R mAS: 10384 BRI
¥ 5. 33320131151726

B r3
m Lt % & #® X

TR AR & HA B &< 58 J5 R 352 40 Am A /A
EEEHFRAFHR

Quantitative proteomic study of cell cycle of Prorocentrum

donghaiense during the blooming period

X

BIEFHL: TRE #EHR
+ & & K R B AF
WXRKAH: 2016 F 04 A
# L& #EE] : 2016 F 05 A

2016 5 05 A



EiIXFFAe R 614 AR

ANZZ WAL A NAE FITHE T N L 58 % A FT R -
ARNER GRS AN NS D2 R RN TORER, YIS
 DAIE 247 U RAAR I, JFRAT SV (R TR 2w T AR SR

e GlAT) ) .

FHh, ZEFEALR SN ( ) R (4D
FIWFFURCR, k15 ( ) W () 2 PR ESE = ]
Belh, 1E ( ) LI ESTEK.  GE/EL B S NIEE

VR B PR A 0 Dy NS AR, AR BRI B N A, T AANE

Fel = e )
PN (B4 -

F H H



B TRFEFMR I EAEE A FER

ANRRE TR RS e N R 227 26 ) AT SE i 70 )
SR E DR B G P LS8 30, IR ) A B 1T B E MU IE SE A
WO CEFRAUR MR TR SRVF2EAT IR SCHEN TR 2 B i &
FOHE PR A AR B o A N [R) 8 SR 1D RS s e SN 4 [l
il = 2 A8 S P B AT R R, R AL 18 S b N 47
D IS, SRAISCED . 4 ENEs Hoe 7 Na B S H 278 3.

RS T

( ) LA TR IR 22 o T B A% € IR B A8 3,
B F A HME, WE)RIEM BRI

( ) 2ARE, WG IR IREL

CEAEL EAHRAE 5 NFT “ V7 BUE EAHNM N . IR 220185
RfE O BT RFE IR R R I WA S0, REETTR AR
& I T B AL SN AT AL IR S B IREANHE |, BROA
NATFARIRIC, Y& ER$ZAL

E[n

PN (B4 -



BB

BH xR
B e \Y;
ADSEFACT. .......coicece et VII
HBRBETRIZR oo e e IX
g =1 = 1
11 G FERERETEIEMEIAR e 1
111 HEERIFFEEEIE Lo 1
1.1.2 TP oo 2
1.1.3 FIFEFRAETE AL oot 3
1.2 ERBERE AR TTABEID ooeveeeeecieee e 4
1.2.1 ZHA AR oo s 4
1.2.2 YA EAVRIE I THUER oo 5
1.2.3 FHBEANAI HHTRTE oo 7
1.3 EAREF R AR EMEBEEAIAMRPIIREA 8
1.3.1 EREABTALEAMEI oo 8
1.3.2 WA BT AL 2T TR R 11
(R v 7 = e 1] OO 12
=i 7 b = 15
2.1 FERIREE oo 15
2.2 ZBBETHE ..o 16
2.3 FRBVRBE I oo 16
2.3.1 BUIHREFTTALTE oo 16

I = | ) N s RS TSS 16



24 HEBEREFEIERRE oo 16
241 FEBTLZRITHT o 17
2.8.2 EFEERIIHT oo 21

2.5 BAEBFERBEIES ST oo s 21
2.5.1 FRFASRFZEL oo 21
2.5.2 FEJEIRIEAL covvooeeveeeeeeeeeeseee e 22
2.5.3 FEFATIIE TR covoiviveeres ettt b 23
2.5.8 SDS FELUK vvvvovvoooeevooesesissssiessssiessssoess s 24
255 B FASRBEIRS TTRAQ FRIT oveveeeeeeeeee ettt 24
2.5.8 TBAH AT B oo 25
2.2.7 ERAFRITBUT IR T oo 25
2.2.8 HEATAEMEEZEMT oo 25

FZE BIEIMREEFIEAMERAMNEREREXSEIME .29
B R e 29
3.1.1 AT 7RI IR F AR A I AR FUE o 29
3.1.2 HHPEETEAEAL oo 31
3.1.3 HHIEEL TR oo 31
3.1.4 FFUFEMIZETETRAE oot 33
3.15 EIRERIRIEZEAL (oo 35

3.2 TTTB oo 36

3.3 ZREEINEE s 39

FNE FEMRERR 2MEEARAEEEARAFHR. ... 40
R s 40
4.1.1 B A E BTE R BT H] oo 40

A, B A T T B0 A oo e e e oo e e et e et r et e e s e er et e e et e er s 44



4.1.3 ZERRIEE ARG FIAT oo 48
4.1.4 ZERFIEEATEBEE DT oo 50
4.1.5 20 AR SR B FH TR TE SO B oo 52
4.1.6 GL I HIZE SR RIETR T oo 53

8.2 TFEL oo 67
4.2.1 Gp-VS-Gm Z 5 RIEEH KEGG B E DI oo 67
4.2.2 GM-VS-Ga % 5 RIEHE 1 KEGG JBEE E DT .ovvvvvviirioerinirneriiaennns 71
4.2.3 Ga-VS-S Z R RKILHE [ KEGG IR & AR THT oo 76
4.2.4 S-VS-M £ FRIBHEE KEGG B E T .ot 81
425 M-VS-Gp ZRRIEE 1 KEGG HBEEE M vovveereerereeeeeean, 82
4.2.6 AHAJE HIAHIEER FATT covvoeereeeeeeeeeeian ettt 83
4.2.7 A[E 2 A SIS A AR e i AR LB (BL GL AR D L 86

8.3 ZREBINEE oo 90
BT SRR e 93
Bl ZEIL oo 93
5.2 RIS STHIAFEFIBURTAL oo 94
5.3 RIBBFBER ..o 94
e Al O 96
TSR e 109
T ] R v~ B N7l 1= 128



Table of Contents

Table of Contents

ADBSEract (iN CHINESE) .......ccviviiieeice e s \Y;
Abstract(in ENGLISN) ..., VI
LiSt Of ADDIEVIAtIONS..........ccviiiice e IX
Chapter 1 INtrodUCTION ..........coviiieice e 1
1.1 Overview of harmful algae bIOOMS ..o 1
1.1.1 Dinoflagellates and harmful algal bloom ...........c..ccoeiiiiiii i, 1
1.1.2 Major causative species of harmful algal blooms .............ccccooiiiiinn, 2
1.1.3 Formation mechanisms of dinoflageliate bloOms...........cccoovviiiiiiiiiiennen, 3

1.2 Research progresses on Cell CYCle ... 4
1.2.1 Overview Of CEIl CYCIE .......ciiiiiiiiiiiee e 4
1.2.2 Molecular mechanisms involved in cell cycle regulation ..............c.cccocene. 5
1.2.3 Cell cycle regulation of Dinoflagellates ..., 7

1.3 Proteomics and its application in the study of dinoflagellate cell cycle.......... 8
1.3.1 OVerview Of ProtEOMICS .......cciviiiiieiii e 8
1.3.2 Research progresses on proteomics of dinoflagellate cell cycle ................. 11

1.4 Objectives and contents of the dissertation............ccccceeeviveiieii i, 12
Chapter 2 Meterials and methods...........cccocooeincinccece s 15
2.1 5aMPIE COIEBCTION ... 15
2.2 CEIL COUNTING ..ottt et e raesre e enes 16
2.3 FIOW CYtOMELriC @nalySIS........ooiiiiiiiiiiieiee s 16
2.3.1 Pretreatment of in SitU SAMPIES........cooviiiiiiie e 16
2.3.2 Analysis Of SAMPIES .......ooviiiiiiieee e 16



Table of Contents

2.4 Photosynthetic pigment and nutrient analysis............ccccoveveviieve e 16
2.4.1 Photosynthetic pigment analySis ........cccereiirinininieieee e 17
2.4.2 NULFIENTS @NAIYSIS ...vveiiviciiie e 21

2.5 Protein sample analysis..........ccoccoiiiiiiiiiiiiii 21
2.5.1 Protein eXIraCtion.........ccceiviiiierieiiesieese et 21
2.5.2 Reductive alkylation ... 22
2.5.3 Protein qUantitation ............cooeveiiiieieese e e 23
2.5.4 SDS €leCIrOPNOIESIS. ....c.viiiieieeie sttt et et ae e 24
2.5.5 Protein digestion and ITRAQ labeling ........ccccoooviiiiiininnieee e, 24
2.5.6 HPLC SEPEIALION ....oovvieieiiiieitisiee ettt 25
2.2.7 LC-MS/MS @NaAIYSIS ....cveivieiiieie et 25
2.2.8 BIoinformatics analySiS ........ccooueiieiieiisieseeie e 25

Chapter 3 Determination of cell cycle phases and the related

parameter analysis of in situ algal bloom ..., 29
Ll RESUITS ..ttt re e e 29
3.1.1 Determination of cell cycle phases.........ccovviiiiiiicnes e 29
3.1.2 Variations of cell density withina cell cycle ..., 31
3.1.3 Variations of pigmentconcentrationwithin a cell cycle..........ccccooveviernennen. 31
3.1.4 Phytoplankton taxa characterization..............ccccccovevii i 33
3.1.5 Variations of nutrient CONCENEIAtIoN .........ccccevverierieeiieseee e 35

B0 D 1T 1 11 o o USSR 36
3.3 SUMIMIBTY ..ottt b bbbt nb et ne e 39

Chapter 4 Quantitative proteomic study of cell cycle of Prorocentrum

donghaiense during the blooming period...........c.ccccccooveevcvicccsiccce, 40

L RESUIES ..ot ————————— 40



Table of Contents

4.1.1 Protein identification and quality control of MS data .............cccccoveeiinnn, 40
4.1.2 Functional analysis of the identified proteins..........ccccooevveviiiniinicninnnns 44
4.1.3 Functional analysis of differentially expressed proteins ..........cccccccveiennen. 48
4.1.4 Pathway enrichment of differentially expressed proteins...........c.cccceevvenee. 50
4.1.5 ldentification and quantitation of cell cycle related proteins ...................... 52
4.1.6 Differentially expressed proteins in middle G1 phase ..........c.cccoccieiiiniin. 53

4.2 DISCUSSION ...ttt bbbt n bbbt b e 67
4.2.1 Gp-VS-Gm KEGG pathway enrichment analysis..........cccocovvniiininnininnnnn, 67
4.2.2 Gm-VS-Ga KEGG pathway enrichment analysis.........c..cccocvvevieiiienieenne. 71
4.2.3 Ga-VS-S KEGG pathway enrichment analysis............ccccooiininiiiiinnn, 76
4.2.4 S-VS-M KEGG pathway enrichment analysis.........ccccoooeveienninininninnnnn, 81
4.2.5 M-VS-Gp KEGG pathway enrichment analysis ..........ccccooeevvevieiiienieenne. 82
4.2.6 Cell cycle related Proteins ..........coceeeeieiereniieses e 83
4.2.7 Essential cellular events network in middle G1 phase ..........ccococvvviiinnnn, 86

e IS TU [ 11 4= o PP SUSRTRRTIN 90
Chapter 5 Summary and ProSPeCt ... 93
5.1 CONCIUSION ...ttt bbb 93
5.2 CFBALIVITY ...ttt ettt e et e et e e e e e sreeaaeenree s 94
5.3 PTOSPECT ..ottt 94
RETEIEINCES ... 96
APPENAIX .. 109
ACAAEMIC BCTIVITIES ...t 128
ACKNOWIEAGEMENTS ... 129



e

3

49 5 I (Prorocentrum donghaiense) & E VT i ¥ A FHEgEM, J1P
BRSO RIUSE HA FEAE, WA R G PR SR MK ™ IRl G
J T PR U T HEENA A AR . S E R 2RI R R R R AR TE R M o A
A TFNURITE 7 REAT T, (X B8 R SO f5 v 23 0 iR PR R i A Ui
{0 1P Pl S

ARV A AR S R SR SR AR ORI T B, J8 PR T TS 1) 8 A 1 4 2
H A —ITRAQ C(isobaric tags for relative and absolute quantitation) A, 454 4H
PR SRR, LRI AT 1 37 3 20 A () 200 SR A 1 £ 1 o Rk T
BN 8 T ERREEA, 20 TR P EE DR E A E R Rk K
HZ 518 Ed A, IR 52 A BEER T 1 3007 PR 40 6 ) S0 R 2 L A g A
PREW 3 FHLE . FEFF L RUT:

(L 6 BB AR O R RAE SRR, SRR R I 3
ARV IR R o TIN5 S R R SR 0 AR TR R R R 4 i AR A — 2, 3TE
24 /NI A SE RGN 8 BE R AR 0, LA G i T AR SR (R AH TR, 2
BRI RO A A I A I TE B A5 SR, T AT BE A A0 M AR R SR AR B &5
BEAh, N R R ANE IR A R SRR — N R ) Pt S IR B
HaH, PRGN R0 M A S0 A A AR 2 B AR OG

(2) AR €S 6,118 MmrlfEEEAR, HAm MFA KB AL LR
HETAT 2,595 4, N EES S5iAKMEYHE . RN, B, rEs
e [ AN e AR AT R o A () 200 B A SRR %) B 1 O T 1 194 L AT 9 R IR
£ GL W, AR A AR 1) AR ) R R B KA & 1) e B A AN U B R AR
1E S WA G2/M 1, ZHMIU 3= ZE 14T DNA SHIRMEE . 72 2 V1510 8 1o Bt
SR AFUE AT o X L0 A5 b 40 S AR I PRk, eI R A
TR 1 20 N 18 BERT & R QS B IR 3EAT

(3) AWFFTHEE F| 8 PhE AR 4H i Ji SIS A A7 AE 2k 22 S 1 4 L ER A 56
HE, EATE R R R = 2. Hh CDK2, CDC48. CDC37.,

v



e

PCNA Fll E3s 7F S #iFRik & fei; DIP13 RIAELAE M Wik KMl 7F G1 1]
(Gm), CDK2. FtsH 1 DIP13 )ik A%, 1M Skpl A1 MAPK 354 & &
£ GL AT (Ga) MM (Gp) RLEHEHAFMEKILEERAK, CDK2E/RZE

280 ) 30 R 4 ) B PR 0 ORAE R R R A e B

(4) Gm J&IL I [X 't RE a0 5 R /K IR e oo ) — AN BF 3. A B 3 e Y
AN, AR 52 MEAMRRERE B, 128 MEAFRNRELE
T, EMEESSEH. I, B B ARATER, GEEC oKL
EYR ARSI Jsh, L= BaR i AR i 5 A L, Gm
RPN R A R B S RRAAE— E I E . ABC #4158, ROS Tl BB AL
FOGRE RS m Rk, sk, BHE. BOATBMRIEM . BIRa R, |
MR AR L PRI RGP NS 5 3 SR R SRR L . IX S FE 1) 22 R IE Tl g
2 A R B3 52 23 AR 1) — Tl AL

AR VR A EWE, IR TR, I AN ERE AR
o2



Abstract

Abstract

Prorocentrum donghaiense is a key dinoflagellate species causing harmful algal
blooms in the coastal waters of China, which results in severe threatens to marine
ecosystems, marine biological resources, aquaculture industries and public health.
Although much effort has been devoted to the oceanographic and ecological
mechanisms of bloom formation of P. donghaiense, little is known about the
molecular mechanisms involved in cell growth regulation of P. donghaiense during
the period of bloom formation.

This study focused on the cell cycle of in situ blooming cells of P. donghaiense,
compared protein expression profiles of cells collected at different cell cycle phases
using the combination of iITRAQ-based proteomic approach and corresponding
transcriptome databases, identified and confirmed the differentially expressed proteins,
analyzed the expression variations of cell cycle related proteins and the biological
processes they participated in, and discussed the mechanisms involved in cell cycle
regulation and bloom formation of P. donghaiense. The major results were shown as
follows:

(1) Almost all blooming cells were P. donghaiense cells based on the results of
light microscope and phytoplankton pigment analysis. The cell cycle phase
distributions were the same between in situ blooming P. donghaiense cells and
laboratory culture cells: both of them completed a whole cell cycle within 24 hours
and possessed an identical duration time for each phase, indicating that the outbreak
of algal blooms was not caused by the abnormal proliferation of cells within a short
time, but might be resulted from accumulation and aggregation of cells. In addition,
variations of cell density, pigment content and nutrient concentration within a cell
cycle might be related to the biological processes occurred in each cell cycle phase.

(2) A total of 6,118 high-confidence proteins were identified and 2,595 obtained

an assignment with two or more peptides. These proteins mainly participated in

VI



Abstract

carbohydrate metabolism, amino acid metabolism, translation, folding, sorting and
degradation and energy metabolism. Comparative proteomic analysis of cells from
different cell cycle phases revealed that carbohydrate metabolism, energy metabolism
and amino acid metabolism were more active in G1 phase; while the most
representive processes were DNA replication and repair, protein biosynthesis and
ubiquitin-mediated protein degradation in S phase and G2/M phase. The orderly
expressions of proteins involved in these biological processes might guarantee cell
proliferation and various metabolic activities of P. donghaiense cells during the
blooming period.

(3) Eight cell cycle related proteins were successfully identified and their
expression altered in different cell cycle phases: CDK2, CDC48, CDC37, PCNA and
E3s were most abundant in S pahse; the highest expression levels of Skpl and MAPK,
and DIP13 were observed in middle G1 (Gm) phase and M phase, respectively;
CDK2, FtsH and DIP13 showed a lowest expression level in Gm phase. As an
important endogenesis protein related to cell cycle regulation, CDK2 was identified in
dinoflagellates for the first time.

(4) Compared to other four cell cycle phases, 52 proteins were up-regulated and
128 were down-regulated in Gm phase, these proteins were mainly related to
replication, transcription, translation, protein modification and degradation, energy
metabolism, carbohydrate metabolism and amino acid metabolism. Moreover, major
biological processes occurred in the in situ blooming cells presented some differences
compared to the laboratory culture cells: ABC transport, ROS removal and defense,
and light harvesting were enhanced, while protein metabolism, fatty acid biosynthesis,
pyruvate metabolism, purine nucleotide metabolism and signal transduction were
depressed. The differential expression levels of these processes suggested an adaptive

mechanism of P. donghaiense cells to complex environment.

Key words: Marine dinoflagellates; harmful algal blooms; Prorocentrum donghaiense;

in situ algal blooms; cell cycle; quantitative proteomics
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