2R YgTS: 10384 SRS K
22, B200334010 UDC

B r3
CEEE A

B B R 5 X i3k RO A 7S A TR M g

Ecophysiological Responses of Typical Harmful Algal Bloom

Species to Phosphorus

BRI
SERITRL: EAK HR

+ ¥ & AR mEHy

WX B HA: 2006 %6 A
K AFHETE]: 2006 % 7 A

FAL4Z T B H:

ERWMBRRERE: FTHE
oo AN STWE SRS AL

2006 £ 6 H



B IR SR A= BH

2RI, SEARNLE SINFE S T ML 58 5T %
Fo RKNERLGETSH AN NBEEAR TR, 7
SCHR LA T SR o A ARV AT R e 8 SR A TR BRI
DT



BT TR 2L DG MEAUE F = B

RNGEA TR TR AR AR 2= SO RE » TR
SFATRCOR BT 1) [ 5K A ) LR s LA I8 A8 1 SC IR 4R T A
T ATBCR A1 SO TR H R 2 s SR e vrie SN
R IR ], AR =N SO N A N A B R TR R
A B A 10 S B AR AN BT i o DR 1 A 18 SCHE A 8 e
AT E -

NS VAT W T

I % ¢ D, 7F il S P AR A

2. ARE (V)

(R T =P E F H H
TR =P E = H H



JEI VR e S0 MR R o W 1) 7 2 A B |3

MEERE

1 &8 B FIFEMMBNF AR RS FEICIOMEEEFHS
SR IRHEEITL oveeeessesesssssnsssssssssssssssssassssssssssssssssssssssssssssnssssssssnsssssssssssssssasonsinnssssssssassnsess 1
1.1 HgIK RSO 75 B A M AT FU TR cooomreeeeeessssmsisessessssnssassssssssssssssssssssses 1
1.2 ZoBAOT ARSI TR ES B [RHEITL weeeeereseresseessssssssisessssssssasesssnsssssssassans 9
1.3 BHEITUESFBEEFTBREIIETR rrrrrrrsssssesmsssssssssssssssssasssssssssssss 13
1.4 BTG EARS PIZ wereerereeeesessesesiasssssesonss 15

F—R FiEFTISARXFLEFIHENBRERRSHFR-18

2 BRI O 4RI T8 2 E WA RS BB MARL

2.1 BB eeeeeesessencorens

2.2 FHELE FTSE crorrrerserssssssnsssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassassassons
2.3 455 -
2.4 i
2.5 ZIKE'J\ZE ......................................................................................................

18
22
39
46

3 AL R EN G B A T BEBGIHRE oeeeereeeesssssssssssesssssssssssssssssnns 47

3.1 51§ 47
3.2 FHELE FTSE croerversersersesnessrssssssssnssnsensensessessessesssssssssssssssssnsansansasssssassssssssssssons 47
3.3 R 49
3.4 itig 56
3.5 ZRBE/NEE cssssssssssssusscsssssusissessasssssssssssssssssissssessssssisssessesssssassssessssussssessaseiss 61



JEI VR e S0 MR R o W 1) 7 2 A B |3

4 BT FAG I ITIEHGIERE eeeeeeeeeeeeeereessssssssssssssssssssssmssmsssssssssssssssssssssees 62
4.1 518 62
B 7 b =y - Ty 62
e R = Yy Rr 64
4.4 FTIE eeereeereeerenrnenrnnnintintiniitenteat sttt e s e s e sa s sa e s assat e sa s saacnens 67
4.5 ZIKEIJ\QE ...................................................................................................... 70

5 AEECE PRSI AT A MIAYAE B ST BEBGMERL coerreserereeeessssssssssssssens 72
B. 1 G E ceereererereesnrcsarssensncsuicsecsnecsanssecsnnesniesacsnnenicasanacannans 72
T o, 2 Ly 0 e 72
5.3 #£§ 74
LI B TR 86
5.5 ZRNETINEE cooverercrciniiniiiiiiniiinisniiiiiiiiiiiiisssssssssssssssasasssseaes 89

ARRLE: MREXFHFEBERE S BRI 90

B BRI M B SRR e 93

6 A REEEEFRRZEHERRKRIATT s, 96
6.1 BHLIEFG T AR TN BERAIRLEN ST eooeeermmmsssermmmsssennns 97
6.2 BARUFRENEAIERIEN/P LLIEEESRIFGT cooveveereesessnsensensensensensssssnsssssssssssaes 103
6.3 BEAMEKAE T WA E SRR AN B AIMAEIFITT roereeerressssen 108
6.4 BBIFREEXN FRIFSHIREAFI AR EEKBIFAIT oo 114
6.5 RE/NG 119

7 BB FREATE X B E R 15 F0 R U 1L B EE S 4 122

ii



JEI VR e S0 MR R o W 1) 7 2 A B |3

7.1 j‘lﬁ!?‘ﬁiﬁﬂﬁﬂ#j‘ﬁﬁ?ﬁﬂﬁﬂﬁiﬂﬁ@ﬂiﬁ%ﬁ‘]lll'ﬂ]fﬁﬁﬁ?"t ................................ 122
7.2 BAFFREDERM AT X R R WAL EY M BITTEET crrererrerssersssrssessssssens 134
R DT 2R EID S A E DI o — 140
R B = R e 144
8 HMAIFRIEMNBUERTRFERBIIR s, 146
T T [T L LI TR IOT SIOIOORSSR 146
I b 1 Ly 2 LTI 146
T T - - STy P 147
T K 3 o L LI IIOITIIUIPOIIR I O 158
8.5 AE/NG 163
Fie5iAR 164
BEFETLHR coooeeseesrsssesssussussinstastussssssinssssassasssssssssussssssssssssassassssssnssasssssssssussssssssssssasss 170
PR : IREEIER B ERIBFHEX 192
B coeeeeneneesecisnnnsniinnas 193

il



JEI VR e S0 MR R o W 1) 7 2 A B |3

Contents

Table Of ADDIEVIQTIQIL - wsereerereererersererseserersssessssesessssessssesessssesessssessssssessssessssssesses I
ADSEEACE ++veeerersescrsusesessusessssesessusessasassssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssscss 1
1 Introduction: Phosphorus bioavailability to marine phytoplankton
and description of high frequency HAB area in the Yangtze River

estuary and its adjacent East ChiIna SeQ seccceeeeeessecccccseeccscssaeccscssnncsscssacessssscce 1

1.1 Distribution of phosphorus in seawater and its bioavailability «:cssssseseeeeeees 1

1.2 Survey of the high frequency HAB area in the Yangtze River estuary and

its adjacent East China Sea ........................................................................................ 9
1.3 Inﬂuence Of nutrients on HABS -------------------------------------------------------------------- 13
1.4 Objectives and contents Of the dissertation ------------------------------------------------- 15

Section I Ecophysiological responses of phytoplankton to
phosphorus in the high frequency HAB area in the Yangtze
River estuary and its adjacent East China Sea and other coastal

Areas IN CRINQ eeseeeeeessesresscssniesssssrnicssssaniesssssnsiesssssssessssssssssssssssssssssassesssssssssssssans 18

2 Ecophysiological responses of phytoplankton to phosphorus in the

Yangtze River estuary and its adjacent East China Sea «.eeeeeeeeececeee 18
2.1 INtroducCtion seececeseecececeecececcocaceccectceccrcaceccectcescscecescscsceccscsceccssscescscscescscssescscsces 18
2.2 Materials and Methods sssessssssesseesstsasnttenetnnetntentanaeacasasesasasesasasesssasesssssssssasssens 18
2.3 Results 22
2.4 Discussion 39
2.5 Conclusion 46

3 Ecophysiological responses of phytoplankton to phosphorus in

SOUthErn TAIWAIN SEErALt seecceceeecccecssecccocsonccsscssaccsscssancsscssaccssasssccssssscsssssssesssssssnssss 47
3.1 Introduction ................................................................................................... 47
3.2 Materials and methods .................................................... 47




JEI VR e S0 MR R o W 1) 7 2 A B |3

3.3 Results 49
3.4 Discussion 56
3.5 Conclusion 61

4 Ecophysiological responses of phytoplankton to phosphorus in

Xiamen Harbour i, 62
4.1 INtroAUCHIQN s+++sssessssresesssasesssnsesssseassanasssansassanssssanssssassssansassanssssanacssansassnncasnsacs 62
4.2 Materials and methods ssss+++ssssssssesssssastessssssreesssssnsasssssassssssssansacsssansasssssansassone 62
4.3 ReSUILS rooeeereseeerosccrsscrisssansossanssssarsssarsssensssnansssasnssssssssnssossascs 4 64
4.4 DISCUSSION ++s++essseressseresssancsssarcsssarcssarassaensssasnsssassossansossascoseas 67
4.5 CONCIUSION *++sssssseeeeeeesssssssssssanaeesscssssssssansarsssscsssnsassaseesses 70

ship-based mesocoSm exXperiments . :ecrecuscucns 7
5.1 INtrOAUCLION +-++esesesssesssecscssscacsaiessasssasssanessasesasessasssasessasssasessasssasessasssasesaasssae 7
5.2 Materials and methods - sseecssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssessss 7
5.3 Results cessseeecssesseccees -4
5.4 Discussion ===+ %6
5.5 Conclusion %

Summary of section I : Ecophysiological responses of phytoplankton

to phosphorus in the study areas 90

Section II Ecophysiological characteristic of typical HAB species
to phosphorus ................................................................................... 93

6 Effects of nutrients on the growth of typical HAB species - 96
6.1 Phosphate uptake Kkinetics of typical HAB species under phosphorus-

starved status 97



JEI VR e S0 MR R o W 1) 7 2 A B |3

6.2 Research on the optimal N/P ratio of typical HAB species «essseeeeeeeeeececees 103
6.3 Responses of typical HAB species to phosphate enrichment under
PhoSPhOrUS-StArved StAtUs ssesessssssssssssssssssstsststststsistststststststsssusastsssasasasasass 108
6.4 Bioavailability of different forms of phosphorus to typical HAB species
.................................................................................................................................... 114
I O1) 1 T8 L T 1) | B Raa 119

7 Enzymatic mechanisms of typical HAB species on phosphorus

M EtADOLISIN seoeeesseessrsserssnssinsnssenssnssenssenssissanssesssissanssesssessanssasssessansscisancanecs 122

7.1 Responses of alkaline phosphatase of typical HAB species to
phosphate ................................................................................................................. 122

7.2 Responses of alkaline phosphatase of typical HAB species to dissolved

Organic phosSphorus eseesseeeseeesssccsccsscccscncsccsscccsnncscesoneees 134
7.3 Alkaline phosphatase enzyme kinetics of typical HAB species under

phosphorus_starved STALULS coosoeeeorsorsessccececcnceccecececsececcesacccseccececccceccscecacccsecsacaccecaccese 140
7.4 Conclusion sseeeeeeeeeeeccceseececcaceanca 144

8 Growth and competition of typical HAB species for

phosphorus ........................................................................................................... 146
8.1 Introduction ................................................................................................. 146
8.2 Materials and methods .................................................. 146
8.3 Resulits 147
8.4 Discussion 158
8.5 Conclusion 163

Summary of the dissertation 164

REf@IEIICES eooceeeecccessecccecsonnsostonecsostorenscsssrecssssssecscssssesssssssesssssssesssssssesssssssesssssssense 170

Appendix: List of the publications .............................................................. 192

Acknowledgement ...................................................... 193

vi



JEI VR e S0 MR R o W 1) 7 2 A B |3

éﬁg ‘ l\‘\%

5’-PN: 5’-nucleotidase, 5— %R

AP: Alkaline phosphatase, Bl ik 12 it

APA: Alkaline phosphatase activity, ! ER I v Ik
ATP: Adenosine triphosphate, —W§MR IR

DIN: Dissolved inorganic nitrogen, ¥ fi# CHLA
DNA: Deoxyribonucleic acid, 48 i%bi% R

DO: Dissolved oxygen, ¥ fiE%

DOC: Dissolved organic carbon, ¥ f#EAT HLHkK

DON: Dissolved organic nitrogen, ¥ fi#H HLA
DOP: Dissolved organic phosphorus, ¥ fi#5 MLk
ELF: Enzyme labeled fluorescence, Mfbxic9¢J;
G-6-P: Glucose-6-phosphate, 7% bt — 6 — 2
HABs: Harmful Algal Blooms, %% (FRu])
LEC: Lecithin, SR/l

MFP: 3-0-methylfluorescein phosphate, 3-0-FHJE5% G 2 MR £h
P: Phosphorus, i

P;: Orthophosphate, 1EREER L

PP: Particulate phosphorus, Uk figf

RNA: Ribonucleic acid, %MK

SNP: Soluble nonreactive phosphorus, % fifAAEE
SRP: Soluble reactive phosphorus, %52 L

ENT

TDN: Total dissolved nitrogen, S ¥AAFESH

TDP: Total dissolved phosphorus, &% il A



JETVREA 22 AR S0 IR ] S ol 1) A 2 A T [

i =

KA A DU ML RGN B IR S S T B, iU B+
VI DX i L A0 1) 9 R R 5 TR, 328 EBC L e e 28 i S AR U i Y
(Prorocentrum donghaiense) HEARN 1L KB (Alexandrium catenella) I
B4 (Skeletonema costatum), WHIUZAREIBERE TR (FE B 1ESE
TR N, PR PR R T8 SR, 0 BT AR B B R A LR SE I
FHLHl. FERIL R

1. DLW PEwERE RS (Alkaline phosphatase, AP) 4% B2, AigFKIT 46
VT AR o A X G PV (1) P A DX D R A S A AN ) R
e . Herb,  SCRURYT &I i Sl ] vt O DX RO B e IR A e Ay P 5
EUIE TR . B EIRE IS PE (Alkaline phosphatase activity, APA) A& 75 #:
T P S50 B SR B, A5 Z VL 1 ] o A X A TR A T A K 2 B R 5
ERIIPR . AR I R F TR, KRR A T BT A B 1 T o

2002 £E. 2003 £ER1 2005 457 (4 ~ 5 1), KIT AR IR ey 4 (X
W, R E YRR AAAE R RS (2005 4E5Z KT D AME AKIRER AN, X
— AT RETE 2003 5T AR T TR ARG TN . APA RifRgs R
R, SRR AP EEGRME S . 2005 EHFT, i LLBIBEFRC9¢t (ELF
%) R RHEEZ P B EBINE, %X AP M ZEoTERE, RS
LT AMAAE I E .

2004 FFEZE (7~8 J1), BEHEBE X, FEFRYIREE 32 2B .
TR ETRRIX A, KA R AR B A A (R B D R B iR . & L] ELF %
B2 2 21 P08 1 W A8, IR AMIC A RIESE , N VKRR S AT 5 (Asterionellopsis
glacialis ) « %% W& if 2 ¥ ( Thalassionema nitzschioides ) 1 2R | il 25 ¥ ¥
(Pseudo-nitzschia pungens) [FJBEIMERE AN I8 . 2005 FF4F= (3 1),
U X PRI RE I R B B R AT P 2 A o

2. WX AP WEENLHIAES S5, 22T (R, SR, pH. WA
EIRER IR EE S L] SRR Skl LA R JEEER, HAF 51
TERROI AR 1, B X SRR DA TR . 285U N, BRI

II



JETVREA 22 AR S0 IR ] S ol 1) A 2 A T [

AP I ER T, WX APA BT IR B (1 AR 235 T i o

3. MHMEEh BB, BRUHZBARMIEWME S (KO, P&t
ARFBEIR B se 4, FLUCN R e 4 BR5E b DUk 7 2 A\ DK 1
TR R, DAL A R IR R KB Coma)> BEAR G 1L K3 AR & 5 5 F)
(s e, FROH AR

4. LT B BERE g L S (R B S e T AR U D PR R e At
TR RS B WA, R OB A K BRI, R R P i R R FEUL,
S R N T8 i PR A TV B o P R S T B ik P A AN AR RS fh 2
THOLT A R ZEFE 4 R 35 K

5. TEAMAARFIBEIE NGO R Pl 4 A0 i AR R H s, LN AR
IR AN ERIR D LK EE . TEE RN FE X, RGBT
BEAE K TR AR, A T ARV ISR SRR R VT 1 L1 DK T ) K A8 B e A
W AR SR SRR RO g LU K BE R IN TR 2078 7 P P O RE 40 P 1) A S
Ve, IF HAER PV AR A AERE M (Soluble nonreactive phosphorus, SNP) _FAi4
PeFhe Bk, 7ErP e 4B R T, X SNP F it b T alOR i RN 7 B 1
PO, AR st F B VR 1L DK R e e A )i % 800 iRl
SRR L RBEAR L, AU S AN, B RR Sk, AR K EOH e
Iy cHORs /NI

6. WREHIRIEI N, NORBUETHAIERIREE (PD MK, Bt
ANFEITERS A DU A BEUR o D 45355 10 4 0 A S e e I ) P R o 2R 1 D
s, B2 IR AT . DRI, 23 DX ] B A7 AR I i PSR o P i 4K
FLANR AR R R i E PG BT, 3 DX B 3% S0 1R SO AN 2 5 350 S AR
SR AT E B R o MTRA R IR R b AR FH S BT g LD K
20 M E AR, BRI g Ll K R R IE Ik AH S AR FH AR I B I AR K
SRR A TEA 1 E HUBER A< SR 85 BRI g Ll 38E 1 5 4
PR, RO B R AT HLBRRAT 1T R 0 s PR IR A 1

7. ZRUGIEHEE. BRI DTS Tl 48R0 AP B0 B, 7RSSR

T SZWEM AN =2, =Bl S AN SR . — o] B REAOR AT B
BRI LERF A AP KA SNP [fE T o8,  H AT 2 /b5 g1 F At e gt 7K i

I



JETVREA 22 AR S0 IR ] S ol 1) A 2 A T [

IRVEH KRN SNP. JRFIBEAEREIA oL, S EFEST AP 74, WFERE

an

8. ARG AP O s F AR A MR T, D EAL T AR AR, iz
TR TP I, AP A7 RUBATREAN AR, 5K APA = 12.84 fmol cell’ h'.
AP PG, SR DREIEK A s BRRE g L K AP A7 s 32 24041 T 41 i
P, AR THRAT o0 Ao M S2 IR R IE I, AP A7 ATE A AN AN, K
APA = 66.77 fmol cell h™', Bt AP ({5 A% h B 45 AP v 00
TR T8 2 W A I, AN T 1 A2 2 A4S AP fLRL, BK APA
=1.62 fmol cell' h', AP =4 J5, S uliBd BB EIK At

9. ZRIJR AT moR A0 AP KRR S, T M A S BRI DL
REHAT o UHEE T BEIR SR FE R HAFAE RIS = (1) SNP I, ZRIfE B Y AP
HATEACI PR £ (Ko, X RAIISERT 8 &, A s 4. 43R Eih
FEAE BRI SNP IN, BEIRTE 711K AP BATH S KRR (Vi) B 56
Pl

KEEIR: R, B SRR TERE, AR, B IE RN

v



JEI VR e S0 MR R o W 1) 7 2 A B |3

Abstract

The study on ecophysiological responses of typical HAB species to nutrients (in
particular phosphorus) were carried out using field survey, ship-based mesocosm
experiments and lab-based incubation experiments in the high frequency HAB areas
in the Yangtze River estuary and its adjacent East China Sea, southern Taiwan Strait
and Xiamen Harbour. The phosphorus status of natural phytoplankton and the effects
of nutrients on phytoplankton community structure were evaluated. The strategies of
typical HAB species to the variations of environmental phosphorus were emphasized
on, and whether the typical HAB species advantaged in competing for phosphorus
and its mechanisms were discussed. The main results were as follows:

1. Alkaline phosphatase activity (APA) showed that phytoplankton in the study
areas suffered phosphorus (P) stresses with different degrees, with significance
during bloom occurrence in sea areas in the Yangtze River estuary. All results from
nutrients, APA and mesocosm enrichment experiments on board indicated that
phytoplankton was P limited in the high frequency HAB areas in the Yangtze River
estuary during spring. In the bloom period at the coastal upwelling zone in southern
Taiwan Strait during summer, phytoplankton’s P-stress status strengthened.

During the spring (April ~ May) of 2002, 2003 and 2005, phytoplankton
communities were under P stress in the Yangtze River estuary and its adjacent East
China Sea (except the area just outside the Yangtze River estuary during the spring
of 2005). P stress degrees strengthened during the bloom period in 2003. Size -
fractionated APA indicated that phytoplankton was the main contributor of total APA.
During the spring of 2005, high percentages of ELF labeling of the dominant
dinoflagellates suggested that they suffered severe P stress and were the main
contributors of AP while very low percentages of ELF labeling were found among
Chrysophyta and diatom, indicating that they were not P stressed or slightly P

stressed.

During the summer (July ~ August) of 2004, phytoplankton community suffered P
stress in southern Taiwan Strait, in particular during the bloom period in the coastal
upwelling zone. High percentages of ELF labeling of dinoflagellates showed that

they were under severe P-stress status. Besides, the dominant species diatom, such as
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Asterionellopsis  glacialis, Thalassionema nitzschioides and Pseudo-nitzschia
pungens also suffered P stress somewhat. The phytoplankton P-stress status softened

during the winter of 2005 (March).

2. The mechanisms on APA were integrated. APA was influenced by many factors,
such as temperature, salinity, pH, dissolved oxygen, nutrient concentrations and their
ratios, phytoplankton community structure and abundances. The effectiveness of
factors shifted with the variation of natural condition. In most condition, nutrients
were the significant factors for APA, APA increased with the decrease of nutrient
concentrations.

3. When phosphate was depleted, Skeletonema costatum was advantaged in
gaining phosphate due to the low constant of uptake kinetics (Ks), and then came to
Prorocentrum donghaiense. When pulses of abundant phosphate were imported into
the system, Alexandrium catenella, owing to the high uptake rate (Vmax), was
advantaged in acquiring phosphate, and then came to P. donghaiense.

4. The specific cell P quota of A. catenella was higher than that of P. donghaiense
and Sk. costatum. All three test HAB species had the ability to storage P (P pool)
inside the cell. However, when phytoplankton grew exponentially, even the
phosphate was not exhausted, the intracellular P pool decreased rapidly. The
intracellular P pool of the test HAB species could not sustain their growth for a
longer time under P-stress status.

S. When supplying the same amount of phosphate, Sk. costatum could get the
highest cell numbers, and then came to P. donghaiense and A. catenella in order.
Under the eutrophication condition, the growth rate of Sk. costatum was highest,
advantaged in bloom comparing with P. donghaiense and A. catenella. With the
depletion of phosphate, cell number of Sk. costatum decreased abundantly. However,
P. donghaiense and A. catenella could keep the cellular physiological activities and
abundances at a certain extent and were advantaged in utilizing soluble nonreactive
phosphorus (SNP) comparing with Sk. costatum. When stimulated with pulse
nutrients or SNP increased in the system, the growth rates of P. donghaiense and A.

catenella surpassed that of Sk. costatum and might bloom in this period. P
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donghaiense was advantaged in smaller cell size and P requirement comparing with
A. catenella and the cell number of P. donghaiense could out-compete that of A.
catenella.

6. Under the co-exist incubation experiment of P. donghaiense and Sk. costatum,
the variation of P (whatever the phosphate concentration or the forms of P compound)
didn’t changed the competing result that the cell growth of Sk. costatum always
exceeded that of P. donghaiense in a short time and Sk. costatum became the
absolutely dominant species. Therefore, when P. donghaiense and Sk. costatum
co-existed in the natural environment and both cells kept relative high physiological
activities, the variation of P couldn’t be the key factor that makes P. donghaiense
out-competing Sk. costatum to bloom. As for the co-exist culture of the same amount
of P. donghaiense and A. catenella, A. catenella might restrain the growth of P,
donghaiense through allopathy and P. donghaiense died after some days. Variation of
forms of P compounds might impress a lot on the growth competition of these two
species. The existence of larger molecular SNP might favor the growth of P,
donghaiense.

7. The alkaline phoshatase (AP) of P. donghaiense, A. catenella and Sk. costatum
were inducible, inducing by the algal cells under P stress. No constitutive enzyme
was found among the test HAB species. All three test HAB species could grow using
SNP as the sole P source. AP was efficient in hydrolyzing SNP, and just some nmol
I h"' APA could hydrolyze abundant SNP in a short time. Under P-stress status,
these species would produce excess AP and exhausted abundant energy for growth.

8. AP sites of P. donghaiense were mainly on the cell surface and some could be
found inside the algal cells. When suffered severe P stress, AP of P. donghaiense
covered all around the cell surface and the maximum specific APA could get as high
as 12.84 fmol cell' h''. P donghaiense would released AP into the water (by free)
gradually; AP sites of A. catenella was mainly inside the cell and some could be
found on the cell surface. When suffered severe P stress, AP of 4. catenella covered

all around the cell and the maximum specific APA could get as high as 66.77 fmol
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