF, AIEAE MMA F1 DMA JEZ, P24 120
H(1.2% ~14.3% ) As( 1) JE 25 1T GESR VB T2 1 £
BEAIE JFEAER].
2.7 B. solisalsi ByRipiA K56
MAGTIZER (R 7) Al E H, As(ID) FTAs( V) i
R, B. solisalsi X K BRZFARTE 20% LV T, b5
ERHE U E L BR AR RE S /NME 2. BEA As(ID) Fi
As( V) A BN, B. solisalsi BUEZEHIIE /L,
A PN A i AR R T (R AR
T JBlpAE 2 1 L 3052 3 R A1
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Table 6  Arsenic speciation in the culture solution of Nonaxenic D. salina
T SE T 25 B e BE MEE/ pg-L! it
/pumol - L~! As(II) DMA MMA As(V) /gLt
25 21.9+0.3 182.3 £2.5 ND 512.6 7.2 716.8
50 6.3+0.1 190.4 £2.3 ND 855.1«11.1 1051.8
As(1II) 100 1472.2 +20.6 72.3+1.2 ND 1189.1+15.5 2733.6
250 8281.2+115.9 ND ND 8161.5+122.8 16442.7
500 17861.6 £250.1 ND ND 12932.3 £258.6 30793.9
25 ND 112.5 1.7 ND 465.2 £6.0 577.8
50 ND 102.6 £1.1 ND 1053.6 +24.2 1156.2
As(V) 100 ND 124.7 2.0 ND 3217.7 £51.5 3377.8
250 1554.2 £20.2 ND ND 9331.6+£233.3 10 885.8
500 260.7 +3.6 ND ND 22348.1 +268.2 22 608.8
R7 B. solisalsi RIHIARE SR 2
Table 7 Arsenic species accumulated by B. solisalsi
e oy R 2 B vl T IEWCR R RS &/ mg - L BT B. solisalsi H (AR5 &
/mg-L"~! As(Ih DMA MMA As(V) /mg-L"! /mg- L~ B HeAil/ %

3.75 2.41 £0.06 ND ND 0.74 £0.01 3.15 0.60(16.0)

As( 1) 7.50 4.97 £0.06 ND ND 1.49 +0.02 6.46 1.04(13.9)
18.75 15.31 0.3 ND ND 2.30 +£0.03 17.61 1.14(6.1)

3.75 0.65 +£0.02 ND ND 2.66 £0.08 3.31 0.44(11.7)

As(V) 7.50 0.91 +0.01 ND ND 5.10+£0.13 6.01 1.49(19.9)
18.75 1.45 +0.02 ND ND 13.64 +0.69 15.09 3.66(19.5)

2.8 PR ER BRI AL A K L 5] il Calzada %740 AsO}~ W] LIAREE PO, il NO;

MAs () JBlraE T 4 R R e W i . W B DA % 8%
FEWCP AR R AL B R R EL IR (R 8)
LR R (L FE W AL A RN R B Y A i)
9 HC AR5 5 (62. 8% ~72.0% ) , T oA £h ¥ £ %
IS (7. 9% ~8.3% ) , KERIPTAT IRAEAE T 15
Fewirh B2 42. 0% ~49. 6% WL SR E 54k
REFHEAIXEARIAs( V) (R 6) , UL o Eh B 1Y
S EEAE FH B Sk, SR 50 8 B 2 A % o ) i R A
A SBREFEAs(ID) BYBE I AN WNEREEF B, solisalsi
DRI SRR AR B S 645 SR U0 I I T £k 34 %) e i
Zhe 1, B g FE LR R
As(ID) EAL AT PERAMR A (V) JEHER Sh, w2
B As(ID) fiE 1% 22, 3X 5 Folgar 21 iyHF o7 45 SR 2
L ABATH 5 ~120 mg-L~"f9 Cd A TS H# L3 96 h
J5 , BITCHE RN Cd A PEAR 5, (H R L bR B 57
W) Cd Fe ik RA 11.3% . BEE AR ER
AN B, solisalsi SR ERAHE 7 T R A4 7T i i PR 9
AN P W 22 1) 0 A BETh R B RIVE
wAGEDEEERF K Co, 1 NH, | PO;™ |
NO; SEW T, A R A B 40 9 B 3E B 0,5 B.
solisalsi WIF|HKHH) 0, MBI B4 CO, FlL
WEFREL DI 4ERr i 2504 K %%H | H Howard =

VEREFRER Ik BRI BRah & [ SR E I # Fh
(PR

As( V) e 7 b Eh dE e . R B DA % 8
R R A A B Y E B S As (D) 2L (K 8)
25,50, 100 pmol « L™ " JBlpe Ty P £k 9 25 Bk () i e
1 (54.3% ~69.0% )8, 250, 500 pwmol - L~ fifrifl
T R ER L BR AR Y L] (27. 2% ~30.3% ) #AIK,
IR 45 Rk BBE 5 W iR L BR R RN B
solisalsi PR 5 1EAHOC.

P LR TR + W BRE + B b b ) AN B S
RS S E AR N 3 R 4 ATE ) BEE
As(ID) FTAs( V) e i B2 A 36 Wi + I + 5%
TR AR A 1 L9 R T R U B
SR T (RBA S ) | 3 AT RE ST TR R
PR 53 AT g 2L, R AR 1 A
PR (e W BE A 38 ) A 23 i &, BIDRE 35 1 8 s 1Y)
As( D) W AL 5 A B & PE AR T As (), iX 5
Yin 55" ST A5 R AL, AT TH 0. 1 mmol - L™ AN
0.4 mmol-L~" i) As( V) rif1 3 Fhih s (e . &
TR EMEE) 6 G L3 Rk sy A T bR
R PET TM As( ) ; Suhendrayatna 257" 5% T
30 I.Lg'L_IAS( 11} )Hj}]ﬂ?lj\fjw;%( Chlorella vulgaris)
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Table 8 Concentrations of absorbed As, adsorbed As by Nonaxenic D. salina and As in the culture solution

o R A As WRICER As W FRATH As i
/pamol - L~ /g /g /g /pg

25 182.6 62.4 58.9 69. 8 191. 1

50 365.3 93.6 170.3 102.4 366.3

As(1D) 100 730.5 123.2 325.6 266. 3 715. 1
250 1826.3 107. 1 38.2 1601.5 1746. 8

500 3652.5 124.0 134. 1 2999.3 3257.4

25 182.6 85.3 37.9 56.3 179.5

50 365.3 139.0 112.0 112.6 363. 6

As( V) 100 730.5 239.2 152.1 329.0 720.2
250 1826.3 165.3 296. 6 1060. 3 1522.2

500 3652.5 137. 1 683.9 2202. 1 3023. 1

1) K537 13 d PUsE D HIEFER FRMAA TR 2. 6 mL, WIEREE IR A FLA 100 mL, SRR 97. 4 mL I

120
D GRHCRYBE O BT OBl
3 BB €D A AR
100 - vy
80 r
=
= 6|
2 %
& / /
40 // /
201
0 R

25 50 100 250 500
As(111)R38 He B jumol-L™!

B3 AEAs(IN)KREME 13 X H 5 a9m bt i
Fig. 3 Percentage of arsenic transformations by nonaxenic D. salina

exposed to various concentrations of arsenite for 13 days
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100
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£
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As(V ) HHE #eJE umol L

B4 AEAs(V)REE 13 X5 2R K7 LL 5
Fig. 4 Percentage of arsenic transformations by nonaxenic D. salina

exposed to various concentrations of arsenate for 13 days

PR S AL, R B D EA TM As(IT) 7= 4.
W R A T R T B — A A
FABEFAGH VI 2538

2.9 R ER R AP A B RS Y B R

F5E 2 B, ) A 0 a8 e A 0 R B O sy, T LA
RE LBRmE e B i, (6 5 A - P 3 A 5
HEE TR A O R N B W AR s Y8 AL
R R R B T ANIE S I A
WA RSB BE T () RE ), & LA A B MRy
R BRI 206% . b, AREST T AR
PRER PR B, solisalsi HAMBRAPIIHE T 4855 (6. 1% ~
19.9% ) H 2 3 B A 2R R P (W) B 6 g ) R
As(ID) FTAs( V) 38 ¥ FE AR F 100 wmol - L™ B,
2 BR R I 54. 3% LU L.

ARG PRIFIE 45 SR X TR IR As 15 iR HA —
SETETE R A E, (ELISCAR J5 10 S AR A7 e s
DRV , AT DA 3 oo 22 4 BAHE A0S O ik i e X —

(] L.
3 it

(1) BE(EhE) B (ZEMEAT T Bacillus solisalsi ) 3
AR SER Y AE F AR 25 ~ 100 pmol <L~ As(1IT)
FifhiE R RE & 4 0.99 ~2.79 g-kg ' HUTH; 25 ~ 500
pmol - L™" As('V) JHria F W fE & % 1.22 ~ 3.46
g kg AT

(2)25.50, 100 wmol -L~"As( Il) {3 F , B
iR JEARA e JEE Y I, i T 95 R B P e L A7) 2 o
K, As( V) 38 o ER I i b e 5 250
500 wmol-L~" As( V) BB, 4 B £ 3 I B A 1
K.

(3) TCHERBEFN B. solisalsi Hph 25 51 1 i
B1/NTF 2 D R B A 04 BE . R T A ) i A
5, SR B0 B A 1 R D 8899 (7.9% ~8.3% ), {H.
ALK 42. 0% ~49. 6% B As( 1ID) 5 AL A 25 1 AH X
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BARMAs(V) e EHBH . B. solisalsi Yo 1H 5%
HAYRE TTMANTR (6. 1% ~19.9% ). Wi Phla G
AIFE 8558, 100 pmol - L~ As( 1) FlAs( V) #e &
T8 N BRI A TE 54. 3% L) |

(4) A R e L BRI 5 e — E 1Y

BRI, RATEAs(ID) FAs( V) B kAR T
100 wmol - L ™" A, 4y PR b 88 25 PR A A ) ek, At B
FINLE 50% L b #Bat 100 wmol - L' 3f v 5 |, Bifi
#H B. solisalsi B REACTS, BRINEE S TR

(5) 7l T ER e B B g BE LR A . As CIID) 284K

As( V) As( V) B As( D) J& H 34k 5 MMA
1 DMA , s & = A R [ TM As( 1) JHE
H A
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