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OB AN BEP) R B O R A KR R R, B SRR D NP R, AT RBSE I 2 %/ Nk 5 AR A (As)
PEFFIRTE o R N P ¥R X ORI As (52 75 5 LA AR AT 56 R S INBE R S50, B BTSN ) N P VR X R 1
%/ NERGE AR R S TS AN 2R/ NERGSEAE K 1 N(247 . 24.7 mg- L) \P(6.,0.6 mg-L)YWREEL 4, & 0.8, 8 mg- L™ (IERHIRER
(As™)FIf R EL (As™ ) RLFE 3 d, BF5E N P ¥R BEXT/NERE As B ARG R2 . 253, Y Pk 6 mg- L7 B, N ok BRI 5
24.7 mg- L AR5 /NER BT As™F As™ & 42 LI As TR AL T4 N W&y 247 mg- L B, P R EERE{KF) 0.6 mg- L
)25 8 2SI INERERT As™ I As™ I IRIORN & 48, AN As™R T R S0 A MR S 25 B0, DRI, ZEAS 2/ NBR Bt i A= 1 i
SAFTT P As EAEMPE R L N T 2.
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Effects of various nitrogen and phosphorus concentrations on arsenic accumulation and transformation in

Chlorella pyrenoidesa

LIU Cong', XU Ping—ping', WANG Ya'!, ZHENG Yan-heng', LIN Qiao—yun', TANG Hao', ZHANG Chun-hua’, GE Ying"

(1.College of Resource and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China; 2.Laboratory Centre of Life
Science, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: Nitrogen (N ) and phosphorus (P ) are important factors controlling the growth of microalgae such as Chlorella pyrenoidesa. The
accumulation of arsenic( As) by this alga may be regulated through adjusting N and P concentrations in the culture. However, it is unclear
whether the effects of N and P on the As uptake are related to microalgal growth changes. Therefore, we first studied the impacts of N and P
concentrations on the growth of C. pyrenoidesa, and then chosen N(247 mg-L™, 24.7 mg+-L™) and P(6 mg+L", 0.6 mg+L™") concentrations
that had no effects on the algal growth, to investigate their effects on the As metabolism in this algae under exposure of 0.8 mg+L™" and 8
mg- L™ As* and As’*. Results showed that the algal As accumulation and transformation were not affected when P was 6 mg+L™" and N was
decreased from 247 mg-L™" to 24.7 mg+L~". However, these processes were significantly impacted when N was 247 mg + L™ and P was de—
creased from 6 mg +L~" to 0.6 mg L. The decrease in P supply also promoted the reduction, methylation and excretion of As in C.
pyrenoidesa. These results indicate that, when N and P have no effects on the algal growth, P influences the As accumulation and transfor—
mation greater than N does. This study would provide a theoretical basis for elucidating the regulatory mechanisms of As metabolism and en—
hancing the efficiency of As pollution remediation in water.

Keywords: Chlorella pyrenoidesa; nitrogen; phosphorus; arsenic; accumulation; transformation
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D S P S R R AN e S L2 bl N
HomY A LT R SRR, TARTESIA S
PHE R B Y Hla ™, 5 R T ENAMEE
2R, B SRKA i EEFEY 0.5~5000 pg-
L AR 7 Y5 G i K A b B 28 53K 20 mg - L7, L
TES VIR IR ER (As™) FE AR IR ER (As®) A 1,

TSR AR K AR RE PRI RT3, LA
FHOG . CO, TEHLER TR 43 A FR AR il A 1R ™
AR P X e K A A 287l oA E AR
Fo /NERBEAG) 12 5N AR D38 , XA & 4 S ik
50 000 pg-g™™, PRITAE & 6 P2 K b A B RS
19 ABHAE S RO Z BN A o s IR A s

RN B (P) S TCHLE FRER 2 IR /N ek AR K
FVEH BB T, A2 Bt 2802 X B M i) A= K
AP R = AR R . BEIRER (POT )RR As™ 54
A BB IR Eh A5 G AL, I P 1y AR
bR /NEREEXT As (IR R84 o Bahar 55191k
PR P XG T As™ b /N KR B 09 #5424 , Knauer 251
fREAR P AZHE T A TR /NERBEXT A E 4 Levy
ZEMIA Karadjova ZE2UESZHA N P& AR T As™
A As™0F/INBREE B W ORI B RN o

5 P AAEL N XHRE As 5 5 AL AR 9 52 i DU 41
TETR/ . Maeda SR UG A HE SRS R ER (NOS )R
PRSI, A R A A A S 1Y 5 S0 /D , Wang S51ME
BRER N 250F PR A BERENS S H 210 As™, SRIM7E
IR N R AR A R I A K B R
M4 Fl AT BB GEE As B AR ZE R, A T HERR
NP e BEAR AL /IR K s, ARSCHEZAS NP
KA EE AR K N P ALA, FgsA
AT AS™REH, BF5E N P VR BEXS/NBRE As & AR %
FeisZm , 4R 2 /NEREE As A B |
PEEKIAEE RS YL IS S SRR LR .

| HREHE

1.1 EMRIEREG

I /NBREE (C. pyrenoidesa)FACHB=5 I -
FHBE DK A LR YT BT I GO AR, BT F 5 57
Feoh BG-11, pH J# & 7.1, & 2875 K (121 °C.30
min) , IR R EE 3021 °COEHRBIIE L 12 h:12
h, GRS Ry 3500~4000 Ix, 15 55 A 18] 45 K I 5
3.
1.2 NP iR EX & B/ Bk £ K0

B3R N JEAN P 435189 NaNOy(247 mg N-L)

Il K,GHPOL(6 mg P-L7) . SAFST N P ¥ REH Nk AR
K5, 2E [ — PR E R I E S —Foc R
FRONVREE (R 1), SRR , B FRRR SO 5 7Nk
[ ODego fEL. [EI7E P ICE AN N W AYBEFRET46 3 d
Wtk E5E N JEE ASE] PR T2 3d A KT
ZE5  WIER 25 5 d e P R B R R 4
S BE 43 S R A 470,653 .666 nm ALY A fH
FHEHMAEER a, PR b IS N REE,

&1 BRBH N PIRERE

Table 1 N and P concentrations in culture solution

[#%E P/6 mg-L'  N/mg-L"
[EE N/247 mg-L" P/mg-1""

0 247 494 24.7 247 2470 4940
0 006 012 06 6 60 120

1.3 N.P iREXE A%/ Bkl = S FnEE L 220

ANEREESE SR EATBUVG | B0 A5 B (0 e 4 e 2
BFOKIEE 2 R AR N P R EERY BG11 85
FRHk. B F/INEREET I N ARRIURR, O Tk A i A=
KM As w2, 55 IR N R B2 i
B R 247 mg- L7 F1 24.7 mg- L7, HEAFFATHL N 4
B 55— 5, /NERBEAE AR K G AR P BB I P T
SEAELELRMLIN , R T RRARSE AR A P 3, /N EREAE
B PEFW T 2d )5, B E PN 6 mg- L
0.6 mg- L™ B3RS, SRGA/NEREA K S8
L1, NP Ve BE R BRI T [BE —FIOCR W . A
A—FhT R, B 247 mg-L'N 5 6.0.6 mg-
L' P44 6 mg-L"' P 5 247 247 mg-L' N H 4, 7E
IR F B AR AT AEFEMRE 0.8 mg+ L' 8 mg-
L7 B A0 3E 3 AT, I AAS T 1 S i 6 i
Wi ODgs 2 0.085. S BR pH 2B A FEM , 537
HAIA 20 mmol - L™ 3-NE bk P fi ik (MOPS ) , 4% 1] pH
TE 7.1 i 35 9R 3 d 5, B0 7 mL 3R, L B 1K
THURBEAR 2 AR IH IR S e s R & i )
HNEgL 7 mL B4R, ] pH 7.0 (9 0.1 mol - L™ EHRZE nir
R (PBS) T UE (B i 5 mL I 0k 3 70),
2 53 T 0 0 TV RS AT T S A R M
NI
1.4 B S RNE

FRECT-H 2 1.00 g #4850, A 2 mL ARy 4:1
) HNOsHCIO, IRAR , ¥ RIORIHAE D, #rEd
&, R HERE SH230 7 85T A ( it RE S B e
BHEA PR B ) A A ff 2R 0 B I, R 2
R 0.2 mL R, 257K BEIF RS 2 5 mL 254
L, Ik SR R (PR 4l L 10% B IR A1 10% 3 35 1L B2
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IRAWRIEE R, RS & -RGE R 7250t
HEEETF(HG-AFS, I3 75 KA A BR 2 7] ) I 2 FE i
it B i, (Rl U2 P AR 5 325 it B o 40 5 (NIST -
1568b) , [ %k 84%~102% , FE W 5 )7 B Al 4 .
1.5 RS RINENE

FRECT EAE S 1.00 g, il A 0.28 mol - L™ HNO,
ATHEE,90 C/AKIBE A 10 min 5 14 000xg B.0> 10
min, AL 3 K, RIERAIEEH 0.22 wm JEAE
1 UE, VEWCR RO A - S A K A RO
(HPLC-HG-AFS, b 50 5 KA A B w5 7Nk
BERRTE S . KIS  SEREARY 100 wL, [
2 42 # 4 (Hamilton PRP-X100) , 3 2 #H 4 17.5
mmol - L™ B R A — 8k (pH=6.1) , ZEBE Vet s B 5%%h
M2 5 30 S 7] 1.5% 80 A A5 +0.5% F A A5 5 B ik <700
mLemin™;ZXX Ar,600 mL-min™; YGHAEEE HL E270 V;
KT HL I 100 mA, A< 5256 A At $2 OR0R Ky 84.7% ~

108.5% , it BRI 1 ] 5
1.6 #iEAIE

iz [T Excel 2007 F1 SPSS 20 4t i1 43 #4347
AL P55 7047, SigmaPlot 12.5 £ 18] SR FHELA R
J 243 B (One—way ANOVA) A1 Duncan £ 56 #1722
5 EE BT (P<0.05)

2 FER5SMH

2.1 AE N.PREMNEBZ/NKREERKNZM

2 o DIE P WRIE D 6 mg L™ B ,N e AE
1o 1 IR S R/ NERTE ) A K o AR AT 5% 3 d
N ,24.7 mg- L™ F1 247 mg- L™ () N ¥ J& % ODego 18 .
M2RE a b MZEIHE bR G RANA B & X R
BH,3 d N 24.7 mg- L' Fl 247 mg- L™ i) N ¥ BE X/ EK
AR

N WREESN 247 mg- L7, P VR FE ) sl (Rt 25

R2 AENRENMEBZNKEERPZM3 )

Table 2 Effects of different N concentrations on growth of C. pyrenoidesa(3 d)

P?ﬁ{%fg/mg-]f' Nﬂ%fg/mg-lfl

M4% 2% a/mg- L 4% 2 b/mg- L™ K b FE/mg- L

P concentration N concentration ODeso Chlorophyll a Chlorophyll b Carotenoids
6 0 0.18+0.00b 0.95+0.05¢ 0.51+0.02d 0.42+0.01c
6 2.47 0.20+0.00a 1.47+0.05¢ 0.77+0.02¢ 0.55+0.02b
6 4.94 0.21+0.00a 2.01+0.01b 0.98+0.01b 0.66+0.01a
6 247 0.20+0.01a 2.14+0.05a 1.00+0.01ab 0.69+0.01a
6 247 0.20+0.00a 2.21+0.03a 1.03+0.01a 0.69+0.01a
6 2470 0.09+0.00¢ 1.08+0.03d 0.50+0.02d 0.38+0.00¢
6 4940 0.07+0.00d 0.35+0.04f 0.17+0.01e 0.16+0.02d

T R PIE ARMEZE” (mean + SD)FRIR 3 AN [l FEER R A R] N e AL HRE] 45 A A AR 22 57 {1 35 (P<0.05)

Note: Data in table are mean value + standard deviation. Different letters indicate significant difference in growth parameters between different N concen—

trations(P<0.05).
£ 3 AR PREMEBRNKRERBZE(S d)
Table 3 Effects of different P concentrations on growth of C. pyrenoidesa(5 d)

N e 1 P i1 . WA el G bl KBS | el

N concentration P concentration Chlorophyll a Chlorophyll b Carotenoids
247 0 0.33+0.01b 2.78+0.02¢ 1.36+0.04cd 0.98+0.02bc
247 0.06 0.34+0.01b 3.09+0.09¢ 1.54+0.18¢ 1.04+0.03b
247 0.12 0.36+0.01b 3.62+0.02b 1.81+0.04b 1.11+0.00b
247 0.6 0.39+0.01a 4.95£0.31a 2.45+0.03a 1.58+0.16a
247 6 0.41+£0.01a 4.72£0.07a 2.49+0.00a 1.45+0.03a
247 60 0.31+0.00¢ 2.40+0.06d 1.26+0.05de 0.85+0.01cd
247 120 0.29+0.01¢ 2.04+0.05¢ 1.09+0.05¢ 0.78+0.02d

PR PR (H AR E2E ™ (mean=SD)FIR s ARl FREFIR AN ] Pk BEARIRIA] 25 A= K A5 2% 5 .35 (P<0.05)

Note: Data in table are mean valuetstandard deviation. Different letters indicate significant difference in growth parameters between different P concen—

trations( P<0.05 ).
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S/ NEREEM ARG . BEIARE SR 3 d &S PIREEERAS
FEMA/NERBE Y ODeso L, ILIER 255 5d, KB P Ik
JER 0.6 mg+ L™ F1 6 mg- L™, X /NEREEAY ODeggo, 25
R a MR b MRS D RZEBA BB (R
3), 1% ZH,5d N 0.6 mg- L™ Fl 6 mg-L™ 4 P %)
INERBEA KA R
2.2 AEN.PREXNEQZ/NEKEHE E/MHIT
FH 3% 4 F13% 5 AT AH[A] NP (ZEEZUET,/J\}*
T AR A S B R Bl A RN As™ b PRI B 1)
HEhnmign. 24 Ny 247 mg- L7 B, FEAR PR E 523K
PEAN AT As™ 1 As™ (1) 5 B2 FIIROSCAR I 2 384 T (P<
0.05), 1M P A 6 mg- L™ B, B#AIL N MR EEAIA
Wi /NERFEERT As™ I As™ ) B 22 R
2.3 As™SPIETARE NP K EXS E B #2/NEKE R N A
FARIR
AsTREPR/NERTEE 3 d S5, N[E]) P OHREEXT BEA Y As
WAL SRS EA BERWH(E la), 76 P-As™

WHRLHATT, MO DL AT AsT BRI S A7 7E,
oA A G el 42.8%~57.1% . >4 ATl 8
mg- L™ B, g AR H B0 T H LA (DMA ), R B %’lﬁl‘
T As WREE R, /NEREIAR N A AE R B B iR A . Y
A, 24 PR R 0.6 mg- L, AH R AY AS’”KLJ“E
T, As™ As™FI DMA -5 AR E B S ks,

SR, YIEFRM P YREAAS N R EERE Ny 24.7
mg- L7 B, AR BT As™AbIHT N R FE 1 FEAIRA
S/ NERIE N 25 As TR RS (] 1b) ., 7E N-As™
WEHHAET, 24 0.8 mg-L™ A9 As™bHIRS, N AATE
As™ I A PAIE S TCHL As, As™ T i He A9l R 67.7%~
68.9% .24 8 mg- L i) As*AbBHET, B As DA As™ As™
1 DMA =HMOIESAEAE, B i e 53 ) 35.8%~
37.1%,48.3%~52.0%FN 12.2%~14.6%.
2.4 As™RCEETAR[RE NP iR EE X & B %/ NEK 5 AR P fih
ANz 0EA |

HH & 2 AP, NBREEAE A0 H 3 d )5, &1~ NP

R4 ASTHMETARRE NP iR BT/ Nk 5 B S A0 U U At Y 32 i)

Table 4 Effects of different N and P concentrations on As accumulation and uptake of C. pyrenoidesa exposed to As™

As™ b B BE fmg - 1 N e )i /mg- L P et /mg- L AR /mg kg WA /mg - kg™
As* treatment concentration N concentration P concentration Accumulated As Absorbed As
247 6 41.36+0.38a 40.66 +2.48a

08 24.7 6 46.10+4.07a 39.74+1.96a

247 6 147.06+8.22a 145.98+7.05a

s 24.7 6 147.19+3.03a 134.53+4.21a

247 6 135.89+10.35b 122.22+10.26b

08 247 0.6 395.42+21.97a 210.57+6.04a

247 6 523.57+60.09b 412.24+37.87b

8 247 0.6 913.09+29.50a 629.24+25.33a

T A R/NE PRI E As N(P)ARTH, AN[R] PON)HRJE AR BE 2 []/NERBE ST R BRI A B AP A B 5 P28 57 (P<0.05 ). Tl

Note : Different lowercase letters indicate significant different between different P(N) treatments at the same concentrations of As and N(P)(P<0.05).

The same below.

R 5 ASRMIBETARE NP iR EXT/INEKE T S5 £ IR IR 59 5200

Table 5 Effects of different N and P concentrations on As accumulation and uptake of C. pyrenoidesa exposed to As*

A AR TE gL N T e Pl gL B gk e me- ke
As* treatment concentration N concentration P concentration Accumulated As Absorbed As
247 6 62.82+4.76a 51.77+2.56a
08 247 6 56.56+0.06a 49.96+5.21a

247 6 274.61+30.6a 273.10+21.18a

’ 24.7 6 281.08+3.69a 228.77+12.24a
247 6 92.56+10.54b 68.27+7.33b

08 247 0.6 569.20+31.23a 385.52+33.02a

247 6 434.52+11.60b 335.93+25.19b

8 247 0.6 970.74+74.80a 738.75+13.59a
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Figure 1 Content of various As species in C. pyrenoidesa under different concentrations of P~As*(a) and N-As*(b) combinations
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Figure 2 Content of various As species in C. pyrenoidesa under different P-As™ and N-As™ concentration combinations

WEHA TRNLRZECE As™, 205 As FrEr
94.2%~99.4% . AN[FIHREE P-As™ AP 5 T /MK el
WETEZA B B2 5, 2% N IRFEEE A 247 mg- L7,
P[4 0.6 mg- L7 B, A2 As™ IR 5N As™, Bl
J FE AR 7 A R (DMA) , I HAE 1S 35 1 H 6
%) 3.23 wg+ L™ ) DMA,  BEH/NEREEAEMR Y H 4L
Ja &K DMA HEHAARSE, 5 As*AEHAARL, 2 P v JiF i
EN 6 mg- L N YREERE N 24.7 mg- L B, JE 4% As
AR S REAHENAL, 2 AR 0.8
mg-L7" EFFE 8 mg- L7 i, MENAY As TEA N HAT As™
AR UL As™ R E I e As™,

3 g

3.1 NP EFRXNEBZ/NIKEERK I
ERR/NRE ST A FENEAR, M NEFR

R HXT P B SR SR B U MR () N B
N EFEANBELER/NER B IR H AR K, B TR BR R A R
BTG A — 2 BE, R 2/ N TR 2
PRI AE R 255 3 d IR B 24.7 mg- L7 F1 247
mg- L7 (1) N ¥ BE AR BT /NER A KRN (8 R 5 ik 2]
IefEs MR 2 s /b P OCR B, H 3 d /KT
AR R I BB A A8 1, 32 B T/ Nk e g i A
SEAEREIRER I TIRE , AP P & B BARET SR R AR N 1)
WERRER R AR LA R TR 222 (H B (R P& 5L
THAE, 3R PR s IR AR R B 3
P A K, B 5 d AP YR EAE 0.6 mg L™ Al 6
mg- L7 B AR KA R SRR R, XU N P&
Fad e B T RS 2 B R R A R /N ER R R A K
AR, 5 DR SE20% BN Pk B o = it
TRER BN/ NEREE P AR KR — B . IRAh e AR
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FKoths 5 NP 5¢ R % YA S, KA AR R 5% 2
FIAZ%/INBR RIS N P e JBE AT NP 2 A K 1) B 25 g [
2, EEAY NP WA NP A BEAR E/NERE A0 Bk
A
3.2 N.P EFIEAZNKGEME £

A WEFEAE N W S5 X As 1 E 4R .
Maeda ZEMH] 100 mg- L 1Y As™ b FR & BR8240 p
) e B SR A R AR (NOs ) MR JBE (4 38 Jn i
Wb, Wang SR ILER N 4508 T A RES & 42
WEH As™, SRMABIE SR EH], FRR N HEE N
24.7 mg- L7 A R B A%/ NEREEXT As™FIAS™ 1 &
et T AGX 25 S 0 R R E TR R] N RE T s
B RIERZ . FRiREH  ZEAR RN T,
TR A B A K 22 5 W ARSI RN
Wil /NBREE A KA N MRS, RERCR EAf b S e N
XF/NEREE As &R IFE

Levy S5"HI Karadjova 251248 H | P ¥k B A REAR 2
BN INBR XA ) 5 A o A S R A R — 3K
() o MG P YREEH 0.6 mg- L 23 55 06 4%/ NBR
BT As*FI A E e K P SRS/ NEREEXT As™
MRS B F As™ T P B 5a A, AR P22 /N
BREEXT As™ RIS AT fE 2 1 T 5 3R PR BE R
B, SRR/ INER G B 2500 18 IR Bk iR R
TS R 20 As™ 2, ft el oL, a4k P
W PE X As™ A As™ & 86 B LM . X X2
K IREE S YL B S R AR AL T AR
3.3 N.P EF3EA/MNKGRMA LT

TE AS*REILSS , /NEREEMIPY As™H As™ 1 LA
F 30.6%~37.1%H1 42.8%~69.4% , As™ b BV HE &5
F| 8 mg- L7 B, AN N B T DMA(K] 1), HAthfik
A RN ZE T, BN, S AR As™uh B A RE
BB B A3 1) As™ AL BRIV As™
JEAEAER, 2 As> b PR BE B R /BRI E o B Ak
HLH A P 3k 2 () TEHLA A £k Ry Bt B /1N DMA

ASSE TR, /NERFERE Y 94.2%~99.4% ] 2 As™,
As™H 3 As 19 0.63%~4.19% , B /NER B B9 As 11
JFARZ (& 2) o [, Levy SN Murray S5 25 5
RIIR K BRI As™ B AR As™ 1 HL R 19%0~6% .
AR JF T BB 2 S5 /N ER M N =ik 8 g-kg” 1Y P
TEA XK, PR S MR IR S, AR TN
AT RIR

PyeE N 6 mg-L', H NREFEN 24.7 mg-L™!
i, JGiE As™ R As™ b B, HR VA BICAE /INER 1A P A

TEARAL . X ULHITEAR M/ NER A K AT T, —
FEFRFE BN W B 028 fh X /N ER 98 A A 5 A 5
ARG N 500 F SR Sk Ik, A
MMA 1 DMA"™, 0] fB & f F i N B, 2R & A
I i R R R P 1 U, AR S50 /N Bk
AU [RVRE ) [ R AT R 32— 2 A 5T

N ¥ H 247 mg- L H P &k 0.6 mg- L™ B, fi¢
PENERBEIR N As™ IR As*™, IF774: DMA, XY
AR PAKE Al TR iERE As AR 25 e —S0
REFRM P AN 2] T DMA, ERA N As B4 MEd75 2]
Tamfk.

4 ZEig

(1)[E%E N & 247 mg-L' fI P4 0.6.6 mg-L™,
DI [ 5E Pl 6 mg-L™ 1 N iy 24.7 247 mg- L™ il
JIE 20 A0 B PR/ N A A 5

(2) B3R N PR BEAAH, BEAR N M BN 25200
INERBEXT AT F A I B AR TR P B2 0 25 I 25
HOMPIRIES As &%

(3)As™HI As™Ab PRI , /NER B N FEAE As %84k
W JFE AT AR . FRAR N WA As 7E I N G
TEARHAL, TREAR PRS2 As igid s H AL AN
HhHE.
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