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" E ESRER-AEAAEERENEESRY, HRBENESBBHAKGK, XKk4&EATE
WRERY . EXERYENESEMEIES, BUB—RIMSHAN . SREIBHESEN
B ER BEERE FARARASPHESRARETERENEN . IHEPIHIEQRE. B
MEHRERIMSSELRE S, NTRSELRAARK; EELRBES TRARTARLRELE
BREK; EEMBIRAMA R —LRBYER AR GFRUE T ELS B EERH G ; B0HE
REXEXEREESRIEAS AR ESRAFHF SHHER .
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HESRARFEERT Sg/em’ SR, 90 MRRFENTETA SSHEESRATEY. METRLNEK
B, @EBEHESABHHMAKGE, ELRERN—LAABELEFNEETRY, XKEESTFEHR
FERM . YATRSIAXRENR . B0 SEESRTTEN XA REEY, EEAYLENRE
TORM B REERRIREN X A A B OB XLELRARTSEARSSIRIE
HRKBREWER, RRRELTFHBITENATIBERRS, URFEFHhEREHENERY. AEE
YRR WA RN E S RIEE R, BT E—RIMEMIE . WBERKEERME RS
Ry, F RS B SR T R AR A W R Y B AR R, ST KIS R A Y N — R R A 2
— . R, MTESHRERN ESREOREILE , REEELXATEYBEKEESRISR, XHEH
THEOMEZRE . Bit, FRBEXMESRMOHENEAEEENE L . AXEENAHK PR EL
EE& R MERIIE, LR ERX TR .
1 BARERRESEERNES

WAXTE S IR R B FE M S i B TR B 5 B P O 28 18 B SR BN HTBX ), Rangsayaton 25K B 1143 BIK
AEARFIEAR . VAT, ESRURHBIRARET, SodBRETATY, RHASARETWES
JRTI% EDTA &AM MBHRES BBt AN TENITRE .

EEZHEOT, 29 80% - 90% WEERBBM BIBAMERE > ¢ . WKARESE BIEEANE
B ORE EE NEMBMASETY FHi AN R, B B TR RREENHTUS K NES RS
FE& . BXBEH, XEKRE ( Chlamydomonas reinhardsii) FIZA B BR AR R /BB LMV EL BT T
RS TSR Scenedesmus abundans BEZBRIGHIKA ) Cd A Cul'), 15 2T BHSNEA B84 R BEY
BEBERE ), AR RERFLBPEI WS BEIERET . SN BNSER —SE BB FE
Y, KL 80% FF 6 - 10 LM, 90% S — MR ESHHER, T EJLLIE NS EIEEEs .
ﬂ&b}}@&f‘gﬁ(exopolysacchaﬁde; EPS)RESEE RS-, EHEEEAGT O ERRE— R ER
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DLOREREEESEEREMEERE, HOERL SRR, SERNAHBER, TIHT5E4RE
# . Kuyucak 1 Volesky" @ HEMEMI BB E R T RN TRRS, HEEROEE PR TiEE Y.
HEMFEREN, SR B IREHRARIIBETEE, ANELS THEARANESRE THE, BN
HRBETHLBNEE .
2 EREGER@EER)SRAELB R HH
2.1 WMHESE

AR S ¥ (phytockelating; PCI R —RAE BB THAIN BELSEHESEREER I TER,
LMW (y-Clu-Cys) o-Gly, B n=2 - 11 GEH H 2-5). PCs HIFLLEHAIE, 10 (y-Clu-Cys) .-B-Alal H15F
homo-PC) . (y-Glu-Cys) -Ser{ 8 hydroxymethyl-PC). (¥-Glu-Cys }-Clu{ 35 is0-PC ) (y-Glu-Cys) {5 des-
Gly-PC), AIEMSE—~BHEYF ERCNINGEE % PC T BTETIEY LTS, %
BAE ™, Mk RAGE WS PCs, BRIR EEERM Coenorhabditis elegans T C briggsae P RBT
SHYMBFPEUHRTEYESRAMHER
211 HHBCRGEHER PO EEH ESBME K (v-Clu-Cys-Cly: GSH) A8, £3. L FgLe
BIFEE IS GSH 24 M PCs MEY . PCs i y- HEB LS _HEERE (y-glutamylcysieine dipeptidyl
transpeptidase, EC 2. 3. 2. 15) BN ik &% 4 3 { phytochelatin synthase; PCS)EX GSH HIR LA R, T PCS
REZRETHE "™, 1989 F Cull 5L T pCS,BET 1999 F, ZMFR/AEH S BRBEE 3
BRI/ o TR AR M RTS PCS MR PCS B RN TR 20 £ YA B RB R LR SR
R ERORYE . PCs WA BN AU TILA SRS B LA«

Glu + Cys + ATP—y-Glu-Cys + ADP + Pi {1)
4-Glu-Cys + Gly + ATP—~-Glu-Cys-Gly + ADP + Pi {2)
{4-Glu-Cys}.-Gly + GSH— (-Glu-Cys)a,1-Gly + Gly n=1, 2, 3... {3)

HE (1) h oy - SRS {y-glutamyloysteine synthetase; ¥-ECS, EC 6.3.2.2) {4
YEC; W) BB H k& B (glutathione synthetase; G5, EC 6.3, 2. 304 B GSHY ;8 (3) g1 PCS
REALHE GSH 8 v-Clu-Cys AH BB B —1 GSH 4T £4 R PC:, B PCS 44k GSH # y-Glu-Cys SRR F—
M PC A F LR PG
212 REHEBBEREHE BHWHLE HARAREERESREALFUELSE PG, BRAEY
#KPE4 PCs WESRA Cd.Cu.Zn Pb.He.Ni ¥l Ag % . FREEYD,CAED PC SRNENETHRES
&8 {8 Himata ¥ U HRER, In BRERYE Dunaliella tertivlecta 4 R, PCs HEEHRT Cd. Touji %
W, % In BIRLEM Dunaliella tertivlecta ¥ T E 4R (R Cd. Hg.Cu.Pb 1 As) THENTR , ST b S F0 P
ERMFRG RO HER NS EFIER . AHESRYERERY, PC AT RLENBENE 71
B EATE R RE AR AL R ia .

ESRIEEPGNHRIER P T ENRNERR . G5k, XTFRXELR PG HAYMNBFHE|
BT S5 & HM®. Hu BV Cd 4B Chlamydomonas reinhardsii, S AL BB BT #2800 Cd-PCs B &
Yy, BME 578 (low molecular weight, LMW ) & & ¥ 8 2 F 5 (high molecular weight, HIW) H &4, — &
AFRH K 3.2 kDa 1 5.0 kDa, F-/Cd HoA3512% 0,01 # 0. 22. HMW Z A H LMW HAWE S -8
MR, 01 F LMW & YR RRELY IMW Z49, BE Y SRT IMW 544 . 29 LMW 544
EE, NTERERETH—MEY . 55 WESTHEN MW E YRS 4EE Cd, BN T HMW
HRMMBEE, i HMW HEYRER TS Cys WA RRARTE . Morelli 2155 FH#E 7 ik (SEC) . &
TR (AAS) BB G (HPLC) BTIE RS Phaeodactylum tricornutum B9 Ca-PCs -9, B3
BERRTPAERA CA-PC, HEY, —~KRBERENES CAERNE LY (CIPC, n=2-6), B-%EH
HMIFLEL) S 58 F] Co-PC, HAWTE M A CdS B (oryeallites) ) PC HAY, HAFREFHZ, %
8-12kDa, & -/Cd LR 0. 4, FF Hu F M LWL R . BAMBEEN O 548 C4-PCs BAMEHE Cd/
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SCys LM 0.6 FAF 1.6, XX ZEAYES TESL Cd. HEES GSHER CI-GSH &Y, ETHBH v-
(Glu-Cys) n-Gly BRTE PCS ML T H B E Cd-PCn B AW R EREH Cd-PC... EBY) . Morelli #] Scarano
$1F] Cd # Pb &b3 P. tricornutum , JG¥ AT Cd # Pb (3 EE , R R B PC S B T M, GSH & & LJ, 48
BT EER PCs HAWR LR |

TR MR, HAEHTH N EBRAHEEA R PCs. Satoh % 17 Hl HgCL ALFBLREE Tetraselmis tetrathele,
HREVARNE PCs, HRIMA —F =K Arg-Arg-Glu, ERESE S He*, TRANCEZREMZES B H A
e E—EER HEMFEILEAR .

2.2 EMRER

2.2.1 2RHAEANSTEM £AMREN (metallothioneins; MTs) R—ERFAFRBHRFI TEESEME
R REEED . MT FRE MT WEEC AP . EPMER Synechococcus FEH ! . MT BA
Cys-Cys .Cys-X-Cys Cys-X-X-Cys(X FREMEZR) EFME S Cys LW, WIZHP MT & 61 MEER
LA 20 R HERMAE. RE MT PR BEEBE S, 4 MT 23 =28 Class I MTs &4 20 MRER
SFREBLEMRE, T 0 TEREZIS; Class TT MTs s B IA M AOHED], Bl . MY RTS8
ShY i MT 298 F 63 Class T MTs BIRTE PCs. 3, Cobbett F1 Goldsbrough!™! 30K MTs 43 Uk .
222 RELBARONHE FEERBIRMEE (Synechococcus) H)— K eh B ESE MTs BIFEZE, BT smid
BRGHE, A RELREWE Fucus vesiculocus T/} BB 4D MT MERY. HET, B XEX MT 0BT
ERPT Synechococcus. MT BB MESELRETEE, NTREKESROEN . EHSHEYT, 42
LHRFRY MTs 5 Cu HEMARASH X, I3 MTs FTBES Zn BAEH X, Turner % P IESCHK MT 2 i
Synechococcus PCC 7942 RAEMNT Zn #HE B . Tumer I Robinson™' f Cd#* . Zn** . Cu?* \Hg?* . Co®* B, Ni**
438 Synechococcus PCC 6301, RBLHE Zn BB EF S MEREMNAE . HEXRP, BT MT ERTREHZX
AE ERESRIOEIHR, Chen ZUEHELZIYN MT - 1 HE FAKR, HEFARTE 60 pM CACL &
HTRER, B MT EHRENEAKRE, ARG IHEE 1045 pe, BERB LB ZHEHBHEE. XT
MTs BRI DI BE M AN IE R, — M B ULA K MTs FTREE A BN ES BB TR AERREESRE, 5 —R
WA MTs fEAGE BN, BERRAR LA IENESREBIAS —BEESRAF ST R B
R BUERBTRRY, WX Oscillatoria brevis F| FIE & JBE 1k Bral il £ 10 & 8 B T AR B A0 MR R
HE—EEL, FIASRREN BmA BEAESRENEHEBL, UEWHLHILHNESR, NTTESE
SR . B4, M S ESHRE, REEABERAKA 8 HEAEAGEHFRT. Bk, EAFEHA
MTs 75 35 3 B & R ol 4 O T8 A VE R IE T st AT R A I BUROBA 3T

2.3 #ptHEEK

ARH A (GSH) RULGHER LMK T EXRE, SHAE, B ESRERL S, F0f GSH XEEK
PCs BIJE4 . BSO(buthionine sulfoximine) & v-ECS #930#I5 , BB %] PCs 1K . Reddy F Prasad"**'[ Cd 4b2&
8 Scenedesmus quadricauda, HIA GSH F BT, £ BSO AHFZLEN Cd EMER . H BSO b H
Chlamydomonas reinhardtii WA BIFIRELER 7. X &M, GSH £ PCs S RMEY, B PCs MESBEARE
1R . v-ECS /& GSH & UM PR B BE , GSH X H AR RBMEIEM; 2E & BAEERAM PCs & MM,
GSH & BT, XFF TRE GSH MRBINH , B E v-ECSHH. ELMAME 2h 5, ¥ Phaeodactylum
tricornutum 24 50% B GSH FI-T & B PCs'*®. Hirrata %2 | BSO 43 Dunalicila tertiolecta, B4 PCs &
BT HGSH BILFBATL .

BIH AR PCs FRMRY, FRIANEZMHAADR. BRI SFEITFRENT £,
FECEYEEIG . GG KA TR Scenedesmus bijugatus ¥ GSH B AW I #E, v-ECS. GSH MHEH
R GSH i3 B BEIEYESR G , T GSSG i JRBRIE HE AR, SMA I EA I B EAL EF %, )5 R, GSH
MY AT AR PCs, HIEFBEH BK - HIR M BETE R (Halliwell-Asada B742) P RIEBEWH SR, &2
43 Dunaliella tertiolecta Y5 T YR TEEUINI £ , v-ECS. GS BIHHEEBIE, AT GSH &/, T GSH ffm
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AR L &S PC A R
3 MMEAEHRRENESEBEER

AP IE (polyphosphate bodies; PPB) R IEBFBER R4, S AR K Na* .Co'” Mg & BB T.
EALARREHNIME MANELBRAFESIER . CESRMEANT  SHBENR RSN #E
B TS EE Y BRRELTY. FELRAY, SRBEEFTSREANAZ — EHREEEES
MEEE,ER Ni & Nostoc muscrum PRI FEHEER M X SEERINGHTHN, P Distoma sene P2
FERVIRLE Cd.Cu.Co . Hg Ni.Ph # Zn T8 Plectonema boryanum F I E R 5 EHMIAEE . Fl &
RELYESEHMETRESRTEEY—HBENHN . Hahemi % ¥ B, EHEENHRET Ao
abaena variahilis S F EPBIKK BRI, HEFFERELBRREN . EELEMTIEY, SHME
RERE W RE LA BB K FEEE . BT, Nishikawa 25 U (BRI E 0 : 8% Chlamydomonas acidophila
B CdALRE ZME RAE AR, BR—LEHNAHERERRL, CNERRTS Cd %4, phosphate-Cd
RE SRR REBROBALS . SHRERREAREMA, HEMRIFET, LRI ERBEL L
RAWE . ML SRMEE SN ESRUBBR, AMTERAR~EBLAEE . Fit, SA%ER
EMBHTBR, FRBEAEREESEH .

4 MEMERLRESREEFHER

EBRFAT , EMELTRMER, LR B ERLFRMER . Wu S H Cu M cd 47
A QHEE. | HEEA I HER), SRR BENXLEBRATRRELIBER, $ R
BB AR Co XPEEFE Anacystis nidulans MISRA%; FREURETT M/ RSB TR, B o R EUAR 42 R 7T B 5 b
BEYENRPOHA X . Wu FORAARAMER S BRFHHTHD Chlorella sp. 7 Cu BRI . Mehta
1 Gaur'! R, FRER A REGE T Chiorells vulgaris S ESAMEY, AREESEBELEH, WAH
EmERBAMAR .

RTHEMBRE S R0 VLA B FREE, 0B SN T 0 B R (osmoprotectant) ™ %1
BEREMN SRBESNC I8 F T F AL #3 & A Gohibitor of lipid peroxidation) ™' 5 & gy 2 ity 3% B 7
{hydroxy] radical scavenger) " R .45 5 & 4778 155 (singlet oxygen scavenger)**!. Siripornadulsil &4 Moth-
bean ) PSCS(A'-pyrroline-5-carboxylate synthetase ) 3 B ¥ A S Chlamydomanas reinkardtii, ¥ 35 3§ PSCS-1
HHARIER LT ER 80% W oMRISR T FAMIT, B 50 uM Cd AHEB, BFHERWH BBk
EEMEY 70% ; WL BEFE D GSSC(RAR CSH) T/ MIT =4, MELLERAY 6SSC T ML
s S EER PSCS-1 MR Cd A RPHEAER 4 {5, RURMESRMOGHEEE . TSR, BITA
HREMEREN—HRAEN, FARAPESRBGEINN L mEEE, T GSH S RENEHT
PC H AR Cd B4 . Siriponadulsil 3 157 S FIREff X 51k B KOMM 4 (extended X-may absorption fine strue-
ture; EXAFS) AR R, Cd R SMBMES, EHERRT TS 41 S HTRRWEEE, HEFERH
EH 24 S RFH2AMETRL . MEREERARAREE, CUTRSSEREETENALER -
OH™!. WMEMEXRASERAESBA MBI, $385 BB BRERORE, BHARATEH
EEFFH (reducing enviconment) , (18 CSH & M, TIRAY GSH B UIRiE PCs AR EH S HLRME
£, Bk, MM RS AT R A R AL S IS B

5 RAMEASRAES BT

ERTERE REE STH (BIBURAT), EWEATE B0 54 KA mRNA 221908, 4
FiL % -4 1% #4380 3 1 (Heat shock protein .Hsps). #2M8 SDS K O 4 T 1 T LR Hsps AR K
% HSP100, HSPSO0 . HSPT0, HSPSO L4 R/h 4} F RAMEE (smHSP). 5— K Hops L L HE SRR
BT, ENEEBRABRIEWE FRERRNTE . SHEYE—BaE/L% Hsps, {HTER) 8 4
FARAA - Hops BERER. HEMARTNAR AR FLREFLEETUES deps k. &
BHRRCIEXTENREEAREE HTEH (molecular chaperone, CPN) BYTI8E, A RATHET
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HHEARSEPEEEARSAZIRG . Biekens ™ H ZnCl, fl Se0. AL HBEREWE Raphidocelis subcapitata
R HA BEIFEF Hsp70 &, H Hsp70 MAREA N ERNL . HBRFERRE Eneromorpha intestinalis
AR Hsp70 ). E& B TRME AP FEERTRAFRE S BEHEEA R, SR ENEE R
REBPENESCBOIE S EAERER . BHER, SEFEELHNLKREY Hep70 E¥LRELRIE
R TIRE
6 WX EIAEH

Wil X ZAERT (vacuolar compartmentalization) ERSHYM ESROTEERRETEEEEER Y.
BT , Pawlik-Skowroniska 'R B SRR B % (dithizone test) 3 BIBFFE T Tt 45 5 4HBURE) Stigeoclonium tenue , 55 5
RHFECTERIESNA R TN 5 5 B IR B A 5% . Heuillet VR X SR BT T IEBES
Dunaliella bioculata, Cd $5% 20 RIGHEBRMWERIT Cd A S, (HRE 3 REFEEMMH RGWE] Cd WTF7E .
Nassiri %' 4T Cu #1 Cd A RAE T B Skeletonema costatum FIBHL P UM T Cd M S, HEATES
BRI EHAEBRRAETE R, Co ERE PR CAEED . ERSHYT ELRB -PC EAVARESES
STHREEHRE—MHEENBEIR . BLEORERESLR -PCs HAY, BN TEZMIERERAEH
AW REMEER . ERRBRT, EIFEERTRAELS TR . ERENESLR -PC EA4Y =2,
FERTRL R, MRMAMAR T RN, TR TRATRUWESLR - PCs EAWEAMZE IR
R TRESRE -PCs AWM ABRMBTE . FHik, BKRK =i R7ERKmS E 4R a7t
RERNBENAZ—, ETERRBNMERESRURESRE - HYESE B ABRBGHLEM A R
ABEFR

7 WX E SR KA MHE S EA

EXMESEOAFAELTRRES RN —FHEEIS . BRAREUZHTRABOELBY
HA (D BEREE, BT SBBGE RS ; (2) JHAHBUE ). Rai £ B3] Anabaena douli-
olum K] Cu Tt PERK, SEUBHM L, MHERRL T Co A, BSEBHRE, RSB . 7E55 S &4
T, Scenedesmus obtusiusculus FIZNRBBEINE, Twiss Fl Nalewajko'*! #EMFTRETR MWL ESBHRIL . B
Fucus serratus BOSATHYEAFERPBEEI 2 52, WIOEFVBY LLEURRMBERTB0 Cu 2, BARM A KERER, WM
BT R — s B Ll He R L ARG ke,

WG Fucus vesiculosus W] BE/T IR BIBSME & Cu IS Cu W FIES, AT BE LRSS T Cu
HIBCARZIISP R FERERE A, Gledhill % 19 YN HZBBRVLHI M —HHE —FHTREMFE K . Verma Fl
Singh'*" RI, FE Nostoc calcicola K Cu Ptk 2Rk PEERB TRER A Cu HEEHLE], Yoshimura 2 ) %
Cyanidum caldarium B9 Al IHPEBRH B BIARMLER . RAREI ETIMBTREFHT BB L ESE HRH
AU EED—FREILG R S REMFEHAL IR .

8 RE

RN GEMAMAK KT ERNMELE & ERMESRETEFLERENMA . 2K D,
RAX-HEKREGR, EERERIARYHE, 24AWEREA, BABRNESREERDYRALH @
R, — 77 EA P 4 R T v R AR R A R B MIAR Y, BT KIS R M R E B
BP%E‘J%}.‘?\Z—,%-—?iﬁﬁ?éﬁTﬁ%’]%f&ﬁ*%gﬁﬁﬁ%m‘%—’l\’ﬁﬁﬁﬁﬁﬁ%?%‘é@ﬁi‘ii. plia > i
IR AEY (MEIF RS FRELRREAASVECRESSSEEHR, I RLTRSHY PCs
I MTs BFRERRBE, BYRELANEL BT RBES FIEATRAENED, HEEEHLE
Mo . SRALEEUTINMTERREZHHIR LA OSENARESREEEL. 2RMHEEY,
W E & REEBUEH R IRAERTHE; QEY PCs HESREZPIOER, #—HRHESE - PCs
HEEYRHEANBBATRECRS LA TREREFRERTA Z; OFBELE P BRAHE PCs 41,
T F A WA B RIE MTs B9 & B, FEItAH HEMBFEEL PCS HH SEMEL MTs BEENSBLEE; @
BEMTBR 75 Zo BEF X, BFEE—5 HY MTs R EIHEE; © Heps EE SR ME P B R HLH 4 5
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BARS:; @ PCs SR THLREBRBE, HER PG - HATRESYEN, EHLWET COTREY
L A LB PCs SRRMN R ORXMME S AWBNESHPBTEHEPHHGRT S
FERARRN—TEESS . AS¥HYHESRESEERIA R (DEER R EREERR)
B, ATTRBMREER S X AERETAF R ARE . BN ELRIERERE L — FRHAN,
AR EHLAN L AEE, —SRREREEA -8, BRREE—E S FAT | SRR BT
BRTERAGI . SEMNESRUBOHRTHE, $8 . AEEXER, N IHEEERERES REHE
HORA TRARAESREENRTRE RGN XEOEHE
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Mechanisms for Heavy Metal Detoxification and Tolerance in Algae

ZHOU Wenbin & QIU Baosheng
{ College of Life Seiences, Central China Normal University, Wuhan 430079, P. R, Ching )

Abstract

With the development of industry and agriculture, more and more heavy metale are released into water bodies.
Today, many heavy metals constitute a global environmental hazard. Heavy metals such as copper, zinc, nd nickel
are essential for many physiological processes yet can be toxic at higher levels, Other metals such as cadmium,
mercuty and lead are nonessential and potentially highly toxie. Algae possess a range of potential cellular mechanisms
that may be involved in the detoxification of heavy metals and thus tolerance to metal stress. These include roles for
the following: for sequesteration of metals on extracellular components that reduce metal bioavailability; for chelation
of metals in the cytosol by peptides and proteins; for sequestration of metals in polyphosphate bodies; for the com-
partmentation of metals away from metabolic process by transporting them into the vacuole; for increasing the efflux or
exclusion of metals; for producing stress proteins such as heat shock proteins that repair the stress-damaged proteins;
in addition, some heavy metals cause oxidative stress in algae, with the result that metal toxicity can be altered by
synthesis of appropriate enzymes or metabolites counteracting metal-induced oxidative atress.

In recent years, some attempts to engineer the production of metallothioneins (MTs) and phytochelatins (PCs) in
slgae to increase metal tolerance and/ or accumulation have been reported. To date, however, it is mainly the model
plant species that have been genetically engineered. Phytoremediation strategies have been proposed as an attractive
alterative owing Lo their low cost and high efficiency. The concept of phytoremediation of heavy metal contaminated
water has been iucreasingly supported by research. And, algae have been widely used as pollution indicators in water
quality deteruination, Thus, studies on tolerance and detoxification mechanism of heavy metal in algae have nu-
merous ecological and public health implications.
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