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waters worldwide and can torm toxic algal blooms. There are marked ditterences in 1ts growth and toxin-producing

characteristics in different areas. This study investigated the effects of temperature and nutrient (N, P) limitation on the
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growth and toxin production of P. reticulatum recently isolated from the North Yellow Sea. The results showed that
temperature and nutrient limitation affected growth and toxin production of the alga to different degrees, but nutrient
limitation had a more significant influence. Lower temperatures were more suitable for the growth of P. reticulatum. Growth
of algal cells in L,-Si medium without nutrient limitation was best at 15°C. P limitation greatly reduced the specific growth
rate and cell density (P < 0.01), and shortened the duration of the exponential and stationary phases. N-limited cultures,
in contrast, resulted in a growth rate and maximum cell density similar to those in L,-Si medium, but with a shorter
stationary phase. At all temperatures, both N and P limitation were favorable for the accumulation of YTX in algal cells,
which was particularly marked in the latter. The maximum YTX content of 92.6pg/cell was observed in 1/10P medium at
15°C at the end of the stationary phase. This was approximately 3.8 times and 7.1 times that of the YTX in the N limited and
L,-Si medium at the same culture temperature, respectively. Changes in temperature had different influences on the content
of intracellular YTX in N- and P-limitation cultures. In the range of 5—15°C , temperature change had a negative effect on

accumulatiomyunder N limitation, whereas in P-limited medium, the effect was positive. In all culture conditions, the

YTX concentiation in the filtrate began to increase during the stationary phase. Compared with L,-Si, both N- and P-limited
media were nof\ conducive to the release of toxins. Higher temperature helpful to YTX release in the L,-Si and N-limited
media, but it dif| not significantly affect that in the P-limited medium.

Key Words: Protoceratium reticulatum ; nutrient limitation; temperature; yessotoxin ( YTX) ; North Yellow Sea

AR , A B A AN AR BRAR 2 b I 2 e A X 2 b 4 K ™ SR Ui L N A RN A iy A A S
BT RIAETEE  A BRI G F AR T ARl i A it 2 B R R S m A se i, YT RERS P
SR FEAR Y T HAE KA R 2 BV Z R s, Horbvg 2 i R 3hE DE AR SR H B2
SO R H BRI PR 3R 00T 3 At A K 5 7 i 10 5 e DXL SBE R I S, A R PR 2R AN TRI 9 e 235 SR AT e 58 4
A,

DR D57 51 38 ( Protoceratium reticulatum ) S22 70 A0 T2 BRI R /K I RIS IR LR W A B H 32—,

m IEILZ%*/I\WEEU\FQEE—F%%mﬁ%(yessotoxins, YTXs) E"Jgiélﬂﬂﬁjijém , Eﬁiﬁﬁé[z-ﬂ H Z'—‘[S_G] \ﬁgﬁim_g] N
RRAT S hn gt PUBEA RIS AR [ I K Ry B R R T AR SR DL
FoE SRR AR O IE FFIE M R G S R G AN T A B R AR T RE 2 YTXs
VEFIR RS B DLl 5 I SR A MK YTXs 7E (A N SRR AL 1 B e A4 338, %ot DL 2T 9 e N K f
Je A 2 A T VTR B U

H X iz R K Z 8 b T - 3R 2 RS G548 S 35 2 R 75 vk 55 X T A58 IR 5% IR i A7
AR AR AR A IR K Z . 2001 4F, Seamer' 7 R FF R TR JGAR EhRE B IRER AN R AL
XoF 37 G 2 RS 1) AR SR 8 A K B B OB RIS 52004 4F Miitrovie' ™ 25 4] 3E TR JCE Fe Se Al Co X AHH
(] 7 35 PO ER: S A o A R P = BE RS2 3 2 )5, Paz SO R Rodriguez AELOL I BRGE TR BE G R FNER BE M il
FEHE G L, -Si R FRER (NP ) (A B 68 74 BIE 210 35l 4 IR D A 98 A K 5 7 3 1 R 15 Gueerrind Y 45 ) 43
B A R RFEAS FE v %) AR D A S A B S X G, BE AR T BE IR EE JOE SR NZ B #5205 Roder
SEUIIRGE T R TR B SRR e A RV 1 R S A R K SRR S T B A R R B,
IS DR -2 5 Z1L 52 i) S 4 0 28 85 8 2 2R 1R 4, (2 TR T T AN R b AR R T TR T IR 215 AL
T B EREE AR R A B ) SR AR R AR P S . PO SR ARG YTXs B R A iy 728 e 5
R 4 bR A3 A1 2 DI AE OG5

TR A B AR = A E R —, DU iR ) 5 R WG A 0 TR B™ BT YTXs 35 R 2 ARk DL
SRS REENETERZ —, WPRELE N 2011 4R [ 0000 KR 5 5 DURE SRl 200 YTX 2R & &
FEEIR 6.68x10° pe/kg 1 K AHE T RR B ML AE 9 28 4 AR (Q000) we/ke ) , 7™ T B I B 4 OB R &
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12 1] FOARTE A il BEE SRk BRI UK DA (AL BRI ) AR K R S 3

4, 2014 AR ZEEAEERSE W rh O T IS PAT A R 2 MCIE S0 TR T Sl B AL B 1 Ak TR i A 3 Xt 2
IR N O B2 YTXs BRRR A B, it — PP TS IZ B A K P23 R A A R J B4 e R e
LHEGEEHUH AR A T BRI RIB TR

HT TR A E T T e B 3 R A B, O TRk A R R BE AR AR R 2 1, iz 3 D
Rrf YTXs {59408 B0 5, AT AL BT TS AT AR W 3B VI ANs 2 . ASBIEFE L AR JEUA 3 (AL B RR ) S T2
XGRS AR A AR R LB 2 A P PR B A —— TR RS 3R 3k DRSS A R EE R NP B SR
ER PR AR T IZ AR SRR DR AE AL, A SEBR AL 1 AR TE R B S PR TR 1 2 ) T
Z AT I L AR AR R OGAR RL, BB e o T e e B e AR U B %

1 #MREFE

1.1 MR

SIEI6 R TR A iR A G BRI, 280y B el Ak mi A

PERREE IR T KA 5 A 2 KR, 508 0 31, pH R 7.9+0.1 ,BPUEJS 48 0.45 wm Sl FLUE it
UEEERE =AM R R E (120°C, 0.12 MPA) K& HI B, % e AJe SiQEDL, 55 373 (1,-Si)
( Guillard F Hargraves, 1993) BT 15%C O GIEERE R 90 wmol - m™? - s AYTE IR IR AY SR T IR L
Ft# 12h:12h,
1.2 STk
1.2.1 SRR

SIS A 4 ANEEERLREE 2518 5°C . 10°C (15°C 20°C ; FERRANIREE T B 3 R g3t 09k L,-Si 15
FEHE N PR L, -Si KR (N RN L,-Si A9 1710, LR #RA 1/10N) (P BRI L,-Si 85585 (P W L, -
Si 1 1710, LI 1/10P) 36 12 Fg A, BERP A4 38 3 A FATRE, IR0 JE1 30 48@@\

FESZI0 E 2T LA T, 4 PR T A S8 76 AH L 9 TR 1 T 9k — 5 35 F 0

SERR FH—UPERE IR i B R IEK 2 FLAR N 0.22 wm BYBRFLIE B S8 T K S, 3 R TR
B N P HBETRAN L R F5 R A FE 3 A0 M (282 0.2 um — IR MEJC £ SR JE % (925 mm, Pall, USA) i JEKR
), O B S B0 B 3 FPE SR AL NG B AF (0 5 35 8 T S T B R R B SR IR N AT R e, B
LA JE BT 5 IS AN A TR B R e A R BEE R 500 AT/ mL, B SRR R 1000 mL, EF GZX-
250BS— T BUEHEEE 748 ( LB i BEIT 28 0) ) PG 658 90 wmol - m™ « 71 JEREJEIA R 12h.12h,
FIY KEURE , 2 J5 4 3 d BU—UkFE, BRI 1800 5, 350 Hh BIrill S50 s B S SR AE B Rl A6 5 A T
1.2.2  FEACREE AL 5

(1) AT A SR B b AR K R

H 4 HR A 3 RIC— A BURE AT S8 sh 15 3, AR se 0120 . B2 mL 3869, A 1% Lugol's
WU 52 IR AT 5, FHVR A 0 B FE TE2000 {8 8 2 758 ( Nikon, Japan) 314k, [F] B W02 41 i E 245 1
AL

PR L AE R BRI LU N AR AR R (w) = (InNV,=InNy) / (¢,-t,) , ZH w AHAERKEAR ),
N FUN 23500 1 B o, B 1] ) 40 B 235

(2) BEREWG5Hr

W AR L 20 mL VR R E S JERIE ZE GF/F (925 mm, Whatman™ | UK) |, [ B i 55 98 8 T g
SNEERIIHT . A SR BRI BT BE S, FH 4mL 80% fY H LUK T ol S B R, S A B G | I 2 A0 O 4 S
i, 4°C,6500 rpm Z5.0> 10 min, W LI EEFEHC—K, B IF PRI LW, 80% H EEE 45 & 10 mL, HH 0.
22 pm IR (613 mm, EA/R, A0 5T 138 JERCE T -20°C A7 20T,

AN EE B AR ARYE Paz 25 A 07 SR R AE R RS IE R P A B R EARVR A B AR 10 mL

—

[
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4 A E = 37 &

70% FFEEAT 10 mL 20% (1) F B [ AHZE B (SPE ) /N5, 6 20 mL 38V AR E] SPE /M5 T 10 mL 20% 1
HEEPEIE SPE /NEE , FP4miyi BV s 2 )5, FH 10 mL 70% 19 HH B2V SPE /IVEE AR DRV, H 0.22 pum 1Y) T
i3t 8 SRR T - 20°C ARAE B0 HT

FEZ A BRI . SR FH v OB0RE €033 - B 0BG B33 ( HPLC-MS/MS) vE #1735 55 2 R M AP 5 Z A0 . AR
OIE-FTE 2R 58 Agilent1200 VR AH R S8 (4445 GI311A PUJCHE  G1313A A ShFEEERS, G1316A HE IR A ) ;
API4000 = 5 PUBL AT B3t A 5 ( Applied Biosystems GmbH, Germany) , &5 4 ESI HL 555 25 15 ; W AH £,
1%4: A Phenomenex RP C18 #( 150%3.0mm, Sum)

WA ST s A A K (5% 0.1% F R ,5 mmol/L FRERER) , WihAl B N 95% LM /KR (+5 0.1%
% ,5 mmol/L W AR%ER) ; R 4 0.3 mL/min , FEREARFR 10 pL, #EE 30°C , B YRR R INZE 1 i . FRIEAG I
FAF R ESI+/ -V Z 280141 )7 X (MRM) , S ISR 2 FIEk 3

g
®1 REBEERRERF
@uid chromatography process of gr@
0 0.3 70 30 9.1 0.3 70 30
2 0.3 10 90 15 0.3 70 30
9 0.3 10 90
x2 sREENSH(ESFEN)
Table 2 Parameters of multiple reaction monitoring ( Positive ion mode)

Q1 Mass/(Da) Q3 Mass/(Da) Time ( msec ) Toxins DP /(volts) EP/ (volts) CE/ (volts) CXP/(volts)
508.4 490.4 100 GYM 100 10 34 10
692.3 674.6 100 SPX1 100 10 44 10
876.3 823.3 100 PTX2 100 10 36 10
842.5 824.5 100 AZA1 100 10 30 10

Q1 Mass; DU 2% AT 3% 1 Quadrupole mass 1; Q3 Mass: M4 P K i 3 Quadrupole mass 3; Time: it [E] 5 Toxins: 7 ?; DP. L E
Declustering polential;EP;ﬁﬂL/\ i & Entrance potential ; CE; Tlf 4% HL & Collision energy;CXP;Eﬁ#ﬁiﬂj THL R Cell exit potential

®3 SREMENSH(HABEFEX)

Table 3 Parameters of multiple reaction monitoring ( Negative ion mode)

Q1 Mass/ (Da) Q3 Mass/ (Da)  Time/(msec) Toxins DP /(volts) EP/ (volts) CE/ (volts) CXP/ (volis)
803.6 255.1 200 0A -100 -10 -65 -15
1141.6 1061.6 100 YTX -100 -10 -36 -15
1155.5 1075.5 100 hYTX -100 -10 -36 -15
1157.5 1077.5 100 45-0H-YTX -100 -10 -36 -15
803.8 255.2 100 DTX2 -150 -10 -65 -15
817.9 255.2 100 DTXI -126 -10 -65 -15

TE RS E s X Bk

1.2.3 Bk 550 br

K FH SPSS13 Geit- 543 i A7 7 25 0 BAAR S Al A 22 3 L AEA0 AT, S AT S TRDELBE A N P R i) X P bR
B R MR RS EA BEE, BE «=0.05, 8380 M£S.D.3R/R (n=3), 4 P<0.05 iy B WPk
5 ,P<0.01 B EAN R E 2, 7340, FIH Origin 9.0 1EEIERIF#EATAEEI 34T

2 TLEER

2.1 REEANN P FRE S ORI A B (L TR ) A2 A
ARG 1 E] 2, T R 7 A FIR A 420 06 i 2 M 1) A A S (EL R ey 4 e 5 AR A B BEAN TR
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12 1] FOARTE A il BEE SRk BRI UK DA (AL BRI ) AR K R S 5

TEFA TR BE 500, IR B AR 3 (AL BT IR ) JI7E L,-Si 55 38 5 rh A K B | 5 4N i 285 3 A 1 A K i %
IR IZ R R 3, PR IR A A K, L 15°C ), P BRI % 37 35 v B R 40 i R R e A K
RAYHIA 0.47x107 /L F10.132 d7' U 1, -Si —2F, 22 30 W 2 (P<0.01) ; 75 40, P BRI S 46 T
PEAN R AR B KRR E ], 5 L, -Si B FRIEA HE /D AT 6 K45 AR BUE KW N R 24506 T Fa e )
PR B ], 6T 50 1 0 s 200 1 A A AR R

TR RS S EARBAE L, -Si A1 N BIR 355 7% 3 b e 40 B 48 B0k KW B B, 78 LB B A A A K AR
TR AR AL S TE ARG, R X (15°C 1 20°C) FIMERTRIX (5°C F1 10°C) 22 [) 240 Jifl 255 ) 2% R W 3% (P<0.05) , {HAE P
B35 IR FE |, 5—15°C Y Bl N 40 M 9 A K SR B AR AL R ARG . R BUE R WIS | IR EE 52 i 7E 8 37 3R B A
B RE R I A AR AR I G 8 200 2 B R AR R T D A TE Y] 5 20°C 1L, -Si 15 37 3 rp i 40 SR B A 1
(R AR I, (H AR T S 200 M 7 280 e K R e 01 28 B S B AR 1 e
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HHEE
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E1 AEEREMEFREZFTRRERE(ILESHK) MEKER

Fig.1 Growth curves of P. reticulatum cultured at different temperature and nutrient levels

2.2 REEFRTN P R PR I A B (IO ) 7 0 R
22,1 JRBEFN N PRI PR A (AU EEER ) LY YTX & 1 50

HPLC-MS/MS Kl % 1, R A e (ALK ) 22 YTX K YTX 7449, Hodb YTX /5 %1 96%
FRUARSZ R o E B YTX & i AR AOR SR A N P BRI = 8 i 52 m

DR LI, AT SR 25T IR i A 38 (B B0 AR ) I YTX &5 S B S 4 B i) 2B R B BOA & AR IR Y
AR RSB KIS YTX B2 880e , WIS B KIS IR 4G, BP0 YTX ¥R B2 7 4 2 R 38
FesE WAR I A B B, 2 5 TR TR
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Eild 37 &

5B SRR BRI A L, NP B BE 3 B = AR
JEF 3 (AL BB LN YTX B9 d . 1/10N 55 35 3
Hh DR AR I 00 R YR, A5 R R I
YIX AT 6 ] 5 71, (RN A R 5 3 e s A1/ £
A SC BT YTX & & e, 29°8 30 pe/ 4 il ASC Fi
20°C I #E R S AR F 20 pe/ 4RI e 47 5 1/10P 597 3
o, AR B R A TR I IR I YTX & 2t P LG T
i, IS LT L -Si R 1/10N 5333, 78 5—15°CHE P,
ML YTX 85 5 & s BERE TS A w5 , 20°C I, JE R
I IR T M, Horb 15°C B A2 2 109 A 30 80 A4 386 40 i vh
YTX RS, 5% 92.6 pg/ 4, B35 THA3
AMEE (P<0.01) (K 3)
2.2.2 REEFN N P FREIXF PR I A B G RER ) f b
YTX & 5 15200

DRI B YTX 75 38 2 BRI T A0 M 1E W Qs

O s°C 10°C @ 15°C @ 20°C

0.20

oA R %

Specific growth rate/d™!

0.15

0.10

0.05

1/10N
B33 Medium

L;-Si 1/10P

B2 FEBEMEFREZGFTRRERS(JLEBK) LERKE

Fig.2 Changes of specific growth rate of P. reficulatum in the

exponential phase at different temperature and nutrient levels

WARNZET - A M AR TR o 8804 R AN AS S S 200 M A T4/, o b A9 2 3R 2 ORI T 38 4 M A Qa2
e, TG SE ST LA A2 A WAt T AN R T BRI, O 1 30 Lt B 1 k88 155 5% e IR AT AR D £ 38
A YTX #5238 5 BRI AATSE R OB B E M AR e s i b 2 K 5 B 1L, 8 16 T P i

100 Ll—Si
80
60
oo
T ool Incubation time/ d
s
>
ERE
= iii
€2 Blgga IR T YT
g 0612N82430364248
EE
25 100 1/10P
s %
>
£ g0 f
%
i

60
Iy
40 i }
1 te i :
20 + é } %
% ]
gEgekte’ |
0 6 12 18 24 30 36 42 48
B3R R

lncubatiw@:{n{e/ d

ool H>H

1/10N
100
80
60
40
jis
§ ileiid
AigannlE T
0 6 12 18 24 30 36 42 48
EE |
Incubation@\tilnzﬁi
o 5°C
o 10°C
A 15°C
* 20°C

B3 FEREBEMEFRSEZGTRRERSE(LEEBK)BA YTX REZLER

Fig.3 Changes of intracellular YTX concentration of P. reticulatum at different temperature and nutrient levels
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12 1] FOARTE A il BEE SRk BRI UK DA (AL BRI ) AR K R S 7

HNEEZ AT LA, AR 2 IRV 7 2 10 e B S A 240

BOZRM A B B IE TR D YTX 5 K354 A 20 i e 7, I o 210

7T B3 P R 9 2 2% ) 200 M 45 1 254k
MIE 4 0T LU TR B3R 560 T AN 1 -

ARBE BRI YTX 8 R R SRR, ANigJedR 0.60

BoE KA R ED L -S R wR T YIX HES & 0‘33

R E ST N AP RS U YTX 85 & i (P<0.

01), HEEHRE =M E &, N AP RES AT

YTX (R, IR A N BRI T YTX 352 i Bk, Nutﬁflﬁ/ﬁiﬁiﬁvﬁ%hase

(ERON ISP WRTE S 2N

—_
o0
(=]

1.50
1.20

\

YTX A BLA

rcentage of YTX/%

B4 AEEBEMEFEZGTHEHERBNGERIRED YTIX
3 Wtig ERNMABELL
Fig.4  Percentage of YIX (%) in the media filtrates of P.

3.1 /JJ'?IE AN P BE ﬂJ:'J Xﬂ‘ ) %}E ﬁ {?E ( j t E‘fﬁ *SR ) /EE JL/Q reticulatum in the exponential and the stationary phase

ie5AH| respectively at different temperature and nutrient levels

i S 5 ) R AR AR A B AR AR R E R
%ﬁ%mﬁﬁﬁ%ﬁ%%ﬁ%%ﬁ¥z~o%ﬁﬁﬁi%%ﬁﬁEiﬁ%%ﬁiﬁﬁﬁﬁﬁﬁﬁ@o$%V;]
R B IR A 382 2014 4F 5 B R H IR E 9 AL s, Y EHZ B DR S B EAE T 5 m L
B EME K K RIBIRETE 15C A, TIADIFEHSEESE R BT 78 20°C By L,-Si JEFR5E | sednfifs b A
e RN B AR KI5 S e A0 M e g, 230 h 0.256 471 11107 A4/ L, B 15°C B s (43514 0.
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