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Abstract. Allelopathic interactions among phytoplankton species are regarded as one of the important factors contributing to their
dominance and succession in natural waters. Microcystis aeruginosa is a cyanobacterial species commonly found in eutrophic lakes,
and microcystin-LR (MC-LR) , the mainly secondary metabolite in its cells is usually regarded as allelochemical. However, the bi-
ological role of this molecule in the aquatic ecosystem is still under discussion. To explore and distinguish the allelopathic effects of
MC-LR and other secondary metabolites on phytoplankton, the dose-effects relationships between MC-LR and growth as well as ef-
fective quantum yield of Chlorella vulgaris were investigated. In addition, the different responses of C. vulgaris exposed to pure MC-
LR (200 pg/L) that has been proved to induce negative effects, the cell-free filtrates and crude extracts of toxic M. aeruginosa
FACHB-905 in cell concentration containing the same content of MC-LR were compared. The results showed that MC-LR decreased
the growth and effective quantum yield of C. vulgaris, and the inhibition efficiency increased with enhanced MC-LR concentration.

Contamination with MC-LR = 200 pg/L significantly inhibited the growth and effective quantum yield of C. vulgaris in concentra-
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tion of 1500 wg/L chlorophyll-a within 24 h. The cell-free filtrates of toxic M. aeruginosa FACHB-905 had no significant negative
effects on C. vulgaris. However, compared with the pure MC-LR, the crude extracts of toxic M. aeruginosa FACHB-905 containing
the same amount of MC-LR led to further inhibition. Compared with the MC-LR treated one, the growth and effective quantum yield
of C. vulgaris treated with the crude extracts was further decreased by 14% and 3% , respectively. The results indicated that the al-
lelopathic effects of MC-LR on its co-existing phytoplankton species were dose-dependent, and the secondary metabolites other than
MC-LR also had negative effects.

Keywords: Microcystis aeruginosa; secondary metabolite; microcystiny MC-LR; Chlorella wvulgaris; growth; effective

quantum yield
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1.1 MR IEFEH

FERE b R A SRS (M. aeruginosa FACHB-905) 55 24335 3510 /N ER 382 ( C. vulgaris FACHB-8) ¥l H
BEF e K A A YIRS B K SR . 5 TG A BG-11 153 3 A e REBE JRA rh b AT 9 K 9% S 97 1R
JE A 25°C 5 SEHRFRSE A 60 pmol - photons/ (m®+s) 5 JERGH A 12 h:12 h. 3532 fa) 4 KA TA%5) 3~4 1K, LA
BRI R4, [R5 F Z2™ 4 [ 3 40 i 43 K7 304 ( Beckman Coulter, Buckinghamshire, UK) jill 22
A0 M 2R AL, UL T B K o I T S
1.2 MERESFR(MC-LR) ELB/NKEERKRBEUEF~ENFE—HEXRHAR

SBORE T % B A S B /N ER B SR WA B = 2% a(Chla) ¥REED 1500 we/L T 100 ml HEFEHR T,
M5 43 B A 8l MC-LR (Sigma, USA) , {ff FA 45 3¢ B 43 51 2 50,100,200,400,800,1600 pg/L. LAA N
MC-LR PyREFRA XS B, A IE 3 D EE, BRI & /N R B IR 50 ml, B TOU R 40 P 35
FeRIE N 25°C, SRR AR IH A 60 pmol - photons/ (m” +s) . FFLLE IR T 1% 24 h 5 HURE , FH PR IR 4 -4t
ZE AL Phyto-PAM (Heinz Walz GmbH , Effeltrich, Germany) Il %2 /NEREE A M4 2K a YR OB S T2 %K.
MRYE — 35 7E 24 h B P AS AR A RS X/ NERTBE A H R A0 i 7™ 358 A 183 (P<0.05 ) M il /E FH I MC-LR &
B AR 31T T — PSR R
1.3 REDR AR =Mt Bk e 22 M O AR 28 75 3%

HRAE 2.2 Y45, 24 MC-LR ¥ FE Sy 200 e/ L IR, 3 /NERSE B A2 K A 8 1= R R B aim
B, RHAE 5 B s MO R 98 i MC-LR BRI . O T X 43 MC-LR B HA R AR A= My e T,
PR E 4 DRI (1) NERBE 2R IR, B2 X5 B (CV, Control) 5 (2) /NEREES 200 pg/L 11
MC-LR F:5538 (CVHMC-LR) ; (3) /NEREES 4R B g 5877 A2 24 200 pg/L & MC-LR (477 3 i R 40 4 o 2
B FACHB-905 A1k (CV+MA filtrates) 5 (4) /NERTEES 40 MO & 9 B 29 200 wg/L MC-LR (975 bt
LR B FACHB-905 4 i $ i L 8557 (CV+ MA extracts) . fEALRE(3) A1 (4) ATCH i R b , B SORL
PR35 BG-11 S5 TR AL IR 1 1ECLE, BI4% 25 ml. 7/ BR 3V B2 (0 5 T2 25 R 25 ml /IR RE TR (it
2R a RBEZ)H 3000 we/L) , 4 5000 g #5.0 5 min J5, KH G, FOTAE 2 A A0 B . (e e A0 iR
PRI A #8715 DAy 308 o R T I A B B TR A SUAE VKIS S TR PR A 2 S B ., T Ji5 4 5000 g RS0 10 min, |
TH RN A IR A AL S W BBA% 7 £E 200 pg/T MC-LR x5 FACHB-905 B 20 A v J32 DU AR 415 SC ik
I o %t BB R IR T MC-LR 35 8 . B B B AT« b X R K 07 4 R
£ fyE P FACHB-905 g4 MC-LR & & 5 4l vk B 5¢ & 1) mH J5 72 4 ¥=0.08x+0.85; T g N MC-LR ¥k
A B OC R M R AR A = 0.58x-25.54, Horh y Rl dE R W (pe/L) , x NANIEREE (10° cells/
ml) . REAERS P72 200 g/ L MC-LR ¥ J3 AR 3t ol 00 200 08 Y0 SRR L T 8 57 P 4 e 838 FACHB-
905 (¥4l 2 Ay 340x10° cells/ml. AR 53 0 J2: AR 4l 2 P 5 95 1 i 4 12 38 FACHB-905 % 3% W 11 41 ffd v
BRI 1 RE FR AR S8 o B O R A, R B R AE — B KB BG-11 B Fr i rh A5 SE g e e JiE
B R R B 3 A FATRE R, BRI /N ER BB SR AR 50 ml, M4 K a WIIRVREE N
1500 pg/L. 430 7ESS 1.2.4.8.12.24 h BURE , JF I8 /NERBEIE R MR W I 43R a YR KA ROL G 7 777 3.
1.4 INBRGRPE A R E A E

FH I Y 48 2258 64 Phyto-PAM ( Heinz Walz GmbH , Effeltrich, Germany ) jill & A [R] ¥k &£ MC-LR 4b
FRZH PR NER T SR a WP FRARGE N R ARG SRR NER A HOAE KRR (e, d7) 2 = (In =
Inx, )/ (ty=t,) , HA o, Tl v, 3 BIFRIRTE o F 0, ) 20/ NERBEES SRR N4 2K a MR
1.5 BYUAEEFTEHNNE

AR T4 (Effective quantum yield, AF/Fm’) fQR T B PSIL G RO R, BDES
PO T A g B b INER O A T T A 28 Ak, T R A A4 B i B N RE A B 3 ml B 3R T
Phyto-PAM (Heinz Walz GmbH, Effeltrich, Germany) Jll5& AF/Fm'. AF i i 205 T Bl 22585, Hoh ot
ERDRES TR RZEOG(Fm') FARRTOEH (Ft') 2.
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WA, = (Py=P, ) /Pyx100% 115 MC-LR % /INER 8 L 2B 3 238 KA 80 T A il 38 (% ) , He
o X HAE R 5, P P AR BRI [E] VR B MC-LR b FRZH/NERBEAE 24 h I HAR KGR
SRR T =M, Pyl Py oy BIREST BAFAR R MC-LR AbBRAL/NEREETE 24 h B ROCEET
[
1.7 it an

FIFABME AR EZE (mean + SD ) R T B BV BCFHHE , IR L2 7 225041 (One-way ANOVA)
1 LSD K kAT 22 S PR A3 A, B K RE Ry P=0.05. Bdli b 38 e o3 Aok FH R 2 SPSS 19.0 F1 Excel
2010, 1 K BA: K Origin7.0.

2 #R

2.1 MC-LR 5/ BEAE K MBEYEFFENFIE—RMER

#£ MC-LR Bk 24 h J5 , 5% HRZH (MC-LR #2240 e/ L) A LL , AN BE (1 MC-LR b3 [ A% B2 4t e
R T /NBREE R IR 285 a VREE, O H MC-LR MR EE R /N BRBERE TR T4 3% a VR BEARAIR. 7E MC-LR ¥k
53519 0,50, 100,200,400, 800 F1 1600 we/L B, 15 37 24 h J5 /NER B 1E IR WA 28 3R a W20 1A
1812.32:£29.52 1773.26+27.03 ,1754.98+34.73 | 1697.67+53.04 . 1647.10+36.98  1527.34+37.01 Fl 1497.12+
34.58 pg/L. X4 MC-LR ¥ =200 pg/L B, 5% FRZHAH LE , Ab3RZH (/R BRI 40 38 a VBT IR L 4
225 5(P<0.05) ([ la).

AL IR K 24 h G FRES IR/ RS IE FR T AR a YR P R ORI oA KA, HAE 0,50,100
200,400,800 1 1600 pg/T. MC-LR b F {4 b A= K53 243512 0.19+0.02 ,0.17+0.02 ,0.16+0.01,0.11+0.02
0.09+0.02,0.02+0.01 1 0.00+0.00 d™'. 7] WLFEZE MC-LR ¥ B (84, /INBR 3 LU A= K RN T TR 5 Y ik
BERERUKLN 1600 we/L I, /NEREE 9 A (K S22l (14 1h).

5 H AR AR, 223 24 h 9857, AR W MC-LR AR BER /BRS04 2 7 R W2 2 71
i, H MC-LR Ve EE#R 2, AR T 8%, 7€ 0.50.,100,200,400 800 F1 1600 we/L MC-LR ¥R /Nek g
H A R P B AR 0.66+0.01 ,0.66+0.01 ,0.65+0.01.,0.64+0.01.,0.64+0.01.,0.63+0.01 F1 0.61+0.02. {1
JETE MC-LR =200 pg/L I, Ab B0 ) /NER A 0T 77 38T F 46 5 00 B2 30 % 22 57 (P<0.05) (18] 1c).
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AR TR () WA (n=3) (B EITARIEA R FRER R A AR BEE] 7R P=0.05 K EA 3525 5%)

Fig.1 Effects of MC-LR concentrations on chlorophyll-a concentration (a), specific growth rate (b) and

effective quantum yield (c¢) of Chlorella vulgaris in 24 h (n=3) (The different letters above the columns

indicate significant differences between treatments at P=0.05 level)
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2.2 MC-LR 3t/MNREAE K R ERE T RN MHI R

BT I E ML 7R MC-LR 5 /N A K S S50 7= S 1 7 i — 3000 5% 31, R 18] MC-LR ¢ B 4b
PR /INERBE A b AE 6 KA RO 7 SR A AR S AR S B R R AR . 4551 R MC-LR % /hak i
b A A S 3R R AT R T 7 S ) 0 ) 3 85 o L o 1 3G B o (B 2) . Hk A 50,100,200 400,800 1
1600 pg/L ) MC-LR 7£ 24 h P53 /e i b AR R A 5853 310 11.59% £3.38% (17.11% £5.56% |
41.57% +6.77% .50.31% +8.20% .90.53% 14.75% 1 101.65% £16.57% ( [&] 2a).

MC-LR 5/ NERSEA 55 7= S 00 0 1) 356 Bt A LR 19 25 A A8 S5 3 A 4K A0 i 288 ), (R RO AR BEE 20N
82 (18 2b). #J¥ N 50,100,200 ,400,800 1 1600 we/L i) MC-LR 4bBE 24 h Xt/ NER S B0 177 R 1161
RANH 2.23% £0.05% 2.74% +£0.06% .3.26% £0.08% .3.38% +0.08% .3.43% +0.08% Fl 5.47% +0.12% ( [
2b).

120 (a) 6 (b)
0
90 - =
o o4l
S =
% = o—o—¢
E o0f F P
£ L
N /+ Yook R
H I
301 / b=
T
ot
ke e
0 50 100 200 400 800 1600 0 50 100 200 400 800 1600
MC-LR¥¢ £ /(ug/L) MC-LR¥&EE/(ug/L)

P 2 MC-LR AbBE 24 h X /NEREE HE A (A (a) A RO T 48 (b) B3] AR FE MC-LR ¥R B84 (n=3)
Fig.2 Changes of inhibition on the specific growth rate(a) and effective quantum yield (b) of
Chlorella vulgaris treated with different concentrations of MC-LR for 24 h (n=3)

2.3 A [E)4b 38 3 18 Bk R A K R I

ASFER A = A BT /NERTBEIE SR T SR 3R a Y I BE S 20 (8] A K T 384 i (181 3a) . 5%
MEA (CV, Control) Lk, #¥ )i MC-LR (CV+MC-LR) A #H45E MC-LR ¥ B ()4 4% fl 2 R AN M I8 ( CV+MA
filtrate ) J ZH MRV ( CVHMA extract) (AL FRZL H/NERBERT SR WA IF G2 a W B8 45 B 0] s 250 T B AIK.
B2 24 h 5 S HRLE/ NERSEIM S22 a e N 2230.08+57.70 we/L; MC-LR AbBEZH Jy 2044.45£52.12 pe/L; b4k
TR i 200 B VR A 3 2 5 40 L R Y Ak B 2 ) /N BR B 4 R a VR 43 Bk 2183.37£72.83 F11758.24%
121.86 pg/L( &l 3a) . 445 e v 40 8 T A BHH Fn Xt BE A 22 [B] % A i 3% 25 57+ (P>0.05) ; MC-LR 2 i
21 LKL B2 VR A 2 5 0 R AH 2 [T A7 A B 3 25 57 (P<0.05) . T 55 MC-LR AZb3ZHAH Eb, & 4 454 MC-LR 11y
TR i 200 R PV A PR /N ER B TR 5 2 a WRIEREAR T 14% , B A7 B 22 5 (P<0.05) , Ui
BIIR T MC-LR, 20 SR 329 o 7 A 00 At R 2B AR v /N BR3E  AR Kt HLAT S /R .
2.4 REAEX L E/NKEERNEFENZMN

R FE AR X RS 3 AN BT/ NEREE ) Rl e R R AR T R i AR, 7RSS 12
h B B 2R A A LR X R ZH OMC-LR A3 2H 200 i v A 2 2 R 40 A 45 v Ak 32 vh /e i 1) A 3kt F
AN M 0.68+0.01 ,0.62+0.01,0.670.01 1 0.60=0.01. T 24 15 52} ] 4E K 5 24 h i}, % BEZH MC-LR &b 3R
2 20 R0 R Ak L R 200 A A A NER R A R 7 3R 43 5110 0.69+0.01,0.66+0.01,0.68+0.01
F10.64+0.01 (1] 3b). 20k 3 A BRAH 5 %) FRZ I /N ER A S 1 R 22 SR 35 (P>0.05) 5 fif MC-LR &b
FRZH AN R P TR A B P A/ NER B A T E S 35 (P<0.05) fIG T A ZH. 25 B fl 3 5 A RO D8 000 /)
BREOEA T HRAT 2 DR A 0 MC-LR R R H Al v A= AR = 50 6 oA S 2 I Ve . o ah, &
F 55 MC-LR (941 i 2 7 Ab 2R (%) /NBk i A 30 7 3R i 4l MC-LR ZhERZHREAIR T 3% , H % Z A7 1
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% . o i \\Y 5
= 1600 [ B l ® CV (Control) 0.60 | LS -@-CV (Control)
O CV+MC-LR ’ -0-CV+MC-LR
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0 5 10 15 20 25 ’ 0 5 10 15 20 25
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3 R[RIAL B /R HE FR U 28 3R a WRBE (a) AT R0CEE 7773 (b) 24k (n=3)
Fig.3 Changes in chlorophyll-a concentration (a) and effective quantum yield (b)

of Chlorella vulgaris under different treatments (n=3)

W25 (P<0.05). XERWIER T MC-LR A, Hil S b w8 40 v 35 1) HEABA A A Qi ™t 2 X /N BRBE 14Dl
AE R AR .

3 it

AT G898 7 2R 4 2 2 D R B W LA R AR B3 1 G A48, B0 Zake 2511 A 1 AR/ R BT RE A 5]
89 MC-LR e B 7K S-S 23 X PRWEAE 0 1) A6 4 7 A 57 TS 0] 5 8 28 TR SR DA T i 3R P RN i L PRl
Yy A K B R HEAE T (R R MR FE WA MC-LR R 3% 2 (o s 7k SR B 1) 2 AL R 5, R A% o
ZRTR I A A K R R ARR AR A R, MRS A R 2 B B R A E
FL AT R SE 2 T MC-LR R 3 5 IR U A ) AE 0 o 22 TR] R ISR O 3R < 2 MC-LR ik B 468 v 8 3 A2 SR V- Ui
TSN M e g AR, PR e ik MC-LR s 2, DA 5 B ) 007 (181 1 R 2) 5 i 24 MC-LR ¥
BEARARIT , R MC-LR A< B e R R R it 22 7% LA TR A 00 R W i S5 0 A, (R R LIS (B 3
(I AR L 25 2 H B VA R i SR AR 17 I 4. IR — 2 AF 58 R BRAR T 50 pe/L 19 MC-LR
B AT 22 B R A A 2 K RO AR R TR ARG T, A 2 MC-LR 55 200 pg/L i, A4 254
e/ NER B A R BT R A B A (B 1 RNIE 2) . X BEA W] RE R IR R N TR A 28 O AT
P i s A AR =) (T 32 VAR 25 57, B P RB DR A AR RS b I FH/NER S 400 ¥4 2 (1500 g/ L Chl.a)
KT ERAF5E (< 300 wg/L Chla).

FEAIFGE T, 0 2 20 50 40 L D0 VT 3538 /R 9 A A B A 7 7 A (s M R S 3, DRI RT Ay < 3%
AT () 3) . AT IR S B0 A e 4 1 5 3 0 7 TR A 400 S AR 1 K T G A M o >, 3 vl R 2
H T UE P Y MC-LR S5 (b8 [0 1 v B AR SR 481K, 7 26k 4 B M ISCRE AL 5 LRI A JE A 1 (i 24 il
BN AR B KT, TS SR R 2 I R 1) flc 9 R A B, 8 0% 1o 5% 35 TR RE 22 43 10 MC-LR 45 o AR ARl ™
Wt DT Al A G 2 0 Y R A S 1. B O R W i R R R R AT Ak )
A7 A 3 R 4 A 4 02 T 40 S i S A R R T A AR e 0 R WA T 4 0 R 9

SO 20 BB OR300 /N IR A R A ki 1 AR B R 3 (P<0.05) SR T, B 2R T Al
MC-LR Zb3H (P 3) . X BESEE T 4RI b & K& A A AR =9, d 3t BB MC-LR 4b, Hi S i 3% 8 7= 2k
(9 HA AR AR 0 [RVRE X /INER 98 9 2 1K RN 43 305 Atk LA 0360 2800 90 A Ao 57 A 0T 5 A o Tk 2 i o
LT Fole 8 385 1) A SRSk 0 St 2 B & MIC-LIR (14 400 4 ol i B U A7 L AT S35 R AR
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